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ABSTRACT 

Potential Application ofD-Amino Acids in Biofouling Control of 

N anofiltration (NF) Membranes 

by 

CongYu 

Biofouling is a major impediment for the application of reverse osmosis 

filtration and nanofiltration in water and wastewater treatment as well as 

seawater desalination. In this study, a novel biofouling control strategy of 

using D-amino acids to interfere with biofilm formation was evaluated. 

Impact of D-amino acids on the surface attachment and biofilm formation of 

Pseudomonas aeruginosa was investigated in batch and continuous flow 

filtration systems. All 19 D-amino acids demonstrated inhibitive effects on P. 

aeruginosa biofilm formation. In particular, D-tyrosine was found to 

strongly inhibit P. aeruginosa attachment and biofilm formation on an NF 

membrane. When continuously supplemented to the membrane feed water in 

a bench scale nanofiltration system, it prohibited irreversible biofouling of 

the NF membrane at concentrations as low as 3 11M. The effectiveness of 

biofilm control by these D-amino acids seems to strongly depend on the 

ratio of D-amino acid concentration to bacterial cell number. 
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1 Introduction 
Nanofiltration (NF) and reverse osmosis (RO) membranes are widely used 

in water and wastewater treatment and seawater and brackish water 

desalination. Wastewater reclamation and seawater desalination are 

important supplement to alleviate the demand for freshwater resource. The 

undesirable attachment of microbes and development of biofilm on wet 

surface are considered as biofouling. Biofouling is a major impediment in 

water purification and reuse applications of NF and RO membranes. It not 

only causes permeate flux decline and membrane performance deterioration, 

such as high salt passage, but also gradually degrades membrane material. 

Despite the many different approaches that have been taken, prevention and 

control of biofouling remains unarguably the greatest barrier of applying 

membrane technology in water and wastewater treatment and seawater 

desalination. Current anti-biofouling strategies include pretreatment (e.g. 

coagulation/flocculation, biofiltration, MF IUF filtration and UV 

irradiation(])) of feed water to remove organics and microorganisms, 

addition of antimicrobial reagents, modification of membrane surface 

properties (e.g., hydrophobicity, roughness and charge) to reduce bacterial 

cell attachment, optimization of operation conditions (e.g., pH, pressure, and 
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flux), and post membrane cleaning. Pretreatment of feed water usually 

cannot remove microorganisms completely, and even a small number of 

surviving microorganisms could attach to and multiply on the membrane 

surface causing severe biofouling. Chlorination is typically used in surface 

water treatment plants to inhibit microbial growth in feed water. 0.5 ppm 

residue chlorine is often required for microbial control. However, such 

concentration is usually too high for polyamide based NF and RO 

membranes. Oxidation by chlorine can damage the membrane and lead to 

loss of salt rejection and removal of other contaminants. Therefore, sodium 

bisulfite (SBS) is usually needed to quench chlorine prior to NF/RO 

membrane units. Chlorine also breaks down large organic molecules into 

more readily biodegradable small molecules that encourage bacterial growth 

and leads to high concentration of disinfection byproduct formation. 

Therefore, the surviving bacteria will thrive. Frequent membrane cleaning 

could reduce lifespan ofNF/RO membranes. None of these existing methods 

is very effective in controlling biofouling. High efficiency, environmental 

friendly and low-cost strategies ofbiofouling control are greatly needed. 

The novel approach of using biological control to mitigate biofouling m 

membrane filtration systems has been drawing increasing attention recently. 

Biological control strategies include interfering bacterial quorum sensing, 
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using messenger molecules such as nitric oxide (NO) to disperse biofilms, 

adding bacteria phage and enzyme hydrolysis of cell wall etc. ( 1-3) Quorum 

quenching and messenger molecules do not inactivate bacteria but can 

prevent or disrupt biofilm, which is often desired in wastewater treatment 

plants to avoid biomass loss and disturbance of the biological treatment 

process. Both approaches have been tested in the lab and shown biofilm 

inhibition or disassembly effect in a wide range of bacteria.(3) However, 

their effectiveness in membrane systems in practice is unknown. 

Recent scientific discoveries suggest that D-amino acids may be used for 

biofouling control. D-amino acids are produced by many bacteria in their 

cell walls.(7) Ilana Kalodkin-Gal et al. found that the D-amino acids (D

tyrosine, D-methionine, D-tryptophan and D-leucine) produced by Bacillus 

subtilis can prevent the formation and trigger the disassembly ofB. subtilis 

biofilm at liquid-air interfaces( 6); D-tyrosine also inhibited biofilms of 

Pseudomonas aeruginosa and Staphylococcus aureus on polystyrene plate 

surface.(5) The effective concentration of D-tyrosine preventing B. subtilis 

biofilm formation was as low as 3 ~. (7) Interestingly, these D-amino 

acids did not inhibit bacteria growth.( 6) Since D-amino acids are stable in 

natural and waste water conditions and are not expected to damage 
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membrane materials, they could potentially be used in membrane systems to 

control biofouling. 

The objective of this research is to assess the effectiveness of D-amino acids 

in inhibiting biofilm formation on nanofiltration membranes and further 

preventing biofouling in NF systems. D-tyrosine, which was shown to be 

highly effective in inhibiting B. subtilis biofilms, was chosen as the model 

D-amino acid. A well-known biofilm forming bacterium, P. aeruginosa, was 

used in all experiments. Attachment of P. aeruginosa on a commercial NF 

membrane was measured in LB media with and without D-tyrosine 

treatment. The biofouling control ability of D-tyrosine was then examined in 

a bench-scale NF system by continuously adding D-tyrosine into two 

different feed waters. Finally, 19 D-amino acids were screened for biofilm 

inhibition potential using the crystal violet biofilm assay. 
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2 Membrane and water quality 
Water is essential for the survival of human being, and it is a critical issue 

for areas lacking adequate freshwater resource or proper techniques to obtain 

safe drinking water. Wastewater reclamation is considered an important 

supplement for freshwater.( B) Filtration, the process of removing undesired 

constituents from aqueous or gas phase, has long been used as water 

purification method, and sand or sieves are common separators. In 

traditional filtration systems (sieves or sand), fluid is often driven by gravity. 

In many parts of the world, membranes are replacing conventional media 

filters to improve water quality. Depending on the type used, membranes can 

remove particulate matter, colloidal materials, dissolved organic matter and 

even salt ions. 

A membrane is a thin layer of semi-permeable material that performs phase 

separation based on their physical or chemical properties. Many kinds of 

synthetic materials can be used for preparing membranes such as ceramics, 

glass, metal, or polymers. In water purification, polymer and ceramic 

membranes are often used. Pressure driven membranes are classified by their 

selectivity and pore sizes into microfiltration (MF), ultrafiltration (UF), 

nanofiltraion (NF) and reverse osmosis (RO) membranes. The first three 

kinds of membranes are porous membranes, which separate different 
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materials mainly based on size exclusion. NF membranes also reject salt by 

Donnan exclusion. MF membranes are capable of removing suspended 

solids including bacterial and fungal cells; UF membranes are capable of 

removing fine particles including viruses, colloidal materials and 

macromolecules; NF membranes are capable of removing multivalent ions, 

some pesticides, herbicides and endotoxins. NF membranes are mostly used 

in surface water or brackish groundwater treatment. More recently, they are 

being considered for wastewater treatment.(9) RO membranes, on the other 

hand, are non-porous and the salt separation mechanism is Donnan exclusion. 

RO membranes are capable of removing single valent ions and are often 

used in desalination or wastewater reuse. NF and RO membranes are mostly 

polyamide (P A) thin film composite (TFC) membranes synthesized by 

interfacial polymerization method on microporous polysulfone supports or 

asymmetric cellulose acetate (CA) membranes synthesized by phase 

inversion on porous woven polyethersulfone fabric. ( 1 0) The driving force 

of NF and RO membrane filtration is pressure. The higher the rejection, the 

more pressure or energy is needed. Because of their high productivity and 

selectivity, membranes are becoming increasingly important in drinking 

water and wastewater treatment processes. 
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3.1 Mechanisms and consequences 
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Membrane fouling originates from particulate matter, colloids, dissolved 

organic matter, precipitation of salts (scaling), and microorganisms in the 

feed water. Among these, fouling from microorganisms i.e. biofouling, is the 

most difficult to control.( 11) It has been reported that biological foulants 

account for 50% dry weight of total foulants on NF/RO membranes in 

wastewater and surface water treatment plant.( 12) 

Biofouling is caused by deposition, attachment and multiplication of 

microorganisms on the membrane surface. The biofouling process is usually 

considered to consist of 4 stages. It starts with deposition of bacterial cells 

on the membrane, which occurs in seconds ( 13). This is followed by 

irreversible attachment of cells in seconds to minutes. In the third stage, 

bacterial cells grow, produce extracellular polysaccharides substances (EPS) 

and develop into a biofilm.( 14) Finally, in response to limited nutrients and 

accumulating toxins, the biofilm will eventually degrade and disassemble. In 

the first stage, physicochemical interactions between the membrane surface 

and bacterial cell surface play an important role in regulating cell deposition 

rate. Therefore, changing of membrane surface properties including surface 
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charge and hydrophobicity could affect cell deposition. Hydrophobic, non

polar surface is normally more favorable for cell attachment to happen. (13, 

15) The motility of bacteria cell has also been shown to be important in cell 

attachment and biofilm formation.( 16) It is reported that the P. aeruginosa 

phenotype that lacks motility forms defective biofilm on PVC surfaces.( 17) 

It is considered that the flagella motility of bacteria is useful in overcoming 

the electrostatic repulsion between the membrane surface and bacteria.( 18) 

Besides membrane surface properties, solution conditions (i.e. pH, ion 

species and ionic strength) and operation conditions (19) (i.e. flow rate and 

shear force on membrane surface) also affect cell deposition. After 

deposition, bacteria produce extracellular polymeric substances (EPS) that 

allows cell attachment to happen, which is necessary for biofilm to develop. 

(20) EPS is the complex surrounding microbial cells that usually consists of 

proteins, carbohydrates, acid polysaccharides, DNA, lipids, and humic 

substances. (21, 22) The bacteria can not only attach to membrane surface, 

but also to other cells, which leads to multilayer biofilm formation. After 

attachment, the bacteria reproduce and develop microcolonies and then 

mature biofilm. The development of biofilm is regulated by various signals 

from the environment (e.g. nutrient level, osmotic pressure, mechanical 

forces, antimicrobials, etc.) and from cells (quorum sensing).(23) With the 
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protection of biofilm, the bacteria can better adapt to various environments. 

The biofilm enables resistance of bacteria towards shear force, biocidical 

compounds and predator in feed water.(24) 

Impacts of fouling on NF and RO membranes include deterioration in 

membrane performance (i.e. high salt passage and flux decline) and 

degradation of membrane material. Such impacts lead to higher energy and 

maintenance costs and shorter lifespan of membranes and membrane 

modules.( 1 0) Two mechanisms of biofouling affecting NF /RO membrane 

performance have been identified previously: 1) The biofilm adds to the 

hydraulic resistance of cake layer. 2) The biofilm hinders the back diffusion 

of salt ions, leading to increased salt concentration at the membrane surface. 

EPS produced by bacterial cells plays a dominant role in building up 

hydraulic resistance on the membrane surface, decreasing permeate flux (or 

increasing transmembrane osmotic pressure). (25, 26) The increased salt 

concentration results in higher osmotic pressure ( 16), which enhances 

concentration polarization, leading to flux decline. The higher salt 

concentrations at the membrane surface also deteriorate membrane 

performance by increasing salt passage. According to Herzberg et al., the 

increased concentration polarization mechanism contributes more to flux 

decline than increased hydraulic resistance.( 16) In spiral-wound membrane 
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modules, biofouling can block channels of flow and cause flux decline.(27) 

In hollow fiber systems, individual fibers can be bound together by foulants 

(especially by EPS ), which results in difficulties for cleaning agents to reach 

each fiber thus the membrane is not effectively cleaned.(28) 

3.2 Anti-biofouling strategies in NF fRO filtration 

Despite the vast efforts that have been taken, biofouling remains the 

untackled problem in NF/RO membrane filtration systems. It is difficult to 

control for the following reasons. Firstly, pretreatments of feed water are not 

as effective when targeting biofouling although other types of fouling can be 

largely reduced. Particulate matter and colloids can be removed by 

coagulation and flocculation treatments or MF /UF membranes. 

Pretreatments for scaling include adjusting pH of feed water and addition of 

anti-sealants. For organic fouling, UF membrane filtration, activated carbon 

adsorption and hydroxide coagulation are common pretreatments to remove 

the foulants from feed water ( 1). Bacteria are like colloids in size but they 

can reproduce. Thus, a small amount of bacterial cells can develop into 

severe biofouling problem in non-sterile systems. Even 99.99% removal of 

microbes in feed water cannot prevent eventual biofilm formation on 

membrane surface. (14, 29) It is unrealistic to remove the entire bacteria 

population from feed water. The bacterial growth relies on the nutrients in 



11 

feed water. In water treatment, there are usually abundant natural organic 

matters (NOM) in surface water and ground water for cell growth, which are 

the common feed of drinking water treatment plants.(30) In wastewater, 

organics are even more abundant from the municipal waste and dead cell 

debris. Moreover, due to rejection of the organics by NF /RO membranes, 

nutrients accumulate on membrane surface. Thus even if the organics and 

cell debris are reduced with pretreatment that the nutrient level in feed water 

is low, the bacteria attached to membrane surface can still survive. Because 

of the fouling from organics, it is more favorable for bacteria to grow on 

surface than as planktonic cells. (29) Furthermore, biofouling is difficult to 

clean since bacteria are embedded in EPS, strongly adhering to membrane 

surface and protecting the cells from biocides.( 13) Therefore, biofouling is 

considered as the Achilles heel of membrane processes. (11) 

To reduce biofouling, there are several available approaches: pretreatment to 

remove nutrients and microbes from feed water; addition of antimicrobial 

reagents into feed water or membranes; modification of membrane surface 

to reduce cell attachment; optimization of operation conditions 

(hydrodynamic and solution conditions); membrane cleaning; and biological 

control. 
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3.2.1 Pretreatment of feed water 

To reduce biofouling on NF and RO membranes, pretreatments of feed 

water to remove colloids and organics are necessary since they can induce 

biofouling on membranes.(31) Conventional pretreatment for seawater 

desalination is a train of coagulation flocculation, air flotation and granular 

media filtration. Silt density index (SDI) is a commonly measured factor that 

relates to fouling potential of feed water and SDI smaller than 5 indicates 

low biofouling potential. (32) In modem desalination plants, MF/UF 

membrane treatment of feed water is preferred to reduce SDI. In a pilot trial 

in Singapore, K.T. Chua et al. found that MF/UF treatment constantly kept 

the feed water SDI below 3.0 while conventional treatment frequently 

peaked at 6.3, which was much higher than the prerequisite level for RO 

membrane (SDI :::; 5.0). (33) Removal of assimilable organic carbon (AOC) 

and biodegradable dissolved organic carbon (BDOC), carbon and energy 

sources for bacteria, was proved to reduce biofouling of RO membranes 

significantly.(34, 35) Biofiltration was found to be an effective and 

economic pretreatment for AOC reduction in feed water to control 

biofouling on RO membrane.(36) 



13 

3.2.2 Addition of antimicrobial materials 

Chemical disinfectants, such as chlorine and ozone, can be added to 

membrane feed water in order to control microbial concentration and 

biofouling in membrane filtration systems. However, these disinfectants are 

also strong oxidants. Most thin film composite NF and RO membranes are 

made of polyamide, which cannot stand strong oxidants. As is suggested by 

the manufacturer, the highest free chlorine tolerance ofNF 270 membrane is 

0.1 ppm in feed water. (1, 24) Therefore, free chlorine and ozone must be 

removed from feed water prior to enter RO/NF membrane unit by addition 

of sodium bisulfite (SBS) or by activated carbon adsorption. (1) Another 

problem related to the use of chlorine or ozone is the degradation of large 

organic molecules into lower molecular weight, more readily biodegradable 

molecules, which encourage bacterial growth. Outburst of bacteria growth 

after removing chlorine residue from feed water was observed due to the 

formation of AOCs and the absence of biocide.(34, 37) Therefore, less 

potent chlorine compounds, monochloramine and chlorine dioxide, are 

sometimes used in the place of free chlorine. However, with any chlorine 

disinfectant, formation of disinfection byproducts is of concern. Ozone can 

also form carcinogenic bromate.(32) 
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3.2.3 Membrane cleaning 

In practice, NF membranes need to be cleaned when the permeate flux 

decline to 85% of initial flux or when pressure increases by 15% of the 

initial pressure. ( 12) Chemical cleaning is usually required to achieve flux 

recovery. A low pH solution is used to remove inorganic scaling and a high 

pH solution is used to remove organic foulants.(39) To remove specific 

foulants, chelating reagents, surfactants, enzymes ( 40), and oxidants are 

often used as cleaning chemicals between the acid and alkaline washing.( 41) 

Enzyme cleaning of biofouling is superior to oxidation compounds because 

it does not degrade membrane material but can target specific compounds in 

EPS. However, since enzymes only interact exclusively with certain 

substrates, it would be difficult to select an enzyme to target the whole broad 

microbial spectrum in the biofilm.( 40) Also, the process of enzymatic 

degradation of EPS takes long time to occur(3). Therefore, it is desirable to 

have a universal and effective cleaning agent that does not degrade 

membrane material. 

3.2.4 Operation condition optimization 

Biofouling can be controlled by modification of hydrodynamic conditions. 

In cross-flow systems, permeate convective flow is closely related to cell 

deposition on membrane surfaces. It has long been assumed that below a 
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critical flux, no colloidal attachment would happen in a cross-flow system 

( 42) or no flux decline would occur with time.( 43) The critical flux concept 

was first established for particulate or colloidal fouling of MF or UF 

membranes. The bacterial cells and cell debris have approximately the same 

sizes as suspended particles and colloidal materials, which indicates that 

there could also be a critical flux for biofouling on NF and RO membranes. 

However, J. Vrouwenvelde et al. found that flux decline with time in NF and 

RO spiral wound systems caused by biofouling could not be prevented by 

operating below a "critical flux" since the nutrients and microbial cells are 

rejected by the membrane and accumulate at the feed side of membrane 

surface creating favorable conditions for biofilm growth. ( 44) 

Besides hydraulic conditions, operation temperature also affects biofouling 

potential. Higher operation temperature (>25 °C) is more favorable for 

bacteria growth hence promoting biofouling.(32, 45) pH and ionic strength 

of feed water are also important by impacting electrical double layer of 

membrane and foulants in solution. It has been reported that Ca2+ could 

bridge the major EPS component alginate in P. aeruginosa biofilm and 

escalate biofouling in membrane systems. ( 46, 47) 



16 

3.2.5 Membrane surface modification 

Two approaches of improving membrane biofouling control by surface 

modification include anti-adhesion and anti-bacteria. The adhesion of 

microbes on membrane surface depends on membrane and cell surface 

properties, such as hydrophobicity, roughness and charge.( 48) In natural 

conditions, most bacteria are negatively charged and hydrophobic. It is 

observed that hydrophilic membrane surface is less susceptible to 

hydrophobic cell adhesion. ( 49, 50) It has been reported that though 

attractive for negatively charged bacteria, positively charged membrane 

surfaces tend to cease bacterial growth due to the high electrostatic force.(51) 

Membrane surface roughness was suggested to be the most important factor 

affecting cell attachment.(52) Bacteria can be considered as colloids and 

colloidal foulants tend to accumulate in valleys on membrane surface first 

which lead to flux decline. (53-55) The valleys are also favorable for organic 

foulants to attach, which creates suitable conditions for bacteria to grow. (31) 

The rough surfaces increase difficulties in cleaning as well. However, 

though initial adhesion can be reduced, the impact of the surface properties 

on biofilm development is not significant, which is the limitation of this 

approach. (50) Grafting monomers on membrane surface to increase 

hydrophilicity have shown to reduce attachment of organic and biological 
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fouling.(56) Though increasing hydrophilicity, polymer with surface charge 

or hydrogen bonding sites were found to increase adhesion of biopolymers 

also.(57) Grafting of zwitterionic materials and hydrogen bond acceptors 

was studied instead and shown anti-biofouling effect. (58) 

Biocides can be incorporated into membrane material to prevent biofouling. 

Silver ion or nano silver are widely studied antimicrobial reagents.( 59) Nano 

silver was immobilized onto polyamide membrane surface and spacer to 

effectively prevent biofouling by reducing cell adhesion and inactivating the 

attached cells. (60, 61) Zhu et al. immobilized ionic and reduced silver into 

chitosan membranes, which showed inhibition of bacteria adhesion and 

biofouling. ( 62) Zodrow et al. blended nanosilver into polysulfone UF 

membranes and effectively inactivated E. coli and P. aeruginosa as well as 

MS2 phage. However, the fast leaching of silver on surface remained a 

problem. (63) Besides silver, Ti02 was also used as anti-biofouling agent 

incorporated into hybrid polyamide RO membranes due to its photocatalytic 

ability. ( 64, 65) 

3.2.6 Biological control ofbiofilm 

Biological control of biofilm is an innovative approach for biofouling 

control. Instead of inactivating the microbes, some biological control 

methods only interfere with the biofilm forming process, including 
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interference with bacterial quorum sensing, utilizing signal molecules such 

as NO. (3, 23) Therefore such methods are useful in membrane bioreactors, 

where bacterial death is undesirable. 

In quorum sensmg, bacteria produce autoinducers (Ais) for intercellular 

communication. When reaching certain concentration levels, the 

autoinducers can trigger a series of group activities in a bacteria community, 

such as biofilm formation, biofilm dispersal, antibiotics production, motility, 

swarming, EPS production etc. (3-6) The method of mitigating bacteria 

behavior by inhibiting the Als in quorum sensing is called quorum 

quenching. 

D.. • 

• • 
• • • 

• 

Figure 3.1 Quorum sensing system of P. aeruginosa.( 68) 
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0 0 

Figure 3.2 Structure of P. aeruginosa Lasl directed AI N-(3-oxododecanoyl)-L-homoserine 
(30Cl2HSL) 

Three types of autoinducers have been discovered including oligopeptides 

(works in gram-positive bacteria), N-acylhomoserine lactones (AHL, works 

in gram-negative bacteria) and autoinducer-2 (AI-2, works in both gram-

negative and gram-positive bacteria). (69) These Als are closely related to 

bacteria cell attachment on surface and biofilm development. For instance, P. 

aeruginosa has Lasl/LasR and Rhll/RhlR quorum sensing systems that 

produce extracellular Als (N-(3-oxododecanoyl)-L-homoserine lactone as 

triangles and N-buytryl-L-homoserine lactone as pentagons in Figure 3.1). 

When Als produced by Lasl and Rhll encoded proteins reach critical 

concentration, they bind to LasR and RhlR receptors to trigger virulence 

genes expression or secondary quorum sensing system. ( 68) According to 

the study of Davis et al., Lasl produced Als (structure shown in Figure 3.2) 

were essential in biofilm differential but not in the initial attachment 

stage.(70) Comparing to wild type, mutants of P. aeruginosa without Lasl 

produced Als developed thinner biofilm with denser cell concentration and 

the distribution of glycocalyx was close to planktonic cell.(70) Therefore, 

quenching the signaling process of these 3 Als could lead to inhibition of 
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biofilm formation. Barrios et al. found that addition of AI-2 increased E. coli 

biofilm formation by enhance motility of E. coli, and AI-2 was synthesized 

by LuxS synthase. ( 7J)Therefore, analogs of LuxS substrate could bind with 

LuxS receptor and hence hinder the biofilm formation behavior expedited by 

AI-2.(3) Furanone or its derivatives were found to be effective in disrupting 

the biological synthesis process of AI-2 thus could be used as biofilm 

control agents. Analogs of furanone have been shown to cause P. aeruginosa 

biofilm detachment (a derivative of natural furanones lacking alkalyl side 

chain) (72) and inhibit attachment of P. aeruginosa on glass slide ((5-oxo-

2,5-dihydrofuran-3-yl)methyl alkanoate) (73). AHL inhibitors, such as 

vanillin extracted from vanilla beans, cyclic sulfur compounds from garlic, 

halogenated furanone from Delisea pulchra and patulin and penicillic acid 

from fungi, (have similar structures as AHL Als that are able to bind with 

receptors but cannot function as Als) were reported to effectively mitigate 

biofilm formation by interacting with AHL receptors. (73, 74) AHL

degrading enzyme Acylase I was also found to inhibit A. hydrophila and 

Pseudomonas putida biofilms on polystyrene and RO membrane surfaces by 

cleaving amide groups on AHL.( 7 5) 

Nitric oxide (NO) is a signal molecule in bacterial cell-to-cell 

communication that regulates the disassembly of biofilm. (3) Barraud et al. 
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found that addition of 500 nM (non-lethal level) NO donor sodium 

nitroprusside (SNP) caused the dispersal of P. aeruginosa biofilm on glass 

slide and enhanced the biofilm removal efficacy of antimicrobial agents. (76) 

The same study also demonstrated that the biofilm of a mutant (llnirS) 

unable to produce NO failed to disperse while the biofilm of a mutant 

(llnorCB) producing a large amount ofNO was easily dispersed.(76) 

The use of quorum quenchers or signal molecules for biofilm control does 

not kill bacteria but triggers the dispersal or regulates the development of 

biofilm. Thus the likelihood for bacteria to develop resistance to these 

methods is low. The chemicals used are nontoxic. Therefore, these methods 

are attractive options for membrane biofouling control. Further research is 

needed to evaluate their feasibility and cost-effectiveness. 

3.3 Potential of D-amino acids in biofouling 

prevention 

In most forms of life, L-isomers of amino acids are preferably utilized in 

synthesis of proteins and biological processes compared to their D-isomers. 

D-amino acids are commonly found in bacteria cell wall. Lam et al. found 

that the D-amino acids in cell wall are related to peptidoglycan synthesis. (5) 
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More recently, D-amino acids were reported to prevent formation and induce 

disruption of bacterial biofilms without affecting bacterial growth. ( 6) 
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Figure 3.3 Schematic of gram-positive bacteria cell wall ( 77) 

Gram-positive bacteria, such as Bacillus sub til is, have cell walls outside the 

lipid bilayer of bacterial membrane. (Structure shown in Figure 3.3) The cell 

wall in Gram positive bacteria consists of a thick peptidoglycan (PG) layer, 

which helps to maintain the osmotic pressure and metnbrane shape. The 

composition of peptidoglycan is shown in Figure 3 .4, where the backbone of 

PG is made of polysaccharides consisting of alternating N-acetylmuramic 



23 

acid (NAM) and N-acetylglucosamine (NAG) in equal amounts. The 

polysaccharides backbones are cross-linked by peptide chains. 
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Figure 3.4 Structure of peptidoglycan(78) 

However, the cell wall of gram-negative bacteria such as Escherichia coli, P. 

aeruginosa etc. are different from gram-positive bacteria, which consists of 

an outer membrane and a thin peptidoglycan layer. The schematic of gram-

negative bacteria cell wall is shown in Figure 3.5. The outer membrane has 

lipopolysaccharides (LPS) attached to the lipid bilayer. LPS, which is 

closely related to cell-surface interaction, is claimed to play a critical role in 

gram-negative biofilm.(l6, 79) The major components of LPS (structure 

shown in Figure 3 .6) include lipid A, core polysacharide and 0-antigen. 0-

antigen is the hydrophilic part of LPS pointing into the environment and 

consists of 15 to 20 repeating subunits of three to five sugars, which are 

strain specific.( 80) It is often used to distinguish different strains of bacteria. 

Lipid A is the hydrophobic fatty acid that anchors LPS in the lipid bilayer 
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and is responsible for the toxicity of gram-negative bacteria that can trigger 

the human immune response.(81) 0-antigen and lipid A are connected by 

core polysaccharide. Amide-linked L-alanine is found to be a unique but 

regular component of P. aeruginosa core polysaccharide. ( 82) 
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Figure 3.5 Structure of gram-negative bacteria cell wall. (83) 
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Figure 3.6 Structure ofLPS. (84) 
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Figure 3. 7 TEM images Bacillus subtilis showing detachment of TasA fibers after treatment 
with D-tyrosine. ( 6) 

Several D-amino acids were recently found to inhibit Bacillus subtilis 

biofilm fonnation on liquid air surface while the L-iso1ners did not. ( 6) In 

nutrient litniting environment, forming pellicle is more beneficial than 

planktonic existence for bacteria. However, after 3-5 days incubation, the 

biofilm disassembled by itself. Kolodkin-Gal et al. found that such 

disassembly was triggered by D-amino acids produced by B. sub til is. They 

identified 4 D-amino acids (D- tyrosine, D- tryptophan, D-leucine and D-

methonine) from an 8-day culture of B. sub til is biofihn. When added 

individually to a fresh inoculum in a liquid medium or on a solid surface, 

these D-amino acids prevented the formation of B. subtilis biofilm at low 

concentrations (3 J..tM, 5 mM, 8.5 mM and 2 mM for D- tyrosine, D-

tryptophan, D-leucine and D-methonine, respectively). A synergistic effect 

was found when all 4 of these D-amino acids were added together; the 
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effective concentration was as low as 10 nM. Using 14C labeled D-tyrosine, 

it was found that D-tyrosine was incorporated into B. subtilis cell wall, 

replacing D-alanine in the peptidoglycan layer. As a result, the TasA filber 

that anchored into bacteria cell wall was detached (Figure 3.7). (6) 

In the same study, biofilm formation by Staphyloccocus aureus (gram 

positive) and Pseudomonous aeruginosa (gram negative) on polystyrene 

plates with and without D-amino acids supplement was also investigated 

with crystal violet assay of biofilm. D-tyrosine and mixed D-amino acids 

(D-tyrosine, D-methionine, D-tryptophan and D-leucine) appear to have 

prevented the biofilm on polystyrene surface while L-tyrosine did not have 

any inhibitive effect. D-alanine was also fond to counteract the effects of D

tyrosine and mixed D-amino acids. ( 7) 

The results for P. aeruginosa are interesting because gram-negative bacteria 

have completely different cell walls comparing to gram-positive bacteria. 

The peptidoglycan layer of P. aeruginosa is buried inside the outer 

membrane. The attachment of cells cannot be attributed to TasA fiber as in 

the case of B. subtilis. A different mechanism must govern the inhibition of 

P. aeruginosa biofilm by D-amino acids. 
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The study by Kolodkin-Gal et al. tested 3 bacterial species, including both 

Gram positive and Gram negative bacteria.( 6) Although it is hypothesized 

that D-amino acids are common signal compounds that trigger bacterial 

biofilm disassembly, (5)experiments with other bacterial species have not 

been reported. 

The most commonly found D-amino acids in bacteria are D-alanine and D

glutamine, which are components of the peptidoglycan layer in bacteria cell 

wall.( 85) Lam et al. found that besides D-alanine and D-glutamine, a variety 

of D-amino acids were produced by different kinds of bacteria. ( 5) 19 D

amino acids were measured in 9 bacteria species. D-valine, D-tyrosine, D

threonine, D-phelyalanine, D-methionine, D-leucine, D-Isoleucine and D

alanine were detected at concentrations higher than 1 0 ~. The D-amino 

acids were found to affect peptidoglycan layer directly or indirectly. When 

exposed to D-methionine in the stationary phase, E. coli and V cholera 

could incorporate D-methionine into the peptidoglycan layer, resulting in 

changes in the strength and flexibility of the cell wall.( 86, 87) Interestingly, 

exposure to D-alanine in the stationary phase led to a change in a V cholera 

mutant cell shape from rod to sphere even though D-alanine was not 

incorporated in peptidoglycan. ( 5) It was hypothesized that D-amino acids 
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serve as signal molecules in bacteria cells. Therefore, Lam et al. also showed 

that bacteria could respond to exogenous D-amino acids.(5) 

Since D-amino acids are produced widely by gram negative and gram 

positive bacteria and regulate biofilm assembly and disruption, novel 

biological control method can be developed based on the D-amino acids 

inhibition of biofilm formation. 

4 Experimental 

4.1 Materials 

4.1.1Model bacteria and media 

Pseudomonas aeruginosa (P. aeruginosa) ATCC# 700829 was used as 

model biofilm forming bacteria in all experiments. P. aeruginosa is found to 

contribute to biofouling on NF membranes in wastewater treatment (29) and 

is a common model bacteria for membrane biofouling studies{l6, 25, 88). It 

is a rod shaped, Gram negative bacterium that has an outer membrane 

covenng the PG layer. The P. aeruginosa cells were kept at -80°C in 

glycerol and retrieved onto a tryptic soy agar (TSA) plate. After incubating 

for 24 hr at 3 7°C, the retrieved culture was reinoculated onto a new TSA 

plate and incubated again for 24 hr. The stock bacteria were then stored in 
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dark at 4 oc and re-inoculated every week. Liquid cultures of P. aeruginosa 

were prepared by transferring one loopful of the bacterial colony from the 

stock into trypticase soy broth (TSB) and incubating at 37 °C for 24 hr, 

when the OD600 of the liquid culture reached ~ 1. The accurate cell 

concentration was measured by plate counting using TSA plates. The liquid 

culture was serially diluted with sterilized phosphate biological saline (PBS) 

and streaked on TSA plates, which were incubated at 3 7 °C for 20 hr before 

counting. 

BBLTM Luria-Bertani (LB) Broth (BD, purchased through Fisher Scientific, 

Pittsburg, PA) was used as the liquid media for the attachment experiments. 

TM TM BBL Trypticase soy broth (BD) and Bacto Agar (BD) used to prepare 

TSA plates and TSB liquid culture were also purchased through Fisher 

Scientific, Pittsburg, P A. 

4.1.2 Membrane 

Since NF and RO membranes are both polyamide based thin film composite 

membranes and have similar applications, the fouling mechanisms and 

control methods are similar. A commercial TFC nanofiltration membrane 

NF 270 (Dow FilmTec, Minneapolis, MN) was used in all experiments. The 

NF 270 membrane has high rejection for organics and medium rejection for 

salts and hardness, which is suitable for surface water and groundwater 
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treatment.(l) The membrane was received as a dry flat sheet. Prior to use, 

the membrane was cut into coupons of required sizes, rinsed with and stored 

in ultrapure water (18.0 .Q, generated by E-pure system, Barnstead, IL) at 

4 °C for at least 24 hr (water changed regularly). 

4.1.3 Chemicals 

Inorganic salts used in feed water including CaClz, sodium citrate dihydrate, 

(HOC(COONa)(CH2COONa)2 • 2H20), NJ4Cl, and KH2P04 were reagent 

grade and purchased from Fisher Scientific, Pittsburg, P A. The fluorescence 

dye 4', 6-diamidino-2-phenylindole (DAPI) was purchased from Sigma

Aldrich, St. Louis, MO. The crystal violet dye was purchased through Fisher 

Scientific, Pittsburg, P A. The ethanol (Fisher Scientific, Pittsburg, P A.) used 

to extract CV dye is 200 proof. 

There are naturally 20 amino acids found as components of proteins, 19 of 

which have D-isomers and were all evaluated in biofilm prevention 

screening as listed in Table 4.1. 
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Table 4.119 D-amino acids. 

Molecular 
Weight (g/mol) Purity Vendor 

Sigma-Aldrich, St. 
D-Alanine 89.09 98% Louis, MO 

Sigma-Aldrich,St. 
D-Arginine 174.2 99% Louis, MO 

Alfa Aesar, Wardhill, 
D-Asparagine monohydrate 150.14 99% MA 

Alfa Aesar, Wardhill, 
D-Aspartic Acid 133.1 99% MA 

Sigma-Aldrich, St. 
D-Cysteine 121.16 99% Louis, MO 

Sigma-Aldrich, St. 
D-Glutamic acid 147.13 99% Louis, MO 

MP Biomedicals, 
D-Glutamine 146.14 99% Solon, OH 

MP Biomedicals, 
D-Histidine free acid 155.15 99% Solon, OH 

Fisher Scientific, 
D-Isoleucine 131.17 98% Pittsburg, P A 

Sigma-Aldrich,St. 
D-Leucine 131.17 99% Louis, MO 

Sigma-Aldrich,St. 
D-Tyrosine 181.19 99% Louis, MO 

MP 
Biomedicals,Solon, 

D-Methionine 149.21 99% OH 
Sigma-Aldrich,St. 

D-Phenylalnine 165.19 98% Louis, MO 
Sigma-Aldrich,St. 

D-Proline 115.13 99% Louis, MO 
Sigma-Aldrich,St. 

D-Serine 105.09 98% Louis, MO 
Sigma-Aldrich, St. 

D-Threonine 119.12 98% Louis, MO 
Alfa Aesar, Wardhill, 

D-Tryptophan 204.23 99% MA 
Sigma-Aldrich,St. 

D-Valine 117.15 98% Louis, MO 
Sigma-Aldrich, St. 

D-Lysine 146.19 98% Louis, MO 
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4.2 Methods 

4.2.1 Bacterial attachment experiments 

According to Kolodkin-Gal et al., D-tyrosine had the ability to prevent P. 

aeruginosa biofilm formation on polystyrene surfaces at a concentration of 

10 JJ,M.(7) To determine whether D-tyrosine is able to prevent cell 

attachment or biofilm formation on membrane surfaces, a short-term and a 

long-term membrane attachment experiment were conducted. 

NF 270 membrane was cut into 2 cm2 coupons to fit in the 6-well cell 

culture plates and immersed in ultrapure water for 24 hr at 4 °C prior to use. 

To prepare P. aeruginosa liquid culture, 6 mL of TSB was inoculated with 

one loopful of P. aeruginosa colony from TSA plate. The liquid culture was 

incubated at 3 7 °C for 24 hr when it reached the late exponential phase. The 

cell concentration was 6x 108 CFU/mL as measured by plate counting. The 

NF 270 membrane coupons were sterilized with 200 proof ethanol, rinsed 

with sterilized DI for 3 times and put into polystyrene 6-well cell culture 

plates. 

The experimental conditions used are summarized in Table 4.2. In the short

term experiment, the liquid culture of P. aeruginosa was diluted 100 times 

with LB broth (106 CFU/mL) with or without D-tyrosine and incubated at 
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3 7 °C on a lnnova 2000 platform shaker (New Brunswick Scientific, Edison, 

NJ) for 0.25, 0.5, 1hr at 70 rpm. To obtain inoculum with 3 ~ and 30 ~ 

D-tyrosine, 5 ~ and 50 IlL of 3 mM D-tyrosine stock solution were added 

to the 5 mL inoculum. 

In the long-term experiment, the liquid culture of P. aeruginosa was diluted 

with LB broth to 105 CFU/mL. Samples were prepared in the same way as in 

the short-term experiment, but were incubated for 2, 4, 10, 24, and 34 hr at 

37 °C (3 replicates for each condition). Because cell growth was limited 

during first hour of incubation, higher cell concentration was used in short

term experiment in order to reach detection limit of plate counting ( 150 

CFU/mL). 

Whether D-tyrosine inhibits growth of P. aeruginosa was determined by 

comparing the total cell number in suspension and on membrane with or 

without addition ofD-tyrosine in long-term experiment. 

After incubation, the suspensions were sampled to determine the viable 

planktonic cell concentration by plate counting. Cells attached to the 

membrane were harvested by sonicating the membrane samples in 5 mL 

PBS buffer for 20 min in a sonicating bath followed by vortexing for 0.5 min 
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using a vortex mixer (Fisher Scientific, Pittsburg, P A). The cell suspension 

was then sampled and cell concentration measured by plate counting. 

Table 4.2 Experimental matrix of attachment analysis. 

Cell D-tyr Number 
Concentration Concentration of 

Time (h) {CFU/ml) (mM) Replicates 
Short-term 0.25 0 3 
experiment 0.25 30 3 

0.5 106 0 3 

0.5 30 3 

1 0 3 

1 30 3 
Long-term 2 0 3 
Experiment 2 3 3 

2 30 3 

4 0 3 

4 3 3 

4 30 3 

10 
105 

0 3 

10 3 3 

10 30 3 

24 0 3 

24 3 3 

24 30 3 

34 0 3 

34 3 3 

34 30 3 
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4.2.2 Bench scale dead-end filtration 

The effectiveness of D-tyrosine in preventing biofilm formation in an actual 

filtration system was examined by bench scale dead-end filtration 

experiments. Unlike in the attachment experiments, the membrane feed 

water was under pressure in a membrane filtration system. Bacteria cells 

were forced to the membrane surface, which created a more favorable 

condition for cell adhesion to occur. The dead-end operation mode was 

chosen instead of cross-flow in order to accelerate cell attachment and 

biofilm development. Stirring was provided to generate hydraulic shear on 

the membrane surface in order to reduce concentration polarization. 

Membrane filtration experiments were conducted in a bench-scale dead-end 

filtration system. The experimental setup (Figure 4.1) consists of a modified 

stainless steel stirred cell (400 mL in volume, Millipore, Bedford, MA), 3 

stainless steel feed reservoirs (1 for pure water and 2 for fouling solution) 

and a four-way valve. In the system, water in reservoir was pressurized with 

a compressed nitrogen gas tank to pass through stirred cell. The four-way 

valve was used to control the nitrogen gas flow into a specific reservoir. The 

stirred filtration cell (Figure 4.2) was modified with a stainless steel cylinder 

replacing the original glass cylinder to allow high operation pressure. The 

membrane coupon was installed on the bottom of the filtration cell, 
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underneath which a nylon mesh was installed as the spacer. The effective 

surface area of membrane was 35.26 cm2• A suspended magnetic stirrer was 

installed above the membrane to provide mixing. Two rubber o-rings were 

installed on the cap and the bottom respectively to seal the stirred cell. 

The filtration system was first thoroughly cleaned with 2% SDS with pH 

adjusted to 10, and rinsed twice with ultrapure water. It was then sterilized 

with 200 proof ethanol followed by rinsing with sterilized ultrapure water to 

wash off remaining ethanol. One of the sterilized reservoirs was filled with 4 

L ultrapure water, and the other two were filled with 4 L of electrolyte or 

synthetic wastewater, depending on the test condition. Membrane samples 

were sterilized with ethanol and rinsed 3 times with sterilized ultrapure 

water immediately before installation in the stirred cell. 

The filtration experiments consisted of 4 steps: 1) Compaction. After 

sterilization, the membrane was compacted with sterilized ultrapure water 

for 2 hrs at 150 psi without stirring. 2) Conditioning. The membrane was 

conditioned by filtering the fouling solution for 2 hrs with stirring set at level 

5. The permeate flux was adjusted to 2.20±0.02x10-5m/s (100 ±10 psi) by 

modifying pressure. 3) Inoculation. When the permeate flux stabilized after 

2 hours of conditioning, the pressure was released and the stirred cell was 

inoculated with 4 mL of P. aeruginosa liquid TSB culture ( 108 CFU/mL) to 
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obtain a cell concentration m the stirred cell of ~ 106 CFU/mL. This 

concentration was similar to the reported planktonic cell count in severely 

biofouled RO seawater treatment plant (l.0-6.4x106 CFU/mL). (35) Then 

fouling solution was filtrated through membrane for 30 min without stirring 

to let the bacteria cells deposit on membrane surface. The filtration was 

stopped after 30 min by releasing the feed pressure. The remaining cell 

suspension in the stirred cell was carefully removed through outlet a (Figure 

4.3) by pi petting, avoiding disturbing cells attached on the membrane 

surface. 4) Fouling. The fouling solution was filtered through the membrane 

for 20 hr at the same pressure as the conditioning step. Membrane permeate 

was collected in a 4 L plastic beaker on a digital balance (Denver Instrument, 

Arvada, CO)The accumulated weight of the membrane permeate was 

measured every 60 seconds by the digital balance, based on which 

membrane flux was calculated (equation 4.1 ), 

1 
flM 

(Equation 4.1) 
p·A·t 

where J is the permeate flux (m/s ); ~M is the mass increase of permeate 

during 60 s of time interval (g); p is the density of water ( 1 x 106 g/m3); A is 

the effective membrane area (m2); t is the time interval ( 60 s ). 
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CD 

Figure 4.1 Schematic of bench scale dead-end filtration. 

CD Nitrogen gas; @ Regulator; @ Pressure meter; @ Stainless steel reservoirs for DI and 

fouling solution; ® Stainless steel stirred cell with magnet stirrer, sealed with 0 rings; ® 

Balance (0.01 g); (J) Computer. 

After the filtration experiment, the fouled membrane was carefully taken out 

of the stirred cell and two 1 em x 1 em membrane samples were cut from it. 

The membrane specimens were gently rinsed twice with sterilized PBS 

buffer to remove unbounded cells. 100 ~L 1 ~g/mL DAPI solution was 

applied to the sample surface and kept for 10 min in dark. The excessive dye 

was removed with pipette carefully and the membrane specimen was rinsed 

again with sterilized PBS buffer. The membrane specimen was mounted on 
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a glass slide, covered with a cover slip and examined with an Olympus 

IX71 inverted fluorescence microscope. 

Two types of feed water with different nutrient levels were tested: an 

electrolyte solution supplemented with low concentration of nutrients and a 

synthetic wastewater with rich nutrient. The electrolyte solution has 0.1% 

addition of LB broth and 10 mM inorganic salts. Ca2+ was chosen since it 

was considered to increase bridging of alginate in EPS, leading to more 

severe fouling. Similar recipe of synthetic wastewater was used by Herzberg 

et al. in biofouling study of P. aeruginosa on polyamide composite 

membranes, where they observed significant biofouling and EPS 

production.(J6) The HC03- in the original recipe was removed to avoid 

possible inorganic scaling of CaC03 while additional NaCl was added to 

maintain the same ionic strength. The feed water compositions are shown in 

Table 4.3. 

Table 4.3 Composition of feed water in dead-end filtration. 

Trisodium LB Ionic 
NaCI CaCI2 Citrate KH2P04 NH4CI broth Strength 
(mM) (mM) (mM) (mM) (mM) (V/V) (mM) pH 

Electrolyte 7 1 1/1000 10 6.70 
Synthetic 

Wastewater 4.9 0.5 1.16 0.5 0.94 1/1000 14.8 6.83 
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Figure 4.2 Image of stirred cell. 

a) assembled stirred cell ; arrows showing the direction of flow; b) parts of stirred cell , CD 

water inlet; @ water outlet a; @gas releasing valve; @rubber 0-ring; ® stainless steel 

cylinder; ® magnet stirrer; 0 mesh; ® water outlet b. 

4.2.3Biofilm prevention screening ofD-amino acids 

To determine which D-amino acids have the ability to prevent biofilm 

formation of P. aeruginosa, a screening experiment was conducted. 

A liquid TSB culture of P. aeruginosa was incubated at 3 7 oc for 24 hr to 

the late exponential phase. The suspension was diluted 1 0 times in LB broth 

to OD600 = 0.05 (107 CFU/mL, measured by plate counting using TSA 
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plates)( 89). Aliquots of 100 J.!L bacteria suspension m LB broth 

supplemented with 0, 0.01, 0.1, 1 and 10 mM of a D-amino acid (three 

replicates for each condition) were added into the wells of a 96 well 

microtiter plate and the plate was incubated for 24 hrs at 37°C. The unbound 

cells were removed by rinsing with sterilized DI for 3 times. 25 J.!L of a 1% 

crystal violet solution was added to each well to stain the surface bound cells. 

The plate was then incubated for 45 min and the supernatant was discarded 

by pipetting after incubation. To remove the excessive dye, the wells were 

washed with sterilized DI for 3 times and the supernatant discarded. Then 

the crystal violet in the surface bound cells was extracted by incubating with 

200 J.!L 95% ethanol for 45 min. 125 J.!L of the ethanol solution was then 

transferred from each well to a new 96-well polystyrene microtiter plate; 

The absorbance at 600 nm was measured with a Spectra Max Plus microtiter 

plate reader (Harlow Scientific, MA) to determine the concentration of the 

extracted crystal violet. 
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5 Result and discussion 

5.1 Attachment analysis 

5.1.1Effect ofD-tyrosine on cell growth 

The results of how D-tyrosine affects cell growth are shown in Figure 5.1. 

The total cell number was calculated by summing the planktonic and 

attached cell numbers and was plotted as a function of incubation time. The 

total cell number increased exponentially at the beginning and then slowed 

down, reaching the stationary phase after 24 hr of incubation. During the 

first 24 hr, D-tyrosine concentrations up to 30 f.!M had no impact on cell 

growth. After 34 hr incubation, although the total cell numbers in control 

and in the 3 ~ were similar, the cell number in 30 11M appeared to be 

slightly higher. Since the total cell number in D-tyrosine supplemented wells 

was equal to or greater than in control wells, it could be concluded that D

tyrosine did not inhibit cell growth. The conclusion is in consistence with 

that of Kolodkin-Gal et a/. ( 6) The addition of 30 ~ D-tyrosine enhanced 

cell growth at 34 hr, possibly because D-tyrosine could be used as substrate 

for bacteria after other nutrient was depleted. 
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Figure 5.1 Effect of D-tyrosine on cell growth. Viable cell number was plotted with time. No 
obvious inhibition of cell growth was observed. 

A short-term attachment analysis was conducted in LB media to assess the 

inhibitive effect of D-tyrosine on P. aeruginosa attachment. The initial 

reversible attachment of bacteria often happens in seconds and the 

irreversible attachment of bacteria happens in minutes. Cell attachment was 

measureed within one hour of incubation. The number of viable cells 

attached on membranes in different conditions was counted and compared in 

Figure 5.2. The ratio of the viable cell number on the 30 ~ D-tyrosine 

treated membranes to that on the control membranes is shown in Figure 5.3. 
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Figure 5.2 Viable cell numbers on NF 270 membrane surface with and without 30 jlM D
tyrosine in the short-term cell attachment analysis (cell number on the y axis is on a log 
scale). 

At 15 min, the attached cell number with and without D-tyrosine treatment 

was not statistically different, which indicates that D-tyrosine did not 

notably reduce the initial attachment of P. aeruginosa on NF270 membrane 

surface. This is possibly because 15 min is not enough for the bacteria to 

uptake the D-tyrosine in solution since the increase of viable cell number 

after 15 min was small. After 30 min, when the bacteria started to grow, 

samples treated with 30 ~ D-tyrosine only had 78% viable cells on the 

membrane compared to the control group as shown in Figure 5.3. After 1 
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hour of incubation, the viable cell number on the 30 11M D-tyrosine treated 

membranes was only 82% of that on the control membranes. 
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Figure 5.3 Ratio ofviable cell number on 30 J.1M treated membrane to that of control (noD
tyrosine added). 

Long-term experiments were also conducted to determine whether D-

tyrosine could reduce cell growth on membrane surface (Figure 5.4). After 

incubated for 2 hrs, the numbers of attached cells on the 3 and 30 11M D-

tyrosine treated membranes were half of that on the control membrane. 

However, after 4 hours of incubation, the cell numbers on control and 

treated membrane samples were not significantly different with a 90% 

confidential interval. The fact that reduction of cell attachment diminished 

when incubation time increased indicates that high cell population limited 
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the inhibitive effect of D-tyrosine. This suggests that the D-tyrosine 

concentration to cell number ratio plays an important role in the attachment 

inhibition mechanism. This is consistent with the hypothesis by Kolodkin-

Gal et al. that D-tyrosine is taken up by B. subtilis and used in synthesis of 

peptidoglycan. This is also consistent with our hypothesis that D-tyrosine 

could substitute L-alanine m P. aeruginosa LPS. If the bacterium 

incorporates D-tyrosine into its cell components, each cell needs to have 

access to sufficient D-tyrosine in order to reduce attachment facilitated by 

LPS. 
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Figure 5".4 Long term attachment analysis of P. aeruginosa attachment on NF 270 
membrane surface. 
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5.2 Bench scale dead-end filtration 

Bench scale dead-end filtration experiments were performed to assess the 

effectiveness of D-tyrosine in inhibiting NF membrane biofouling during the 

filtration process. Figure 5.5 presents a typical data set collected during one 

experiments, showing the flux behavior during different stages of the 

experiment. During compaction at 150 psi, the clean water flux was 3.8 x 1 o-5 

m/s. When filtering the fouling solution in the conditioning stage ( 100 psi), 

the flux was reduced to about half of clean water flux due to concentration 

polarization. Further flux decline after inoculation of the system was 

attributed to growth of the bacterial cells on the membrane surface. 
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4.0x10-5 2 h 

~ 
E 

3.0x10-5 

~ -5 
~ 2.0x10 

u::: 

1.0x10-5 

I 

Conditioning 
2h 

~ 

.. . 
§I .. 
\ ... 

Biofouling 
20 h 

lnnoculation 30 min 
0.0 +-----.-......,.....---.-------.---r--,-----.,.-.....,---r-----, 

0 5 10 15 20 25 

Time(h) 

Figure 5.5 Permeate flux change during one filtration experiment (The feed water is the low 
nutrient electrolyte without D-tyrosine. Applied pressure was 150, 100 and 100 psi for the 
compacting, conditioning and fouling stages, respectively) 
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5.2.1 Low nutrient feed water 

The permeate flux change during filtration of the low nutrient fouling 

solution supplemented with different concentrations of D-tyrosine is shown 

in Figure 5 .6. Each data point on the flux curve is the average of 10 flux data 

points recorded. To compare flux decline in different conditions, the flux 

during the fouling stage was normalized by the stable flux in the 

conditioning stage (2.20 ± 0.02x10-5m/s). With no D-tyrosine in the feed 

water, the flux declined by 64% after 20 hr of filtration. After about 6 hr of a 

lag phase when flux decline was not obvious, the permeate flux decreased 

rapidly in the next 9 hr. The rate of flux decline slowed down after 15 hr of 

filtration and the permeate flux gradually dropped to 8.64x 1 o-6 m/s at about 

20 hr. There was a lag phase of flux decline in the first 6 hrs because the 

bacteria need time to reproduce and to form a thick enough layer on 

membrane surface before notable flux decline due to the increased hydraulic 

resistance and biofilm enhanced concentration polarization can be observed. 

This also suggests that measurement of permeate flux cannot detect 

biofouling in the early stage. After 15 hr, the biofilm development was 

limited by low nutrient level and thus the flux reaches quasi steady state 

gradually. Addition of D-tyrosine in the feed solution significantly reduced 

membrane flux decline, and this effect increased with increasing D-tyrosine 



49 

concentration. With continuous feed of 30 11M D-tyrosine, flux decline was 

completely prevented. This indicates that the biofouling control efficacy of 

D-tyrosine depends on D-tyrosine to cell concentration ratio. Such 

dependence on D-tyrosine concentration supports the hypothesis that D-

amino acids are taken up by bacterial cells. There may exist a minimum D-

amino acid to cell concentration ratio, below which effective biofilm control 

cannot be achieved. 
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Figure 5.6 Normalized flux during filtration of the electrolyte fouling solution supplemented 
with different concentrations of D-tyrosine. 

The resistance of membrane was calculated by Darcy's law (Equation 5.1) 

coupled with resistance in series model (Equation 5.2): 

R = dp (Equation 5.1) 
Ill 
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where R is membrane resistance (m-1); dp is trans membrane pressure 

change (Pa); J..l is viscosity of water at 20 °C (l.005xi0-3 Pa·S); J is 

membrane permeate flux. 

During compaction, R = Rm (Equation 5.2) 

During conditioning, R = Rm +Rep (Equation 5.3) 

During fouling, R = Rm + Rr (Equation 5.4) 

In Equation 5.2 to 5.4, R is total membrane resistance; Rm is membrane 

intrinsic resistance; Rep is resistance caused by concentration polarization; 

and Rf is the resistance caused by biofouling. Rm was calculated from clean 

water flux during compaction where Rf was zero. The resistance caused by 

fouling was calculated as the total resistance after 20 hrs fouling excluding 

membrane intrinsic resistance. ReP was calculated by resistance at 

conditioning stage excluding Rm. Biofouling increases hydraulic resistance 

of membrane and enhances the concentration polarization on membrane 

surface, where both contribute to flux decline.( 16) So the resistance caused 

by concentration polarization cannot be isolated from fouling resistance. 

The anti-biofouling effect ofD-tyrosine treatment can be seen in Figure 5.7, 

which compares the different contributors to the overall hydraulic resistance 
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of the membrane. The intrinsic membrane resistance and concentration 

polarization caused membrane resistance were similar in each condition. 

However, the addition ofD-tyrosine reduced fouling resistance significantly. 
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Figure 5.7 Comparison of different contributors to the overall membrane resistance (m"\ 
Rm: clean membrane resistance; Rep: resistance due to concentration polarization; Rf2oh: 
total resistance due to fouling (including the hydraulic resistance of the fouling layer and 
the resistance due to concentration polarization) after 20 hr filtration of the fouling solution. 

Fluorescence microscope images of the fouled membranes were taken to 

view the cell attachment on the membrane surface. As is shown in Figure 5.8 

(a), very high cell density was found on the membrane surface after the 

control experiment, and multi-layer coverage was observed in various 

locations on the surface. The membranes treated with D-tyrosine (Figures 

5.8 b to d), on the other hand, had very few cells attached, and the number of 

cells attached decreased with increasing D-tyrosine concentration. No 

microcolonies or cell aggregates were found on these membranes. Since D-
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tyrosine does not inhibit P. aeruginosa growth (Figure 5.1 ), this suggests 

cell-cell and cell-membrane adhesion in the presence of D-tyrosine 30J,J.M 

and JJ,J.M experiments. These results are consistent with the membrane flux 

d~ which show greatly decreased flux decline when D-tyrosine was added 

to the feed water, suggesting that reduced cell-membrane and cell-cell 

adhesion is the reason for the lower fouling rate. 

Figure 5.8 Fluorescence images of fouled membrane after filtration of low nutrient feed 
water: a) control; b) 3 pM D-tyr; c) 30 pM D-tyr, and high nutrient feed water: d) control; e) 
3 t1M D-tyr; t) 30 i1M D-tyr. Scale bars are 10 Jim. 

5.2.2 High nutrient feed water 

To simulate the biofouling condition m actual wastewater treatment by 

nanofiltration, synthetic wastewater containing high concentrations of 

nutrients was used as the fouling solution. 
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Comparison of fouling flux in synthetic wastewater supplemented with 

different concentrations of D-tyrosine is shown in Figure 5.9. The permeate 

flux is normalized by that during conditioning (2.20 ± 0.02xl0-5m/s). 

Without D-tyrosine, the permeate flux declined by 70% in 20 hr. Addition of 

3 or 30 J..LM D-tyrosine in the feed water only slightly reduced membrane 

flux decline, and the concentration of D-tyrosine had not notable effect on 

the flux behavior. 
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Figure 5.9 Comparison of normalized permeate flux during filtration of the synthetic 
wastewater with and without D-tyrosine. 

Interestingly, fluorescent microscope imaging revealed drastic difference in 

cell attachment between the fouled membranes. Figure 5.8 shows the 

fluorescent microscope images of the membrane surfaces after filtration with 

and without D-tyrosine. Very high density of P. aeruginosa cells was found 
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on the control sample (Figure 5 .8c ). Although the surface was not 

completely covered by a biofilm, there were muti-layer microcolonies and 

large clusters of cells. The cell density was much greater than that observed 

after filtration of the low nutrient feed water because of higher cell growth 

rate at the higher nutrient level. In contrast, few cells were found on the 

membrane surfaces after filtration in the presence of D-tyrosine. Even at a 

concentration as low as 3 J.LM D-tyrosine, P. aeruginosa attachment on the 

membrane surface was greatly reduced (Figure 5.8d). Fewer cells were 

observed on 30 ~membrane. These results clearly show that continuous 

feed of D-tyrosine inhibits P. aeruginosa cell attachment on NF 270 

membrane surface in dead-end filtration operation conditions even at high 

cell concentrations due to the high nutrient level. However, flux decline was 

not prevented by D-tyrosine, as shown in Figure 5.9. This is most likely due 

to the high cell concentration in the suspension. With the high nutrient level 

in the synthetic wastewater, the viable planktonic cell concentration in the 

stirred cell reached 108 CFU/mL (measured after fouling with plate counting) 

in all 3 filtration experiments. In dead-end operation mode, the bacteria cells 

were brought to the membrane surface by the convective permeate flow and 

held against the membrane surface by the permeate drag. The high 

concentration of bacteria in the suspension resulted in fast accumulation of 
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bacterial cells on membrane surface. Even if the cells are not irreversibly 

attached to the membrane surface or to each other, the cell layer 

accumulated on the membrane surface could lead to flux decline due to cake 

enhanced concentration polarization and the hydraulic resistance of the cell 

layer itself.( 16) In this case, the bacterial cells behave similarly to colloidal 

foulants; the cells in the "cake" layer are re-dispersed upon release of the 

pressure when filtration is stopped. Herzberg et al. reported approximately 

50% permeate flux decline using a synthetic wastewater similar to that used 

in this study containing dead P. aeruginosa cells ( 109 cell/mL) on a 

commercial RO membrane (LFC-1) after 27.8 hr filtration (1.6 L permeate 

was collected), even though dead cells obviously were not able to form 

biofilms; the flux decline was mainly attributed to the dead cell cake 

enhanced concentration polarization due to hindered back diffusion of salt 

ions.{16, 25) Therefore even though the cell adhesion was reduced by D

tyrosine, severe flux decline was still observed. Since the deposited cells 

treated with D-tyrosine were not irreversibly attached to the membrane 

surface, when the pressure was released, the deposited cell layer was easily 

removed from membrane surface. These results suggest that D-tyrosine 

could alleviate biofouling by rendering the biofouling layer reversible and 

hence easily removed during membrane cleaning. 
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Figure 5.10 Fouling flux in high and low nutrient feed water without D-tyrosine added. 
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In Figure 5.10, flux declines in fouling stage of the high nutrient solution 

and the low nutrient solution without D-tyrosine was compared. Since the 

nutrient level in synthetic wastewater is much higher than in electrolyte, the 

bacteria growth is more active hence more biomass is expected to 

accumulate on membrane surface within same fouling time. Compared to the 

filtration experiments performed using the electrolyte solution, significantly 

more flux decline during the first 6 hrs occurred. There was no lag phase in 

flux decline as that observed during filtration of the low nutrient feed water. 

In synthetic wastewater, the initial flux decline rate was much greater than in 

the electrolyte solution. This is due to the greater growth rate and hence 

higher cell concentration in the feed water with elevated nutrient 

concentrations. However, the quasi-steady state flux after fouling was 
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similar in both conditions, therefore the flux decline caused by biofouling in 

20 hr in both conditions were similar. 

5.3 Screening of D-amino acids for biofilm 

inhibition potential 

a-amino acids are most commonly found in nature. There are 20 a-amino 

acids that are used for protein synthesis. D-isomers of 19 a-amino acids were 

tested for their biofilm inhibition efficiency (Glycine does not have optical 

isomers). The concentrations of D-amino acids tested ranged from 10 11M to 

10 mM except forD-tyrosine, which had low solubility in water (0.453 giL). 

Therefore, the concentration range of D-tyrosine tested is 1 to 100 !J.M. 

As described in Chapter 4, the absorbance at 600 nm of the ethanol extracted 

crystal violet solution was used as an indirect measure for attached biomass. 

The results were normalized by that of the control, to which no D-amino 

acids were added. A normalized absorbance lower than 1 indicates inhibition 

of biofilm formation by the D-amino acid added. All 19 D-amino acids 

inhibited biofilm formation at high concentrations of 10 mM and 1 mM 

(Figure 5.11and Figure 5.12). The comparisons of biofilm inhibition effect 

of different D-amino acids at 1 0 mM, 1 mM, 1 00 11M and 1 0 11M are shown 
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in Figure 5.11 to Figure 5.14 respectively. At 10 mM (shown in Figure 5.11), 

D-asparagine and D-glutamic acid showed the best performances in reducing 

P. aeruginosa biofilm on polystyrene surface, where attached biomass was 

only 20.3% and 24.5% of that of the control. D-threonine, on the other hand, 

had the least effect on biofilm formation. The biomass attached on the 

polystyrene surface was 87.5% ofthat in the control samples. At 1 mM, all 

D-amino acids showed biofilm inhibition ability except for D-threonine and 

D-isoleucine. In the presence of these two D-amino acids, the attached 

biomass was more than that in the controls. Such over growth phenomenon 

was also observed at 100 ~ and 10 ~ concentrations. At 100 ~, D

histidine and D-isoleucine induced more attached biomass than the controls 

while at 10 llM, D-threonine, D-aspartic acid, D-histidine and D-asparagine 

resulted in more attached biomass than the controls. The possible reason for 

the enhanced biomass attachment is that D-amino acids are utilized by the 

bacteria as substrate. In figure 5.15, the biofilm inhibition effect for each D

amino acid at different concentrations was compared, which generally 

increase with the increase of D-amino acid concentration. Some D-amino 

acids showed higher efficiency than D-tyrosine at low concentrations, for 

instance, D-leucine. D-leucine is more soluble in water which indicated that 

higher dosage is possible to improve biofilm inhibition performance. 
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Figure 5.11 Normalized biomass attachment in the presence of 18 D-amino acids at 10 mM. 
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Figure 5.13 Normalized biomass attachment in the presence of 18 D-amino acids at 1001lM. 
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Figure 5.14 Normalized biomass attachment in the presence of 18 D-amino acids at 10 1-1M. 
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5.4 Hypothesized mechanisms 

Results from this study indicate that D-amino acids to cell concentration 

ratio affects biofouling inhibition efficiency, which suggest that D-amino 

acids need to be taken up by or associated with bacteria to reduce bacterial 

attachment and hence biofouling. It is suspected that the D-amino acids can 

be incorporated into LPS of P. aeruginosa cell wall in substitution of L

alanine. In P. aeruginosa, the core polysaccharide that anchors LPS on the 

outer membrane contains L-alanine. It is possible that in a P. aeruginosa 

biofilm, D-amino acids work in similar manner as with B. subtilis: D-amino 

acids replace L-alanine in LPS, leading to loss of LPS from the outer 

membrane. Loss of LPS could disable the cell-cell and cell-membrane 

attachment in P. aeruginosa. 

The lack of dependency of biofilm inhibition effect on the D-amino acid to 

cell concentration ratio for D-leucine, D-tryptophan, D-lysine and D

isoleucine suggests that there might be other mechanisms through which D

amino acids inhibit biofilm formation. For example, D-amino acids have 

been hypothesized to work as signal molecules for bacteria.(5) Once the 

concentration of the signal molecule reaches the effective level, further 

increase in the concentration does not have much impact. 
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6 Conclusions and Future Research 
This study finds that all 19 natural D-amino acids are able to inhibit P. 

aeruginosa biofilm formation. D-tyrosine inhibits P. aeruginosa attachment 

to polyamide NF membrane surfaces in LB media at concentrations as low 

as 3 J..lM. Continuous addition of D-tyrosine to membrane feed water is 

effective in controlling biofouling in NF systems by reducing cell-membrane 

and cell-cell attachment. 

The inhibitive effect of most D-amino acids on P. aeruginosa biofilm 

formation depends on the D-amino acid to cell concentration ratio. It is 

hypothesized that D-amino acids are taken up by P. aeruginosa. Comparison 

with previous studies (5, 6) reveals that different types of bacteria may 

respond differently towards the same D-amino acid. 

Further research is needed to determine the mechanisms through which D

amino acids inhibits bacterial biofilms, and to developed practical ways to 

apply D-amino acids for biofouling control in membrane systems. 

It is important to determine the mechanisms of biofilm inhibition by D

amino acids for two reasons. It could enable us to understand more about the 

function of D-amino acids in bacteria cell wall, the current knowledge of 

which is still inadequate. In addition, understanding the mechanisms will 
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allow us to determine which D-amino acid or D-amino acid mixtures are 

more efficient and widely effective in bacterial biofilm prevention, which 

may lead to novel strategies ofbiofouling control. To test the hypothesis that 

D-amino acids are incorporated into P. aeruginosa cell wall, 14C labeled D

amino acids can be used and concentration and position can be measured by 

radioactivity. To test the hypothesis that D-amino acids substitute L-alanine 

in core polysaccharide in LPS of P. aeruginosa, excessive amount of L

alanine could be added to P. aeruginosa culture together with the D-amino 

acid to find out if the inhibitive effect is reduced or eliminated. 

A lot more work needs to be conducted before D-amino acids can be applied 

for biofouling control in membrane filtration systems. First, the effectiveness 

of biofilm prevention of D-amino acids towards bacteria species other than P. 

aeruginosa that are known to cause biofouling in membrane systems should 

be determined. Although widely used as model bacteria for membrane 

biofouling, P. aeruginosa was considered not the dominant bacteria on 

seawater desalination reverse osmosis (SWRO) membranes according to 

recent studies.(90, 91) Instead, Leucothrix mucor and Ruegeria species were 

reported to be the dominant bacteria using isolation independent method by 

Zhang et a/.(91) Second, the optimal selection and concentration ofD-amino 

acids in biofilm prevention should be determined. A mixture of D-amino 
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acids has been shown to be much more effective than its individual 

components.( 6) The crystal violet assay can be used as a fast screenmg 

method to identify optimal mixtures. Third, whether D-amino acids could 

inhibit multi-species biofilm containing a wide spectrum of bacteria should 

be tested. Bacteria that have been reported to be susceptible to D-amino 

acids treatment include P. aeruginosa, B. subtilis and S. aureus .( 7) These 

bacterial species were tested in pure cultures. Whether D-amino acids have 

similar effects on other bacterial pure cultures or mixed cultures is unknown. 

Fourth, the filtration experiments were only conducted with NF 270 

membrane, which is fairly smooth and has low fouling potential. Since D

amino acids inhibit biofouling by reducing cell-membrane adhesion, the 

surface properties of the membrane may play a role. More NF and RO 

membranes with different surface properties need to be tested. Finally, 

different approaches of applying D-amino acids in biofouling control should 

be evaluated, such as direct addition into feed water, incorporation into the 

membrane and use in chemical cleaning. Continuous addition to the feed 

water is not desired because it would require a large amount of D-amino 

acids, which is very expensive. 
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