


 
 

ABSTRACT 

Effect of D-Tyrosine on Bacterial Biofilms: Mechanisms and Potential 

Applications in Membrane Biofouling Control 

by 

Cong Yu 

Biofouling leads to diverse detrimental effects in water treatment and 

distribution systems. D-Tyrosine can be produced by a variety of bacteria and 

inhibits formation as well as triggers disassembly of biofilms thus has been 

proposed for biofouling control applications.  

The impact of D-tyrosine in different biofilm formation stages in G+ and G- 

bacteria was studied, and a non-monotonic correlation between D-tyrosine 

concentration and biofilm inhibition effect was revealed. D-Tyrosine inhibited 

attachment and biofilm formation in Pseudomonas aeruginosa and Bacillus subtilis 

with an effective concentration of 5 nM. Extracellular protein was decreased in P. 

aeruginosa biofilms, but increased in those of B. subtilis. Exopolysaccharides 

production by P. aeruginosa was increased at low concentrations and reduced at 

high concentrations while no impact was found in B. subtilis. These results suggest 

distinct mechanisms are involved at different D-tyrosine concentrations and they 

may be species specific.  

Further investigation of the biofilm related gene expression in P. aeruginosa 

indicated repression of quorum sensing genes at high (200 µM) and low (5nM) 



 
 

effective concentrations but not at non-inhibitive concentrations (1 µM). 

Lipopolysaccharides production was reduced and the genes were down regulated 

by D-tyrosine at 5 nM but not at 200 µM.  The efflux pump, flagella and racemase 

genes were also repressed by 5 nM D-tyrosine. Efflux pump is closely related to 

quorum sensing while how flagella and racemase are affected is unclear. At low 

concentration, D-tyrosine may serve as a signal molecule to regulate LPS production 

and quorum sensing, biofilm formation is inhibited through which. At micromolar 

level, the biofilm inhibition effect decreased with D-tyrosine concentration and 

could possibly be attributed to the repression of quorum sensing.  

D-Tyrosine was incorporated onto a nanofiltration membrane using FAU 

zeolite nanoparticles covalently bound to the membrane surface as carriers to 

develop a long-lasting environmentally friendly anti-biofouling membrane. The 

initial P. aeruginosa cell attachment and subsequent biofilm formation were 

inhibited. D-tyrosine was gradually released from the membrane in ultrapure water 

for 5 days and the membrane retained its anti-biofouling capability for 6 days. The 

membrane alleviated flux decline and irreversible cell adhesion on membrane 

surface in dead-end filtration.  
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Chapter 1 

1. Introduction and Statement of 

Purpose 

1.1. Introduction 

Biofilms are ubiquitous in natural and artificial systems, and may cause 

detrimental effects in various engineering applications and human health.[1] The 

cost due to biofouling in US alone is over billion dollars per year. [2] The use of 

membranes in municipal and industrial water and wastewater treatment has been 

increasing rapidly due to their high quality effluent, small footprint and low 

environmental impact. The market for reverse osmosis membranes and system 

components in 2014 is estimated to reach nearly $5.4 billion and is predicted to 

increase annually by 10.5% to reach $8.8 billion by 2019 globally.[3] However, 

biofouling is one of the major problems that hinder the wider application of 

membranes. Current biofouling control approaches rely on pretreatment and 
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membrane cleaning to prevent or remove biofilm, which are not effective enough. 

The pretreatment methods reduce cell and nutrient concentration in the feed water 

but sterilization of the whole system is impossible.[4] The remaining bacteria can 

harbor on membrane surface and develop into a biofilm eventually. The commonly 

used disinfectants such as chlorine and ozone are associated with generation of 

harmful disinfection byproducts thus must be used with caution. As the polyamide 

based nanofiltration and reverse osmosis membranes are susceptible to oxidation, 

the disinfectants must be neutralized before entering membrane module. Moreover, 

the biofilms are protected by extracellular polymeric substances thus highly 

resistant to hydraulic shear and biocides, making cleaning extremely difficult. Also, 

the biological activity needs to be maintained with minimal biofilm formation in 

some water treatment methods, such as membrane biofilm reactors where non-

biocidal methods are necessary. 

Extensive research has been done on improving existing methods and 

developing new approaches for biofouling control. Using small biological molecules 

or surface modifications to prevent biofilm formation and trigger biofilm dispersal 

are methods of great interests.[5, 6] Recent studies have shown that a group of small 

molecules, D-amino acids are produced by bacteria in stationary phase[7, 8] and are 

able to inhibit biofilm formation and trigger the biofilm disassembly without cell 

inactivation in a variety of bacteria, including Bacillus subtilis, Staphylococci aureus, 

Staphylococci epidermidis, Pseudomonas aeruginosa and mixed culture from 

activated sludge.[9-14] The effective concentration ranges from several nanomolar 
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to milimolar and a synergetic effect was found when adding certain combinations of 

D-amino acids together.[10] The effectiveness of D-amino acids varies between 

different bacteria. The mechanisms involved in the biofilm inhibition effect of D-

amino acids are not well understood yet but several hypotheses have been 

proposed, including detaching surface protein through incorporation into 

peptidoglycan, interference with protein synthesis and repressing quorum sensing. 

In G+ bacterium B. subtilis, D-amino acids were incorporated into bacterial cell wall 

peptidoglycan layer in substitution of the canonical D-amino acid D-alanine and led 

to the release of a major biofilm matrix component, TasA amyloid fiber, which was 

considered to be the reason for pellicle disassembly. A later study on the other hand, 

showed that D-amino acids interfere with protein synthesis by competing with the 

corresponding L-amino acids in B. subtilis and the incorporation into peptidoglycan 

did not impact biofilm formation.[15] It has also been found that D-tyrosine reduced 

AI-2 concentration and increased surface negative charge in the mixed culture.[12, 

13] However it was unclear whether the impact on quorum sensing and surface 

physical chemical properties was the cause of biofilm inhibition. None of the above 

studies have systematically looked at the biofilm inhibition mechanism in pure 

culture of G- bacteria. However, due to the difference in cell wall structure, the 

existing hypothesis may not apply to G- bacteria. The signaling role of D-amino acids 

has been hypothesized but not studied.[8] It is important to understand the 

mechanism of D-amino acids mediating biofilm formation and disassembly to 

predict their applicability to different bacterial species, environmental conditions 
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and material surfaces as well as provide guidelines for synthetic analogues design 

that might reduce cost in large scale production of D-amino acids.  

The D-amino acids are promising in membrane biofouling control because 

they are highly efficient in biofilm inhibition and benign to membrane material. D-

tyrosine was demonstrated to alleviate membrane biofouling for microfiltration and 

nanofiltration membranes by adding into feed water.[13, 14] Both flux decline and 

irreversible cell adhesion were mediated. However, it required large quantity of 

material to treat the bulk water. In order to feasibly apply D-amino acids in large 

scale membrane biofouling control, the dosage must be minimized. Incorporation of 

D-amino acids on membrane surface and using D-amino acids in membrane cleaning 

may be promising strategies for membrane biofouling control.  

1.2. Objectives 

The objectives of the dissertation are to better understand the mechanisms 

through which D-amino acids mediate biofilm formation and develop a feasible 

approach using D-amino acids to alleviate membrane biofouling.  

The research is further divided into three tasks: 

Task 1: Study the impact of D-tyrosine concentrations and bacterial type on 

biofilm inhibition.  

Hypothesis: D-amino acids work differently in G+ and G- bacteria and the 

inhibition efficacy is related to concentration; D-amino acids interfere with both 
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initial attachment and the subsequent biofilm development; D-amino acids impact 

biofilm integrity through reducing extracellular protein and/or polysaccharides. 

Task 2: Investigate the impact of D-amino acids on biofilm formation on 

transcriptional level. 

Hypothesis: D-amino acids regulate P. aeruginosa biofilm formation on 

transcriptional level; multiple mechanisms are involved in the biofilm inhibition. At 

nanomolar concentration, D-amino acids serve as signal molecule for environmental 

stress and down regulate biofilm formation. 

The first two tasks aim at understanding the mechanisms involved in which 

D-amino acids inhibit biofilm formation, using D-tyrosine as the model D-amino 

acid. Understanding of the mechanisms will have implications on the regulatory role 

of self-produced D-amino acids in bacteria and the development of anti-biofouling 

strategies.  

Task 3: Develop a practical and environmentally friendly biofouling control 

strategy for polyamide based material membranes using D-tyrosine. 

We proposed a slow release mechanism using a porous material, nano zeolite 

particles as carriers for D-amino acids. Zeolite particles will be grafted with amine 

groups and coated on membrane surface via amide linkage and D-amino acids are 

loaded into the carriers through adsorption. Our hypothesis is that the 

incorporation of D-tyrosine on commercial membranes provides a long-lasing, 

efficient and regenerable anti-biofouling strategy in membrane systems. 
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1.3. Thesis organization 

The thesis is divided into six chapters. The first chapter is a brief 

introduction of the thesis including research background, objectives and thesis 

organization. The second chapter provides a thorough literature review of the 

research topics related to the dissertation, focusing on the formation and 

disassembly of biofilms, current biofouling control strategies and recent findings on 

the impact and functions of D-amino acids. The detailed experimental methods, 

results and discussion are presented in chapter 3-5, with each chapter targeting on 

one task described in the Objectives (1.2).  In the last chapter, the major findings 

and their engineering significance were summarized as well as possible future 

research. 
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Chapter 2  

2. Literature Review 

2.1. Problem statement: detrimental effects of biofilm 

2.1.1. Overview 

Bacteria grow in two forms of life, planktonic or sessile; the latter is referred 

to as biofilm. Biofilm can grow on solid surface or liquid-air interface, and is 

ubiquitously found in natural and engineered systems.[1] In industrial settings, 

biofilms can be useful in various aspects such as wastewater treatment and 

bioremediation of contamination in soil.[2, 3] However, they also have detrimental 

effects. The undesirable biofilms are referred to as biofouling, which caused 

problems not only in engineered systems but also in human health. [4] Biofouling 

causes biocorrosion by releasing acidic compounds in all submerged surfaces, such 

as pipes, underwater constructions, ship hulls and so on, which leads to material 



 22 
 

failure, energy cost and microbial contamination. [5] Biofilms are known to 

associate with the development of device related infections and chronicle human 

infections, such as Cystic fibrosis pneumonia. [4] Cells in biofilm are much less 

susceptible to biocides and antibiotics comparing to planktonic cells. Studies have 

shown that biofilm hinders the transport of biocides and antibiotics molecules. [6] 

The oxidative disinfectants need to react with and damage the surface layer of 

biofilm first in order to reach the cells inside.[7] Moreover, antibiotics must be used 

with caution due to the rapidly development of bacterial resistance.[8] Biofilm can 

even enhance the development of inheritable resistance through horizontal gene 

transfer [9] or adaptive mutations [10]. 

2.1.2. Membrane biofouling - Achilles’ heel of membrane technology 

In membrane filtration process, biofilms harboring on membrane surface 

leads to severe increase in energy consumption and material cost. Biofouling 

reduces membrane flux through increasing hydraulic resistance as well as enhanced 

concentration polarization, [11, 12] which requires more energy input to maintain 

the same flux as well as more frequent membrane cleaning. Concentration 

polarization refers to the increased concentration of solute retained at membrane 

surface boundary layer that is higher than the bulk concentration. The 

transmembrane osmotic pressure is determined by the boundary layer 

concentration instead of the bulk concentration. The cake layer formed by 

biofouling hinders the back diffusion of the solute from membrane surface to the 

bulk, thus increase the concentration polarization. [11] The bacterial cells can 
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degrade membrane material, which may leads to material failure and shortens 

membrane lifespan. The enhanced concentration polarization and degradation of 

membrane material also lead to deterioration of membrane performance, i.e. 

reduction in rejection. Water filtration membranes are susceptible to biofouling 

because of the favorable growth condition on membrane surface: concentrated 

nutrients due to solute retention, increased deposition facilitated by permeate drag 

force and the conditioning layer formed by other foulants. [13] The accumulation of 

other foulants (colloidal, organic) adds to mechanical strength of biofouling and 

enhances cell adhesion. Biofouling is highly resistant to physical and chemical 

cleaning treatment because the extracellular polymeric substance matrix of biofilm 

protects cells from hydraulic shear, chemical oxidation and penetration. Current 

pretreatment methods control biofouling through reducing nutrient and microbial 

concentration in the feed water. Although the reduction is effective, due to the self-

proliferation of bacteria, 0.01% of residue bacteria can still develop into a biofilm on 

membrane surface. [14] The use of common disinfections such as chlorine and 

ozone must be carefully applied due to the generation of harmful disinfection 

byproducts. For polyamide based membranes, which are the most common 

nanofiltration and reverse osmosis membranes, the disinfectants must be 

neutralized before entering membrane module as the materials are susceptible to 

chemical oxidation.[13] It is highly desirable to develop an energy efficient and 

environmental friendly biofouling control method that benign to membrane 

material and triggers least resistance from bacteria.  
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2.2. Biofilm formation and composition 

2.2.1. Process of biofilm formation 

Biofilm formation can normally be divided into four steps starting with the 

deposition of bacterial cells on a surface. The approach of bacterial cells to a surface 

can be a result of convective mass transfer, sedimentation, Brownian motion or 

bacterial motility (swimming, swarming and twitching motility). [15] Bacterial 

motility was considered crucial for biofilm formation in the deposition stage.[16] 

Within seconds of contact between bacterial cells and a surface, bacterial cells can 

develop irreversible attachment via secretion of extracellular polymeric substances. 

The bond cannot be reversed simply with hydraulic shear force. In the initial 

attachment stage of biofilm formation, cell and surface physical chemical properties 

such as surface charge, roughness and hydrophobicity are very important.[17] In 

aqueous environment, most bacteria are negatively charged and hydrophobic. 

Therefore, increasing negative surface charge and hydrophilicity can theoretically 

reduce bacteria deposition. The impact of surface roughness on bacterial adhesion is 

less well understood due to the difficulties in surface roughness characterization but 

it has been shown that smooth surface are less prone to bacterial attachment. [13] 

In the third stage, the attached cells proliferate on the surface and form 

microcolonies. The maturation of biofilms is regulated by quorum sensing system. A 

mature biofilm is heterogeneous but highly organized, providing water passage and 

nutrient/oxygen gradient for bacteria in different layers, which is crucial to 
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maintain survival of multispecies biofilm. In the last stage, self-disassembly of 

biofilm occurs and release bacteria to colonize in new sites. [18] 

2.2.2. Extracellular polymeric substances in biofilm matrix 

Biofilms consist of not only cells but also extracellular polymeric substances 

(EPS) that provide mechanical strength to biofilms as a matrix. Polysaccharides, 

protein and eDNA are the common components of EPS.[19] The biofilm matrix of 

the two main model bacteria, P. aeruginosa and B. subtilis, used in our study will be 

discussed in detail. P. aeruginosa has three types of exopolysaccharides, Psl, Pel and 

alginate. [20] Among those, Psl is a mannose rich polysaccharides produced in both 

planktonic and sessile cells. [20] Ma et al.[21] showed that Psl promoted cell-cell 

and cell-surface interactions on both abiotic and biotic surfaces in P. aeruginosa 

PAO1. Attachment of mutant strains lacking pslAB on polystyrene surface was 

reduced by 10 fold comparing to wild type in different media with various carbon 

sources. They also showed that without Psl, P. aeruginosa PAO1 was also deficient in 

post attachment biofilm maturation, where biofilm thickness was significantly 

reduced. Pel polysaccharides are glucose rich and have also been shown to be 

important in adhesion and maintenance of biofilm architecture, which is regulated 

by quorum sensing. [22, 23] Alginate is not considered as major component in 

nonmucoid strains of P. aeruginosa biofilm, such as PAO1 and PA14, but is 

important and produced in large quantity in mucoid strains. Alginate supports 

matrix structure as well as retains extracellular enzymes. Extracellular proteins 

have both structural and enzymatic functions. The extracellular enzymes can be 
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retained by the exopolysaccharides [24] and are involved in degradation of 

biopolymers (such as cellulose, chitin, lipids, protein, polysaccharides and nucleic 

acids) as well as virulence factors. [19] The structural proteins can be cell associated 

or extracellular. In P. aeruginosa, a cyclic-di-GMP regulated protein CdrA was found 

to crosslink Psl polysaccharides and associate Psl with cell surface to reinforce 

biofilm structure. [25] The outer membrane lectins LecA and LecB are also 

important for biofilm formation in P. aeruginosa. [26] Ligands targeting LecB 

inhibited biofilm formation and triggered the biofilm dispersal. [27] In B. subtilis, 

amyloid fiber provides structural robustness for its biofilm.[28] TasA is one of the 

major amyloid fibers anchors in B. subtilis peptidoglycan layer via a TapA protein. 

[29, 30] It has been found that eDNA also plays an essential structural role in biofilm 

and treatment of DNaseI leads to biofilm dissociation. [31] 

2.2.3. Lipopolysaccharides and biofilm formation 

Lipopolysaccharides (LPS) are the exterior components of Gram-negative 

bacteria cell wall. LPS consist of three parts: hydrophobic lipid A that anchors LPS in 

outer membrane; core polysaccharides that connect lipid A and O-antigen; 

hydrophilic O-antigen (O-polysaccharides) that interacts with the environment. The 

lipid A contains long-chain saturated fatty acids connecting to a phosphorylated 

glucosamine disaccharide. The lipid A has a relatively conservative structure and is 

responsible for the endotoxicity of Gram-negative bacteria, thus is a common target 

for development of antibiotics. In P. aeruginosa, the most abundant fatty acids in 

lipid A are 3-OH and 2-OH C10:0 and C12:0 (Figure 2.1).[32] 
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Figure 2.1 Lipid A structure in P. aeruginosa PAO1.[33] 

The synthesis of lipid A in P. aeruginosa PAO1 involves the lpx operon. UDP-

N-acetylglucosamine acyltransferase LpxA and UDP-3-O-(3-hydroxylauroyl) 

glucosamine N-acyltransferase LpxD catalyze the binding between fatty acids and 

the glucoseamine (Figure 2.2). The highly conservative residues of tyrosine (Y49’) 

and phenylalanine (F43’) form π-stacking, which contributes substantially to 

stabilization of the complex substrate binding.[34] Inactivation of the lipid A 

synthesis gene lpxD (codes for UDP-3-O-(3-hydroxylauroyl) glucosamine N-

acyltransferase) leads to reduced biofilm formation in P. aeruginosa PA14.[35] 



 28 
 

 

 

Figure 2.2 Lipid A synthesis by LpxD and LpxA. 

(A) Reaction catalyzed by C. trachomatis LpxD. Sites relevant to LpxA and LpxD 

reactivity are colored green and blue, respectively. (B) LpxD-ligand 

interactions. Protein residues within a 3.85-Å radius of the fatty acid are 

labeled, and putative hydrogen bonds are shown as dashed lines. Tyrosine 

(Y49’) and phenylalanine (F43’) residues forms π-stacking. The complex is 

stabilized by the π-stacking and hydrogen bonds. A prime symbol in the 

residue label signifies a residue from a partner subunit. The atoms of the 

ligands are colored as follows: C, green; N, blue; O, red; P, yellow. Reprinted 

from figure 1 and figure 3 in [34]. 

B 
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The core polysaccharide contains the two special sugar unit 3-deoxy-D-

manno-oct-2-ulosonic acid (Kdo). O-antigen is a linear polysaccharide that can be 

recognized by host cells. Two types of O-antigens can be produced by P. aeruginosa, 

the homopolymeric common polysaccharide antigen (CPA; formerly termed A band) 

consisting of D-rhamnose repeating units and the heteropolymer O-specific antigen 

(OSA; formerly termed B band) consisting of 3-5 sugars. [33] Changes in the 

expression of CPA or OSA LPS directly influence surface characteristics and the 

ability of cells to bind to different substrates.[36] Defects in O-antigen and core 

polysaccharides lead to changes in roughness, hydrophobicity and surface charge of 

cell surface. Strains with O-antigen are referred to as “smooth”, and strains without 

O-antigen are referred to as “rough”. Further missing on the outer core leads to 

“deep rough” strains.[37] Loss of CPA band in O-antigen reduced hydrophobicity 

while loss of OSA increased hydrophobicity.[36-38] Strains lacking OSA bands are 

more negatively charged compared with strains lacking CPA while loss of complete 

O-antigen showed highest negative charge on cell surface, which indicates that the 

core region contains the most charged groups in LPS.[38] With truncated O-antigen, 

P. aeruginosa PAO1 mutants wbpM (CPA+OSA-) and rmd (CPA-OSA+) showed 

inhibited biofilm formation in early stage and maturation stage, respectively.[36] 

However, the impact of LPS on cell surface properties and biofilm formation greatly 

depends on growth conditions, media composition and substrate characteristics.  
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2.3. Biofilm gene expression and regulation 

2.3.1. Biofilm gene expression 

During the lifestyle transformation from planktonic to sessile in bacteria, 

multiple genes express differently. The difference in gene expression of the model 

bacterium, P. aeruginosa used in our study will be discussed here. The changes in P. 

aeruginosa gene expression due to the lifestyle change were studied using DNA 

microarray technology by Whiteley et al. [39], showing that only 1% (73) of the 5, 

500 tested genes expressed differently and about half of them were induced while 

the other half was repressed. The genes related to motility and attachment including 

pilA and flgE were repressed by different levels in biofilm comparing to planktonic 

cells. It was hypothesized that the motility was important in the initial attachment 

stage of biofilm formation to enable contact between bacteria cells and the surface 

while after the biofilm was formed, movement was unfavorable. Membrane protein 

gene tolA was up-regulated, the product of which decreased outer membrane 

affinity for aminoglycoside through changing LPS structure. It was speculated that 

the up-regulation in tolA accounted for the enhanced resistance of biofilm to 

aminoglycoside antibiotics. Similarly, the outer membrane lipoprotein gene omlA 

was also up-regulated. Several porin genes were down-regulated as well as the 

stress sensing σ-factor rpoS, which was reported to respond to different 

environmental stress. Herzberg et al. [40] studied the difference of gene expression 

in planktonic and sessile cells on a reverse osmosis membrane using GFP labeled P. 

aeruginosa PAO1 as model bacterium also with DNA microarray assay, where 278 
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genes were repressed and 197 genes were induced more than twofold in the 5, 570 

genes tested. Similar to the previous study, they also found that the motility related 

genes were repressed in the biofilm comparing to cells in the feed water. The cell 

motility was restored after incubating for 12 hr on motility plates. The σ-factor rpoS 

was downregulated by a similar extent on the reverse osmosis membrane 

comparing to the previous study on granite pebbles [39]. The rpoS gene was 

normally upregulated in stationary phase at limited nutrient concentration. It was 

hypothesized that the sessile cells grown on membrane surface were in faster 

growth rate comparing to planktonic cells due to enhance nutrient level near 

membrane surface caused by concentration polarization. In accordance with the 

hypothesis, they also found that the chemotaxis genes were downregulated. In their 

study, an outer membrane porin gene oprG was upregulated in the biofilm. 

2.3.2. Quorum sensing 

Quorum sensing is the signaling process that occurs with response to cell 

population, which was first discovered in a marine bacterium, Vibrio fischeri. [41] 

When the signal molecules, autoinducers produced by the bacteria in the 

community reaches certain level, a series of response is triggered downstream. For 

instance, in P. aeruginosa, quorum sensing regulates biofilm formation, 

antimicrobial resistance and virulence factors. [42] The idea of using quorum 

sensing inhibitors or enhancers to modulate biofilm formation and attenuate 

bacterial virulence has been studied extensively. [43, 44] P. aeruginosa uses two 

LuxS systems of quorum sensing, LasI/LasR and RhlI/RhlR and a PQS system, the 
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autoinducers produced by which are 3-oxo-C12-homoserine lactone, C4-

homoserine lactone and quinolone, respectively.[42] The AHL signals are commonly 

used by G- bacteria. Silencing of the lasI gene resulted in thinner biofilm formed by 

P. aeruginosa PAO1 comparing to wild type. [45] The las system was shown to 

involve in both biofilm maturation [45] and the microcolony forming stages [46]. 

The rhl and PQS systems are secondary signaling systems that can be triggered by 

the las system. Both lasI and rhlI were found to express mainly in cells close to the 

substratum and regulate type IV pili movement. [46] Different from G- bacteria, G+ 

bacteria use oligopeptides as signals in quorum sensing.[41] A third type of 

autoinducers generated by LuxS system, AI-2 was shown to be an interspecies 

quorum sensing signal, which regulates biofilm formation behavior in multi-species 

culture. Although P. aeruginosa mainly uses AHL system, it also responded to AI-2 

analogues.[47]  

Quorum sensing activity was found to be related to efflux pump. In P. 

aeruginosa, the C4-HSL diffuses freely while the 3-oxo-HSL autoinducer is subject to 

transport of efflux pump.[48, 49] The MexAB-OprM efflux pump is the only system 

found to be responsible for autoinducer efflux in P. aeruginosa and the long chain 

HSL signal was selectively transported.[50-52] Inactivation of the efflux pump by 

gene silencing or energy uncoupler leads to reduced biofilm formation.[53, 54]  
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2.4. Novel membrane biofouling control methods 

Unlike the conventional pretreatment methods, increasing efforts have been 

devoted into developing anti-biofouling membranes that are either less prone to 

bacterial adhesion or antimicrobial. The membrane modification methods that 

change membrane surface physical-chemical properties to reduce bacterial 

attachment including polymer blending, coating and grafting have been extensively 

studied. [13] The modifications reduce bacterial adhesion hence delay biofilm 

formation, which still allows biofilm formation but may result in less frequent 

cleaning. The incorporation of antimicrobial materials into membranes has also 

been extensively studied. The antimicrobial reagent can be non-leachable or 

leachable. Single-walled carbon nanotube (SWNT) grafted onto membrane surface 

was shown to inactivate E. coli via direct contact, which might lose antimicrobial 

effect after accumulation of EPS. [55] Silver nanoparticles were shown to inactivate 

bacteria only due to release of silver ion, thus were leachable. [56] The antimicrobial 

ion and nanoparticles can be blended into membrane polymer [57-59] or grafted on 

membrane surface [60-62]. Several problems are associated with the impregnated 

leachable antimicrobial reagent: the coated polymer may block the release of the 

effective molecule thus reduce the bioavailability; the fast leaching of the reagent 

renders the membrane antimicrobial lifespan short. In order to enhance 

bioavailability and antimicrobial effect longevity, inorganic porous material such as 

zeolite [63] or polymer capsules [64] were used as carriers that can slowly release 

the active reagent in aqueous solution. Multi-prone surface modification that 
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combines the non-adhesive brush polymer coating and the antimicrobial reagent 

was also developed using polyelectrolyte layer by layer self-assembly. [65]  

Besides bacterial inactivation, biological biofilm inhibition and disassembly 

methods also hold potential in membrane biofouling control. Typical methods 

include quorum sensing inhibition, EPS enzyme digestion, energy uncoupling, and 

bacterial phage [66, 67], most of which are not bactericidal except for bacterial 

phages thus are less likely to trigger bacterial resistance comparing to antibiotics. 

[68] They are also useful in applications such as membrane bioreactors where 

bacteria are used to degrade organics and bacterial inactivation is undesirable. [69] 

Quorum sensing regulates biofilm formation process in both pure and multi-species 

biofilm as described before, disruption of which results in biofilm inhibition thus 

can be useful in membrane biofouling control. Quorum sensing can be inhibited by 

adding autoinducer analogues to occupy the receptors or adding enzymes that 

degrade autoinducers. The first route normally requires high concentration of 

analogues to inhibit biofilm formation, thus the applications in large scale may be 

limited. [70] Recent studies had shown that the analogues were transported by the 

efflux pump, which resulted in reduced cellular analogue concentration hence less 

competition with the autoinducer.[49-51] An AHL degrading enzyme Acylase I has 

been successfully applied in membrane bioreactors, nanofiltration and reverse 

osmosis membrane for biofouling control.[71-73] However the enzymes are not 

stable in environmental conditions such as high salinity, extreme pH and high or low 

temperature, which limits their application in water and wastewater treatment. 
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Same limitations apply to EPS degrading enzymes. Energy uncouplers interrupt 

proton gradient by transporting H+ back to cytoplasm through membrane, which 

leads to dissipation of proton motive force (PMF). [68] Cell growth and biofilm 

formation are inhibited by the energy uncouplers possibly due to reduced ATP 

synthesis and quorum sensing repression. In particular, an energy uncoupler 

dinitrophenol (DNP) was shown to alleviate biofouling on a nylon membrane. [74]  

2.5. D-Amino acids as biofilm inhibitors  

2.5.1. Impact of D-amino acids on biofilm formation and disassembly 

Recently D-amino acids were also found to inhibit biofilm formation as well 

as trigger biofilm dispersal without bacterial inactivation.  The studies on the 

biofilm inhibition effect and their major findings are summarized in Table 2.1 and 

2.2. Dr. Losick’s group first reported the biofilm inhibition and disassembly effect of 

D-amino acids in B. subtilis, S. aureus and P. aeruginosa. Four self-produced D-amino 

acids, D-tyrosine, D-tryptophan, D-leucine and D-methionine were found to be 

effective towards B. subtilis biofilm without inhibiting cell growth, which revealed 

the potential of using D-amino acids as an environmental friendly and efficient 

biofouling control reagent. Several follow up studies have been published by the 

same group as well as others since then. The lowest effective concentration found 

for single D-amino acid was 3 µM of D-tyrosine in B. subtilis biofilm. A synergistic 

effect was found when mixing certain types of D-amino acids together, which 

further lowered the effective concentration to 5 nM in P. aeruginosa PA14. Floating 
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and attached biofilms have both been shown to be affected by D-amino acids. D-

Amino acids were also found to enhance the efficacy of antibiotics, which provides 

novel ways to control chronic infections.[75, 76]  

Besides polystyrene multi-well plate, a variety of surfaces that may have 

more implication in medical and environmental applications including stainless 

steel, glass, epoxy, polypropylene and polyamide have been studied. Surface 

physical-chemical properties affect bacterial attachment, which might impact the D-

amino acids biofilm inhibition effect, but no investigation has been done to evaluate 

the impact of surface material.  

The response to D-amino acids of different species and strains of bacteria 

was notably different, which implies the presence of different mechanisms across 

species. However, the difference was not systematically studied, especially with 

respect to the substantial structural difference in G+ and G- bacteria. Such difference 

might have implications on elucidating biofilm inhibition mechanisms. Currently, 

most studies used pure culture while at least three studies have applied D-tyrosine 

in multi-species biofilm and showed inhibition or disassembly effect.  

As one of the most effective D-amino acids shown by Kolodkin-Gal et al.[77], 

D-tyrosine was studied for applications in membrane biofouling control and 

alleviated biofouling on nanofiltration and microfiltration membranes by adding 

into feed water. [78, 79] However, treatment of bulk feed water requires large 

quantity of D-amino acids, rendering the method unpractical. Incorporation of D-
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amino acids on membranes or using D-amino acids as cleaning additives could 

possibly reduce the dosage and be more applicable in membrane biofouling control.  

Table 2.1 Studies on biofilm inhibition effect of D-amino acids: bacteria type, 

concentration and surfaces. 

Ref Bacteria 

Gra
m 

typ
e 

D-AA type Concentration Surface 

Kolodkin-
Gal et al. 

(2010)[77] 

B. subtilis 
NCIB3610 

G+ 

D-tyr, D-
met, D-leu, 

D-trp 

D-tyr 3 µM, mix 10 
nM 

Air-liquid 
interface 

P. 
aeruginosa 

PA14 
G- 

D-tyr 10 µM Mix 5 
nM 

Polystyrene 

S. aureus 
SCO1 

G+ 
D-tyr 50µM, mix 

15nM 
Polystyrene 

Hochbaum 
et al. 

(2011)[80] 

S. aureus 
SCO1 

G+ 
D-tyr, D-pro, 

D-phe 
D-tyr 100µM, mix 10 

µM 
Polystyrene

, epoxy 

Yu et al. 
(2012)[79] 

P. 
aeruginosa 

700829 
G- D-tyr 3 µM 

Polyamide 
NF 

membrane 

Sanchez et 
al. 

(2013)[81] 

P. 
aeruginosa 

PAO1 
G- 

D-tyr, D-
met, D-leu, 

D-trp 

0.03 mM D-leucine 
and D-

methionine+0.04 
mM D-tyr and D-trp 

Stainless 
steel 

Leiman et 
al. 

(2013)[82] 

B. subtilis 
NCIB 3610 

G+ 
D-tyr, D-

met, D-leu, 
D-trp 

6µM D-tyr, 0.3 µM 
mix, 8mM D-leu, 

5mM D-trp 

Air-liquid 
interface 

Saito et al. 
(2013)[83] 

S. 
coelicolor 

G+ 
D-val, D-leu, 
D-Ile, D-met, 
D-tyr, D-ala 

10 mM D-tyr Polystyrene 

Sanchez et 
al. 

(2014)[76] 

S. aureus 
clinical 
isolates 

G+ D-met, D-
trp, D-

phe,D-ala,D-
Ile, D-leu, D-

tyr, D-val 

5 mM D-met, D-trp, 
D-phe 

Polystyrene 

P. 
aeruginosa 

clinical 
isolates 

G- 
1mM D-met, 100µM 
D-phe, 10 µM D-trp 

Polystyrene 
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Ramón-
Peréz et al. 
(2014)[84]  

S. 
epidermidi

s, 31 
clinical 
isolates 

G+ 

D-Ala, D-
Leu, D-Tyr, 
D-Pro, D-

Phe and D-
Met 

3-100 mM Polystyrene 

Xu et al. 
(2011)[78] 

Activated 
sludge 

mix D-tyr 33 µM 
nylon MF 

membrane 

Xu et al. 
(2011)[85] 

Activated 
sludge 

mix D-tyr 33 µM 
Glass, 

polypropyl
ene 

Si et al. 
(2014)[86] 

Granular 
aggregates 

from 
activated 

sludge 

mix D-tyr 
50 µM D-tyr+50 µM 

norspermidine 
NA 

She et al. 
(2015)[75] 

P. 
aeruginosa 

PAO1 
G- 

D-tyr, D-
met, D-leu, 

D-trp 
5 mM D-tyr 

Polystyrene
, glass 

 

Table 2.2 Studies on biofilm inhibition effect of D-amino acids: impact on biofilm 

formation, disassembly, growth and EPS; the current proposed mechanisms. 

Ref Bacteria 
Biofilm 

formation 
Disassembly Growth EPS 

Mechanis
m 

proposed 

Kolodkin-
Gal et al. 

(2010)[77] 

B. 
subtilis 

Inhibition Disassembly 
No 

impact 

Reduce 
cell 

associat
ed 

amyloid 
fiber 

D-tyr 
substitutio
n of D-ala 

in PG, 
detach 
TasA 

P. 
aerugin

osa  
Inhibition NA NA NA NA 

S. 
aureus 

Inhibition 
Disassemble 

at 10 mM 
NA NA NA 

Hochbaum 
et al. 

(2011)[80] 

S. 
aureus 

Inhibition NA NA 
Reduce 
PN not 

PS 
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Yu et al. 
(2012)[79] 

P. 
aerugin

osa  
Inhibition NA 

No 
impact 

NA 

Reduce 
cell-cell 
and cell-
surface 

adhesion 

Sanchez et 
al. 

(2013)[81] 

P. 
aerugin

osa  
NA 

Reduced 
thickness 

(flow 
through) 

Cell 
inacti-
vation 

matrix 
increase
d mass 

D-AA 
induced 

cell death, 
mostly to 
metabolic 
active cells 
on upper 
layer of 
biofilm; 
matrix 

enhanced 
due to cell 

lysis 
released 

intracellul
ar 

material 

Leiman et 
al. 

(2013)[82] 

B. 
subtilis 

Inhibition NA 
Retard

ed 
NA 

Misincorp
o-ration 

into 
protein 

Saito et al. 
(2013)[83] 

Strepto
myces 

coelicol
or 

D-tyr 
inhibited, 

others 
not 

NA 
Retard

ed 
NA 

Inhibit cell 
wall 

synthesis 

Sanchez et 
al. 

(2014)[76] 

S. 
aureus 
clinical 
isolates 

NA 

D-met, D-
phe, D-trp 
inhibited, 
others not 

No 
impact, 
enhanc

e 
antibio

tics 
activity 

NA NA P. 
aerugin

osa 
clinical 
isolates 
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Ramón-
Peréz et al. 
(2014)[84] 

S. 
epiderm
idis, 31 
clinical 
isolates 

D-met 
most 

widely 
effective, 

others 
also 

showed 
inhibition 

D-Met, D-
Phe or D-

Pro 

No 
impact 

NA 

Response 
from 

different 
strains are 
different; 
D-Tyr, D-

Leu, D-Trp 
and D-Ala 

are 
release in 
stationary 

phase 

Xu et al. 
(2011)[78]  

Activate
d sludge 

Reduced 
attach-

ment and 
flux 

decline 

0.1-500 µM 
No 

impact 

Reduce
d PN 

and PS, 
reductio

n 
positive

ly 
correlat
e to D-

tyr 
concent
ration 

Reduce 
EPS and 

AI-2 

Xu et al. 
(2011)[85] 

Activate
d sludge 

Reduced 
attach-
ment 

NA 
No 

impact 

Reduce
d PN, PS 

and 
eDNA 

Increase 
surface 

negative 
charge, 
reduce 

EPS and 
AI-2 

Si et al. 
(2014)[86] 

Granula
r 

aggrega
tes from 
activate
d sludge 

NA 

Trigger cell 
detachment 

together 
with 

norsper-
midine 

No 
impact 

Reduce
d PN 

and PS 
in 

aggrega
tes, 

reductio
n 

positive
ly 

correlat
e with 

concent

Reduce 
EPS, cell 
hydro-

phobicity 
and 

increase 
surface 
charge. 
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ration; 
norsepe

r-
midine 

affect PS 
structur

e 

She et 
al.[75] 

P. 
aerugin

osa 
PAO1 

Inhibition Disassembly 
No 

impact 
NA 

NA/enhan
ce effect of 
antibiotic 

AMK 

PS-polysaccharides; PN-protein 

2.5.2. Role of D-amino acids in bacterial cell wall 

D-amino acids are not commonly used for protein synthesis except for 

certain non-ribosomal synthesized peptides, but they are essential components in 

bacterial cell wall. [87] G+ and G- bacteria have different cell wall structure. The cell 

wall in G+ bacteria contains a thick layer of peptidoglycan outside the cytoplasmic 

membrane while in G- bacteria an outer membrane covers a thinner peptidoglycan 

layer and the inner membrane.[88] The peptidoglycan layer maintains cell shape, 

integrity and counteracts osmotic pressure. D-alanine and D-glutamic acid are the 

constituents of bacterial peptidoglycan layer, which are called canonical D-amino 

acids. D-alanine appears at the 4th position in the peptidoglycan peptide side chain 

and connect to meso-diaminopimelic acid (m-DAP) in G- bacteria and L-lysine in G+ 
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bacteria. [89] The D-amino acids provide resistance to protease and may enhance 

resistance to osmotic pressure. [90] 

It has been shown that D-amino acids participated in cell wall remodeling in 

V. cholerae. Lam et al. [90] reported that various bacteria species produce non-

canonical D-amino acids in periplasm in the stationary phase. An mrcA (codes for 

PBP1A analogue) mutant of V. cholerae changed cell shape from rod to spherical in 

stationary phase. The factors triggered the shape alteration was the non-canonical 

D-amino acids accumulated in the aged media, D-methionine, D-leucine, D-valine 

and D-isoleucine. When the racemase BsrV in periplasm was disabled, the strain 

produced twice as much of peptidoglycan but was much less resistant to osmotic 

challenge. Therefore, the D-amino acids downregulated peptidoglycan amount but 

reinforce its integrity in stationary phase, which might be a response to 

environmental stress.  

2.5.3. D-Amino acids synthesis and metabolism 

Bacteria produce D-amino acids thorough the enzymatic effect of racemase. 

The racemase normally works in both ways by abstracting the H on the chiral 

center, α-C in the amino acid and returning the proton to the same or opposite 

position of α-C.[91] The racemase responsible for synthesis of a variety of D-amino 

acids including alanine, glutamate, arginine and etc. was identified but not for D-

tyrosine. In P. aeruginosa, DadX, DadA, Alr and DauA are involved in D-alanine and 

D-arginine/D-lysine synthesis as shown in Figure 2.3.[92-94] DadA and DauA 
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showed broad substrate tolerance in vitro including D-tyrosine while DadX was only 

effective for D-alanine and D-cysteine.[95] Some D-amino acids can be transformed 

to pyruvate and used as carbon and energy source. However, wild type P. aeruginosa 

PAO1 is not able grow using every D-amino acids as sole carbon and nitrogen 

source. D-Tyrosine was shown not to support wild type PAO1 growth as sole 

nitrogen or carbon and nitrogen source. [92-94] 

 

                   

 

 

A 

B 
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Figure 2.3 Schematics of synthesis pathways of D-amino acids in P. aeruginosa 

PAO1. 

 (A) D-alanine[92], (B) D-arginine and D-lysine[94].  

2.5.4. Current findings in D-amino acids biofilm inhibition/disassembly 

mechanisms 

Incorporation into peptidoglycan layer. The non-canonical D-amino acids 

can be incorporated into the peptidoglycan side chain by transpeptidase in a wide 

range of bacteria, including P. aeruginosa, B. subtilis, Enterococcus faecalis and S. 

aureus, even in bacteria not producing non-canonical D-amino acids (E. coli and 

Caulobacter crescentus). [89, 90, 96] In P. aeruginosa, D-methionine was 

incorporated into the 4th position in peptide side chain in the place of D-alanine 

while in B. subtilis, it was incorporated into the 5th position in the dimer of 

peptidoglycan precursor. Both routes of incorporation are present in V. cholerae.[87, 

96]  

Kolodkin-Gal et al. [77] showed that the incorporation of D-tyrosine into B. 

subtilis peptidoglycan layer resulted in detachment of a surface associated amyloid 

fiber, TasA. Since TasA was the major component of B. subtilis EPS, the biofilm 

inhibition and disassembly effect was attributed to the loss of TasA caused by the 

incorporation. A later study by Hochbaum et al. [80] also showed extracellular 

protein reduction in the G+ bacterium S. aureus, suggesting that surface protein 

detachment might be a universal mechanism in G+ bacteria. 
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Misincorporation in protein synthesis. Some studies reported inhibition 

effect on cell growth of D-amino acids in both G+ and G- bacteria [82, 97, 98], 

possibly through competition with the corresponding L-amino acids in protein 

synthesis. It has been shown in E. coli and B. subtilis that the strains lack dtd gene 

were more susceptible to D-amino acids toxicity[82, 97]. The dtd gene codes for D-

tyrosyl-tRNATyr deacrylase that is able to dissociate the misincorporated D-tyrosine 

from tRNA and release it for the correct L-enantiomer.  The dtd- strain is not capable 

of making the repair thus D-tyrosyl-tRNATyr accumulates and it was shown in B. 

subtilis that D-tyrosine was incorporated into synthesized protein.[99] Therefore, it 

has been hypothesized that D-tyrosine impacts protein function through 

substitution of L-tyrosine in protein synthesis and thus inhibit cell growth and 

subsequently affect biofilm formation. [82] 

Interference with quorum sensing. Xu et al.[78, 85] showed that the 

interspecies quorum sensing signal, AI-2 was reduced by the presence of D-tyrosine 

in a mixed culture from activated sludge. In a preformed biofilm on nylon 

membrane surface, the AI-2 concentration and biomass decreased with increased D-

tyrosine concentration from ~0.55 µM (0.1 mg/L) to 2.76 mM (500 mg/L). 

However, it was unclear whether the reduction in AI-2 was due to reduced biomass 

or interference with quorum sensing system. 

Other interactions between cell wall and D-amino acids. Lam et al. [90] 

have also showed that the canonical D-amino acid, D-alanine changed shape of 

stationary phase mrcA V. cholerae cell, indicating that incorporation into 
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peptidoglycan sidechain was probably not the only mechanism involved in cell wall 

remodeling. D-methionine was found to prevent Bocillin-FL from binding to cell 

envelope associated PBP, which might be an indication of direct binding between D-

amino acids and PBPs. Such regulation of D-amino acids on enzymes that synthesize 

and modify peptidoglycan may also play a role in biofilm formation and cell viability. 
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Chapter 3 

3. Inhibition of Biofilm Formation by D-

Tyrosine: Effect of Bacterial Type and 

D-Tyrosine Concentration 

The content in this chapter is published as: Yu, C., Li, X., Zhang, N., Wen, D., 

Liu, C., & Li, Q. (2016). Inhibition of biofilm formation by d-tyrosine: Effect of 

bacterial type and d-tyrosine concentration. Water research, 92, 173-179. 

Abstract D-Tyrosine inhibits formation and triggers disassembly of bacterial 

biofilm and has been proposed for biofouling control applications. This study probes 

the impact of D-tyrosine in different biofilm formation stages in both G+ and G- 

bacteria, and reveals a non-monotonic correlation between D-tyrosine 

concentration and biofilm inhibition effect. In the attachment stage, cell adhesion 

was studied in a flow chamber, where D-tyrosine caused significant reduction in cell 

attachment. Biofilms formed by Pseudomonas aeruginosa and Bacillus subtilis were 
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characterized by confocal laser scanning microscopy as well as quantitative analysis 

of cellular biomass and extracellular polymeric substances. D-Tyrosine exhibited 

strong inhibitive effects on both biofilms with an effective concentration as low as 5 

nM; the biofilms responded to D-tyrosine concentration change in a non-monotonic, 

bi-modal pattern. In addition, D-tyrosine showed notable and different impact on 

EPS production by G+ and G- bacteria. Extracellular protein was decreased in P. 

aeruginosa biofilms, but increased in those of B. subtilis. Exopolysaccharides 

production by P. aeruginosa was increased at low concentrations and reduced at 

high concentrations while no impact was found in B. subtilis. These results suggest 

that distinct mechanisms are at play at different D-tyrosine concentrations and they 

may be species specific. Dosage of D-tyrosine must be carefully controlled for 

biofouling control applications.  

Keywords D-tyrosine, Biofouling, Biofilm, D-amino acids, Extracellular 

polymeric substances 

3.1. Introduction 

Biofilm is the preferred form of growth for bacteria in most environmental 

conditions. [1] The biofilm formation process starts with bacterial cells approaching 

and depositing on the surfaces.[1, 2] The cells attach to the surface then proliferate 

to form microcolonies and eventually develop into a continuous biofilm.[3] The 

undesirable growth of biofilms in water and wastewater systems, referred to as 

biofouling, can lead to severe operational problems. [4, 5]  
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Once established, biofilms are very difficult to eradicate because the 

extracellular polymeric substances including proteins and polysaccharides protect 

bacteria from hydraulic shear and disinfectants or antibiotics. [6-8] Current practice 

for biofouling control in water and wastewater systems heavily relies on the use of 

disinfectants and antibiotics, which has several limitations. Firstly, oxidative 

disinfectants including chlorine and ozone can form toxic disinfection 

byproducts.[9] In addition, polyamide NF and RO membranes are highly susceptible 

to oxidative degradation, [3] thus it is not feasible to maintain a disinfectant residual 

in NF or RO systems. Therefore, any remaining bacteria in the feed water may 

eventually lead to biofouling. Finally, use of antibiotics is not desirable due to the 

wide-spread and increasing antibiotic resistance in bacteria.[10, 11] On the other 

hand, it may be undesirable to inactivate bacteria in systems such as membrane 

bioreactors, where biological activity must be maintained. [12] Therefore, a non-

biocidal approach to biofouling control without inducing resistance is highly 

desirable. 

D-amino acids were recently found to inhibit biofilm formation and trigger 

self-dispersal of biofilms without affecting bacterial growth. Kolodkin-Gal et al. [13] 

found four D-amino acids in mature biofilms of Bacillus subtilis and showed that 

they could effectively inhibit biofilm formation at the water-air interface and trigger 

biofilm disassembly. D-Tyrosine had the highest efficacy with an effective 

concentration of 3 µM, while the equimolar mixture of the four D-amino acids 

showed strong synergy with an effective concentration of 10 nM. [13] D-amino acids 
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were also reported to reduce submerged biofilms formed on solid substrates by 

Staphylococci aureus, P. aeruginosa and a mixed culture from activated sludge. [13-

16] Considering that D-amino acids are non-toxic and can be produced by bacteria, 

they present a potentially low cost, non-toxic and non-biocidal approach to 

biofouling control. Its efficacy for membrane biofouling control was recently 

demonstrated in bench-scale ultrafiltration and nanofiltration systems.[16, 17]  

Further development of biofouling control strategies using D-amino acids 

requires understanding the specific role of D-amino acids in the inhibition and 

disassembly of biofilms formed by different bacterial species as well as the effective 

concentrations needed. However, there is limited knowledge on how extraneous D-

amino acids interact with bacteria. Although present at very low quantities, D-amino 

acids are common constituents of peptidoglycan in bacterial cell wall. [18] Bacteria 

also produce a variety of non-canonical D-amino acids into periplasm that have 

unique functions. The accumulated concentration of D-amino acids in a bacterial 

culture in the stationary phase can reach milimolar level [19], which has been 

suggested to be a biofilm self-regulation mechanism. [13]  Several studies have 

shown various effects of D-amino acids that contribute to their impact on biofilms, 

including changing peptidoglycan layer structure [13, 19-22], interfering with 

protein synthesis [23] or quorum sensing [16, 24], and inhibiting cell growth [15, 

23]. Although they all presented strong evidence of D-amino acids’ inhibitive effect 

on biofilms, the physiological changes observed in different studies were very 

different. One possible cause of such discrepancy is the large difference in D-amino 
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acids concentration used, which ranged from 2.5 nM [13] to 100 mM [25]). 

However, the effect of D-amino acid concentration has not been investigated. In 

addition, several proposed mechanisms are related to bacterial cell wall structure, 

but D-amino acids were found to inhibit biofilms of both Gram positive (G+) and 

Gram negative (G-) bacteria, which have distinct cell wall structures. It is therefore 

important to compare the susceptibility of G+ and G- bacteria to D-amino acids.   

The present study systematically examined the effect of D-tyrosine, over a 

wide concentration range, on the initial cell attachment and subsequent biofilm 

formation of pure cultures of model G+ and G- bacteria, and characterized the 

specific effects on each biofilm composition to elucidate the role of D-tyrosine in 

biofilm inhibition. We show for the first time that D-tyrosine inhibits biofilm 

formation by both G+ and G- bacteria at concentrations as low as 5 nM. The 

inhibition is a result of both reduced initial cell attachment and changes in EPS 

production, although the impact on EPS production varies widely depending on the 

type of bacteria and D-tyrosine concentration. We also show for the first time that 

bacterial biofilms respond to D-tyrosine concentration non-monotonically, 

suggesting that different mechanisms are involved at different concentrations. The 

specific mechanisms involved will be discussed in another paper. 
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3.2. Materials and methods 

3.2.1. Chemicals 

D-Tyrosine (99%) and D-leucine (99%) were purchased from Sigma-Aldrich 

(St. Louis, MO). D-Tryptophan (99%) and D-methionine (99%) were purchased 

from Alfa Aesar (Ward Hill, MA) and MP Biomedicals (Santa Ana, CA), respectively. 

Phosphate buffered saline (PBS) was diluted from PBS 10X concentrate (Fisher 

Scientific, Pittsburg, PA) with ultra pure water (18.0 Ω, generated by E-pure system, 

Barnstead, IL). Reagent grade inorganic salts used include K2HPO4 (Sigma-Aldrich, 

St. Louis, MO), NaCl, KH2PO4, (NH4)2SO4, MgSO4 and NaHCO3 (Fisher Scientific, 

Pittsburg, PA). Ampicillin (Sigma-Aldrich, St. Louis, MO) was applied in media and 

buffers for GFP labeled E. coli. Crystal violet was purchased from Fisher Scientific 

(Pittsburg, PA), and 4’, 6-diamidino-2-phenylindole (DAPI), Syto45, Fluorescein 

(FITC) and conA-tetramethylrhodamine were from Invitrogen (Carslbad, CA). The 

organic solvents used include DMSO (Sigma-Aldrich, St. Louis, MO) and ethanol (190 

proof, Decon Labs, King of Prussia, PA). 

3.2.2. Bacteria strain and media  

One G+ (Bacillus subtilis ATCC 6051) and two G- (Pseudomonas aeruginosa 

ATCC 700829 and Escherichia coli JM109G) bacteria were used in the study. 

Escherichia coli JM109G (kindly provided by Dr. Sharon Walker) was labeled with 

GFP for in situ visualization during the attachment experiment. P. aeruginosa and B. 
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subtilis were grown in TSB media statically at 37 °C to late exponential phase until 

OD600 = 0.8 (~5×108 CFU/mL) and washed twice with PBS prior to use. E. coli was 

grown statically at 37 °C until late exponential phase (OD600 = 1.0, ~1×109 CFU/mL) 

in Trypticase soy broth (BD BBLTM, Franklin Lakes, NJ) supplemented with 5 µg/mL 

ampicillin, and washed twice with PBS containing 5 µg/mL ampicillin. The biofilm 

culturing media used was M63 (28g KH2PO4, 14g K2HPO4, 8g (NH4)2SO4 in 1L 

ultrapure water) supplemented with 5g Casamino acids (Fisher Scientific, Pittsburg, 

PA), 0.2% or 2% glucose and 1 mM MgSO4. [13] 

3.2.3. Biofilm cultivation 

Biofilm cultivation conditions were optimized to produce robust biofilms of 

P. aeruginosa and B. subtilis in order to minimize variation caused by sample 

handling. For most experiments, biofilms were grown in M63 media with 2% 

glucose in polystyrene 12-well plates. Each well was seeded with 2 mL bacterial 

suspension with an initial concentration of 5×105 CFU/mL. Biofilms were then 

incubated at 37 °C with agitation on an orbital shaker at 90 rpm (P. aeruginosa) or 

statically (B. subtilis) for 24 h, and analyzed for biomass and EPS using methods 

described below. To evaluate the impact of D-amino acids on preformed biofilms, 2 

mL wash solutions containing PBS and D-amino acids were added to biofilms grown 

in the absence of D-amino acids, and the plates were agitated at 90 rpm on an 

orbital shaker for 30 min. The remaining biofilms were quantified using the crystal 

violet assay described below. To characterize the biofilms using CLSM, biofilms were 

grown on glass slides immersed in 20 mL of bacterial suspensions in modified M63 
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media with 2% (P. aeruginosa and B. subtilis) or 0.2% (P. aeruginosa) glucose 

containing different concentrations of D-tyrosine in glass petri dishes.  The same 

incubation conditions were used as samples grown in 12-well plates. 

3.2.4. Bacterial attachment under flow conditions 

To investigate the impact of D-tyrosine on initial bacterial attachment, 

attachment of the three model bacteria on glass surface in the presence and absence 

of D-tyrosine was characterized in a rectangular parallel plate flow chamber 

(GlycoTech, Gaithersburg, MD) of 3 in × 1.5 in × 0.34 in. D-tyrosine concentration 

tested for E. coli and B. subtilis was 100 µM.  D-tyrosine concentrations from 5 nM to 

200 µM, the same as those used in the biofilm experiments, were tested for P. 

aeruginosa to investigate the effect of concentration.   

Immediately before the experiment, the flow chamber and the tubings were 

cleaned with 1% SDS and rinsed thoroughly with DI, followed by sterilization with 

ethanol and rinse with sterilized DI. The system was then preconditioned with the 

background solution (PBS with 1% LB). The bacterial stock suspensions were 

diluted to 4.5×105 CFU/mL using PBS supplemented with 1% LB media (5 µg/mL 

ampicillin was added for E. coli) and various concentrations of D-tyrosine, and 

pumped through the flow chamber at a rate of 40 µL/min (shear stress of 2.06 ×10-3 

N/m2) for 3 h for P. aeruginosa and B. subtilis and 3h or 13 h for E. coli. Then, the 

flow chamber was washed with PBS at the same flow rate for 60 min to remove 

unattached cells. The number of cells attached on the glass surface after the 
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attachment was quantified using an inverted fluorescence microscope (Olympus 

IX71, Japan). For GFP labeled E. coli, the cells were enumerated in situ. For P. 

aeruginosa and B. subtilis, the flow chamber was disassembled after each 

experiment and the cells on the glass slide were stained with 10 µg/mL DAPI for 10 

min before imaging. The attached cell number was averaged from 20 images taken 

along the center streamline. The impact of D-tyrosine on cell detachment was studied 

in an additional step after attachment of GFP labeled E. coli in the flow chamber, in 

which the flow chamber was flushed with PBS for 30 min at an increased flow rate of 

500 µL/min. 

3.2.5. Cell zeta potential measurement.  

The impact of D-tyrosine on cell surface charge was studied by measuring the 

cell zeta potential. Bacteria cells were incubated in PBS with 1% LB and different 

concentrations of D-tyrosine for 3 h with initial cell concentration of 1×108 CFU/mL 

and harvested by centrifugation. The cell pellet was washed twice and resuspended 

in 10 mM KCl. Cell zeta potential was measured by Zetasizer Nano (Malvern 

Instruments, Worcestershire, UK). 

3.2.6. Biomass quantification 

Biofilms grown on 12-well plates were quantified using the crystal violet 

assay.[26] Details of the method including measures taken to improve 

reproducibility are described in Supplementary data. Six control wells and six D-

tyrosine added wells were included in each plate. Twelve replicate wells on two 
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separate plates were run for each condition in every experiment and each 

experiment was repeated 3 times.  

3.2.7. EPS characterization 

The composition and structure of the biofilms were characterized by CLSM 

using a triple staining method.[27, 28] Biofilms grown on glass slides were gently 

washed twice with 10 mL PBS and stained with 20 µM syto 45 in dark for 45 min to 

label the cells. Excess dye was rinsed off with 1 mL PBS. To protect amine groups, 

the glass slide was rinsed with 1mL and immersed in 10 mL 0.1 M NaHCO3. Proteins 

were stained by adding 200 µL of 1 mg/mL FITC dissolved in DMSO. The samples 

were agitated on an orbital shaker at 50 rpm for 1 h followed by sequential wash 

with 1 mL 0.1 M NaHCO3 and PBS. In the last step, alpha-D-glucopyranose in 

polysaccharides was stained with 200 µg/mL conA conjugated 

tetramethylrhodamine for 30 min. After rinse with PBS, the glass slides were 

covered with a cover slip and sealed with nail polish. Z-stack 3-D images of the 

biofilms were taken over a 12 µm depth in 0.5 µm steps at 3 random locations on 

the slide using a Nikon A1-Rsi confocal laser scanning microscope. The excitation 

laser wavelengths used for syto 45, FITC and conA-tetramethylrhodamine were 

401.2, 488.0 and 561.8 nm, respectively. The fluorescence volume of each channel 

was quantified with the volume analysis function of the NIS Element 4.0 software. 

The average was calculated from a total of 6 images taken from two independent 

experiments at random locations on the glass slide. 
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To quantitatively assess the impact of D-tyrosine on extracellular proteins 

and polysaccharides, bounded EPS was extracted from P. aeruginosa biofilms and 

analyzed for protein and polysaccharide contents using the BCA assay and the 

sulfuric acid-phenol method, respectively (see Supplementary data). [29] Two 

independent experiments were conducted, and each experiment included two 

replicates for each condition.  

3.3. Results and Discussion 

3.3.1. Effect on bacterial cell attachment  

The effect of D-tyrosine on bacterial attachment was studied under flow 

conditions using two G- bacteria, E. coli and P. aeruginosa and one G+ bacterium, B. 

subtilis. Figure 3.1 presents the attached cell numbers normalized by the influent 

cell concentration and image area. GFP labeled E. coli showed notably less 

attachment at 3 h compared to the other two bacteria, around 30 and 25% of that 

for B. subtilis and P. aeruginosa, respectively. At 100 µM, D-tyrosine significantly 

reduced the surface attachment of both E. coli and B. subtilis. The effect seemed to be 

greater on B. subtilis (70% reduction) than on E. coli (16%) with 3 hours of 

attachment time, presumably due to the very low attachment of E. coli.  When the 

attachment time was increased to 13 hour, notably more E. coli cells attached in the 

control, and the impact of D-tyrosine became much more obvious (74% reduction). 

Using the GFP labeled E. coli, cell detachment was also studied. A large fraction of 

cells attached in the presence of D-tyrosine detached while there was no notable 
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detachment of cells attached in the absence of D-tyrosine (Figure 3.7). The effect 

was greater at longer attachment time suggesting that the contact time of bacterial 

cells with D-tyrosine may be important.  
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Figure 3.1 Effect of D-tyrosine on bacteria attachment under flow conditions 

on glass substrate.  

(A) GFP labeled E. coli. (B) B. subtilis. (C) P. aeruginosa. The attached cell 

number was normalized by the image area and the initial cell concentration. 

The same volume of ultra pure water was added in the place of D-tyrosine 

solution into the control. In the attachment experiments, the media was 1% LB 

in PBS, the influent bacterial concentration was 4×105 CFU/mL, and the flow 

rate was 40 µL/min. Each data point is average of counts from 20 images, and 

error bars represent standard deviation. The text labels on data bars 

represent the results of statistical analysis. Data points bearing the same text 

label are not statistically significantly different from each other at 90% 

confidence level. The corresponding fluorescence images are shown in Figure 

3.9. 

The effect of D-tyrosine concentration on cell attachment was investigated 

using P. aeruginosa. The attachment of P. aeruginosa was significantly reduced (p < 

0.1) at a wide range of D-tyrosine concentrations (Figure 3.1C). However, zeta 

potential measurements showed that neither L- nor D-tyrosine affected P. 

aeruginosa surface zeta potential (Figure 3.8), suggesting that the decreased cell 
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attachment cannot be simply attributed to changes in cell surface charge due to 

adsorption of D-tyrosine. Given the importance of EPS in forming irreversible 

adhesion [1], it was hypothesized that D-tyrosine reduced EPS production or 

changed the physicochemical properties of EPS. Interestingly, the effect of D-

tyrosine concentration exhibited a non-monotonic pattern. Cell attachment was not 

affected at 1 and 5 µM D-tyrosine, while both lower and higher concentrations 

notably reduced P. aeruginosa attachment. The same effect was also observed in 

subsequent biofilm development, and will be discussed later. 

3.3.2. Inhibition on biofilm growth  

The effect of D-tyrosine on biofilm growth of P. aeruginosa and B. subtilis 

during the 24 hour incubation is shown in Figure 3.2. Data are shown as percent 

reduction in cellular biomass compared to the control as a function of D-tyrosine 

concentration. Each data point shown represents results from a total of 108 

measurements made with 36 extract samples obtained from 12 biofilm samples grown in 

3 independent experiments, each experiment including duplicate plates. A total of 324 

control biofilms were extracted and analyzed. The biofilm growth of both P. aeruginosa 

and B. subtilis exhibited interesting, non-monotonic response to D-tyrosine 

concentration, which was not reported before. At both high (20, 50 and 200 µM) and 

low (5 nM and 0.5 µM) concentrations, the presence of D-tyrosine led to significant 

(P < 0.05) reduction (18 to 28%) in P. aeruginosa biofilm. However, the amount of 

biofilm grown at these different D-tyrosine concentrations was not significantly 

different from each other. Interestingly, at 1 to 10 µM, D-tyrosine showed no 
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significant reduction on P. aeruginosa biofilm while 1 µM D-tyrosine even slightly 

increased biomass. This non-monotonic response to D-tyrosine concentration was 

similar to that found in the attachment experiments, suggesting that the reduced 

cellular biomass can be partly attributed to the reduced cell attachment and 

subsequently delayed biofilm development. 

All D-tyrosine concentrations tested significantly reduced B. subtilis biofilm 

formation. Compared to P. aeruginosa, D-tyrosine appeared to have stronger 

inhibitive effects on B. subtilis, whose biofilm was reduced by 42% with 5 nM D-

tyrosine. The response of B. subtilis biofilm to D-tyrosine concentration also 

exhibited a non-monotonic trend, with the smallest impact of D-tyrosine observed 

at 1 µM.   
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Figure 3.2 Effect of D-tyrosine on biofilm formation. 

 (A) P. aeruginosa grown in M63 media with 2% glucose, shaken at 90 rpm and 

(B) B. subtilis grown statically in M63 media with 2% glucose. Biofilms were 

cultivated in 12 well plates, and the biomass was quantified using the crystal 

violet assay. The x axis is D-tyrosine concentration in logarithmic scale. The 

text labels represent the results of statistical analysis. Data points bearing the 

same text label are not significantly different from each other at 95% 

confidence level.  

For both bacteria, D-tyrosine effectively reduced biofilm formation at 5 nM. 

This is the first time that a single D-amino acid was shown to inhibit biofilms at sub-

micromolar concentration, suggesting the potential of D-tyrosine as a cost-effective 

biofilm control chemical. The non-monotonic effect of D-tyrosine concentration on 

biofilm reduction suggests that different mechanisms may be involved at different 

concentration levels. It is noted that both B. subtilis and P. aeruginosa release several 

D-amino acids including D-tyrosine at micromolar concentration level in the 

stationary phase. [19] At concentrations beyond the physiological production level, 
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D-tyrosine has been shown to replace D-alanine in the peptidoglycan layer, affecting 

its thickness and anchorage of surface proteins (in G+ bacteria), [19, 30] and hence 

cell-cell or cell-surface interactions. Leiman et al. showed retardation in B. subtilis 

cell growth in the presence of D-tyrosine at concentrations as low as 6 µM possibly 

through misincorporation into cellular protein during protein synthesis, which also 

contributed to the reduced biomass in biofilm.[23] Kolodkin-Gal et al. found that the 

mixture of D-tyrosine, D-leucine, D-tryptophan and D-methionine inhibited B. 

subtilis biofilm formation at 10 nM.[13] D-amino acids at such low concentrations 

may serve as signals of factors such as environmental stress for biofilm self-

regulation.[21] Depending on the concentration, the presence of D-tyrosine may 

also lead to defense responses that repair the impaired cell wall and even trigger 

biofilm formation. D-amino acids can also be utilized as a nutrient, and potentially 

stimulate growth. [31]  

B. subtilis biofilms detached more easily in the presence of D-tyrosine as well 

as the mixture of D-tyrosine, D-methionine, D-tryptophan and D-leucine with the 

mixture being more effective in removing B. subtilis biofilms (Figure 3.10). The 

effective concentration was as low as 10 nM for D-tyrosine and 5 nM for the 

mixture. However neither D-tyrosine nor the mixture showed significant impact on 

preformed P. aeruginosa biofilms at the concentrations tested (Figure 3.11).  
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3.3.3. Effect on Biofilm Composition  

Figures 3.3 and 3.12 present 3-D images of biofilms formed on glass slides by 

P. aeruginosa and B. subtilis, respectively, in M63 media supplemented with 2% 

glucose. P. aeruginosa biofilms were also grown with 0.2% glucose (Figure 3.13). 

The split views are shown in Figure 3.14-16. In both P. aeruginosa and B. subtilis 

control biofilms, the cells were aggregated and covered by large amounts of EPS, 

although B. subtilis developed notably less biofilm compared to P. aeruginosa in the 

same media. Reducing glucose percentage in the media resulted in less biofilm 

formation by P. aeruginosa. The images show the 3-D distribution of cells (blue), 

proteins (green) and polysaccharides (red) in the biofilm, and the volume of each 

component is shown in Figure 3.4.  

   
 

    

Figure 3.3 CLSM z-stack 3D images of P. aeruginosa biofilms grown in the 

presence of D-tyrosine.  

(A) control, (B) 200 µM, (C) 50 µM, (D) 5 µM, (E) 0.5 µM and (F) 5 nM of D-

tyrosine in M63 media with 2% glucose. Bacteria cells were stained blue with 

(A) (B) 

(D) 

(C) 

(F) (E) 
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syto 45; proteins were stained green with FITC; polysaccharides were stained 

red with conA-tetramethylrhodamine. The combination of protein (green) and 

polysaccharides (red) results in yellow; the combination of polysaccharides 

(red) and cells (blue) results in purple/pink. Magnification is 60x; cross 

section area is 164 µm×164 µm. 

Both P. aeruginosa and B. subtilis biofilms responded to D-tyrosine 

concentration in a non-monotonic fashion: D-tyrosine greatly reduced the quantity 

of cells at both low and high concentrations, but had no impact at 5 and 1 μM on P. 

aeruginosa and B. subtilis, respectively (Figure 3.4). This is consistent with the 

results from the crystal violet assay. In the inhibited biofilms, bacterial cells 

attached sparsely and there was notably less EPS. At the lowest concentration 

tested, 5 nM, D-tyrosine reduced the number of cells in the biofilm by 80% and 64% 

for P. aeruginosa and B. subtilis, respectively. The lower cell number might be partly 

attributed to the lower initial attachment (Figure 3.1), which delayed the biofilm 

formation. There was notably less P. aeruginosa biofilm in the low glucose media 

(Figure 3.13). The non-monotonic response was also observed with the ineffective 

concentration at 0.5 and 50 μM, presumably a result of the reduced cell number in 

the biofilm.  
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Figure 3.4 Volume of cells and EPS in (A) P. aeruginosa and (B) B. subtilis 

biofilms calculated from CLSM images.  

The values significantly different from control were marked with * (p < 0.05). 
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Figure 3.5 Volume composition of cells and EPS in (A) P. aeruginosa and (B) B. 

subtilis biofilms grown on glass surface calculated from CLSM images.  

The values significantly different from control were marked with * (p<0.05). 

At the first look, the data on total proteins and polysaccharides (Figure 3.4) 
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3.5), however, revealed some interesting phenomenon. At low concentrations (5 nM 

and 0.5 µM), D-tyrosine greatly reduced extracellular protein production in P. 

aeruginosa, but had no impact on or slightly increased exopolysaccharides 

production.  As a result, the EPS composition was notably different from that of the 

control, with the protein to polysaccharides ratio lowered from 1.18 to 0.60 - 0.65. 

At high concentrations (200 µM or 50 µM), D-tyrosine decreased production of both 

EPS components similarly by up to 52%, maintaining a proteins/polysaccharides 

ration similar to that of the control. At 5 µM, however, D-tyrosine had no notable 

impact on P. aeruginosa EPS production or biofilm composition. This is again 

consistent with the attachment and biofilm growth data.  

The effect of D-tyrosine on cell normalized EPS in B. subtilis biofilms was 

completely different. It had no discernable impact on cell normalized 

exopolysaccharides over the whole concentration range tested, but increased cell 

normalized extracellular proteins at 5 nM and 50 µM. This suggests that the 

decreased biofilm observed is most likely due to the reduced cell attachment in the 

presence of D-tyrosine (Figure 3.1B), not reduced EPS production.  

To corroborate the CLSM results, P. aeruginosa biofilms were also grown on 

12-well plates and harvested for extraction and analysis of cellular biomass and EPS. 

As shown in Figure 3.6, the results agreed qualitatively with those from CLSM 

characterization. On the per unit cellular biomass basis, D-tyrosine at 200 µM 

reduced extracellular protein production. The degrees of reduction were different 

from those observed by CLSM, likely because the biofilms were grown on different 
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surfaces (polystyrene vs glass). The cellular biomass excluding the EPS content was 

reduced at 5 nM D-tyrosine but not at 200 µM, which was in accordance with the 

quantitative CLSM results (Figure 3.4). 

 

Figure 3.6 EPS production and biomass. 

(A) Extracellular protein and polysaccharides production per unit biomass; 

(B) cellular biomass production by P. aeruginosa with or without D-tyrosine in 

M63 media with 2% glucose on 12 well polystyrene plates.  

3.4. Conclusions 

This study shows that D-tyrosine reduces bacterial attachment and 

subsequent biofilm formation in both G+ and G- bacteria at concentrations as low as 

5 nM. This suggests that D-tyrosine can potentially be used as a green biofilm 

control strategy at low cost. The effect of D-tyrosine follows a bi-modal trend as a 

function of D-tyrosine concentration. High concentrations from 20 to 200 µM and 

low concentrations from 5 to 500 nM significantly reduce cell attachment and 

biofilm growth while intermediate concentrations from 1 to 10 µM have no notable 

impact. In addition to reducing cell attachment, D-tyrosine induces changes in EPS 
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production, which leads to changes in biofilm structure and composition. The 

overall effect is reduced biomass accumulation in both G+ and G- biofilms at both 

high and low concentration ranges. However, the specific effects on extracellular 

protein and polysaccharides vary depending on D-tyrosine concentration and 

bacterial type, suggesting that multiple biochemical pathways may be involved. The 

complex behaviors of G+ and G- bacterial biofilms in response to D-tyrosine 

concentration call for further investigation on the specific mechanisms involved in 

order to ensure proper dosage of D-tyrosine for biofilm control applications, which 

will be discussed in a another paper. In particular, it is important to understand how 

bacteria mitigate the inhibitive effect of D-tyrosine at intermediate concentrations 

in order to avoid ineffective dosage. It is also important to determine the distinct 

mechanisms in G+ and G- bacteria so that adequate application strategies can be 

designed to target a wide range of bacteria.  
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3.6. Supplementary data  

3.6.1. Crystal violet assay 

The media was discarded by inverting the plate with the cap on and the 

biofilms were gently washed with 2mL PBS twice to remove unbounded cells. The 

wash solution was gently pipetted into each well with the pipette tip directed to the 

well walls to minimize disturbance of the biofilm. The biofilms were heat fixed at 60 

°C for 1 h and stained with 400 µL 0.1% crystal violet for 30 min in dark. Heat 

fixation was found to preserve the biofilm better than methanol or glutaraldehyde. 

The plates were gently rinsed three times with DI water to remove excessive dyes. 

The absorbed dye was then extracted with 95% ethanol for 2 h with shaking. 

Triplicate samples of 50 µL were taken from each well and transferred to a 96 well 

plate with 100 µL ethanol for measurement of absorbance at 600 nm using a 

microtiter plate reader (Spectramax 384, Molecular Devices, Sunnyvale, CA). 

3.6.2. EPS extraction and quantification 

 After discarding the media, the 12 well plates were gently washed with PBS 

twice. The biofilms were first incubated at 4 °C for 1 h in 2 mL of an extraction solution 

containing 8.5% NaCl and 0.22% CH2O. To further disassociate the bound EPS, 0.8 mL 

of 1 M NaOH was added to each well and the plates were sonicated for 3 min followed 

by incubation at 4 °C for another 3 h. The solutions from all 12 wells on a plate were then 

combined in a 50 mL centrifuge tube, and centrifuged at 10,500 rpm for 20 min to 

remove the cells. The cell pellet was retrieved, suspended in PBS and collected using a 
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0.22 µm filter. The biomass on the filter was dried and weighed. The supernatant was 

filtered through a 0.22 µm syringe filter and dialyzed using a 6 – 8 kDa dialysis tube 

(Fisher Scientific, Pittsburg, PA) to remove the salts and CH2O. The proteins and 

polysaccharides in the sample were then analyzed using the BCA protein assay kit 

(Fisher Scientific, Pittsburg, PA) and the sulfuric acid-phenol method, respectively. 

Bovine serum albumin was used as protein standard in the BCA assay. In the sulfuric 

acid-phenol method, 200 µL extract, 2 mL H2SO4 and 200 µL 5 wt% phenol were added 

sequentially in to a glass tube and the absorbance at 490 nm was measured after 30 min 

reaction. Glucose was used as standard in the sulfuric acid-phenol method. The limits of 

detection (LOD) for protein and polysaccharides quantification are 0.498 µg/mL and 

0.025 µg/mL, respectively.  
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Figure 3.7 Bacterial detachment in flow chamber. 

The fraction of detached cells in total number of GFP labeled E. coli cells after 3 

and 13 hours of attachment in the presence and absence of 100 μM. Remaining cells 

were counted after 30 min of detachment wash using PBS at 500 µL/min. Data are 

average of 20 images, and error bars represent standard deviation. 
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Figure 3.8 Zeta potential of P. aeruginosa cells incubated in different concentrations 

of D-tyrosine (PBS, 1% LB, 3 h). 
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Figure 3.9 Fluorescence images in flow cell attachment experiments.  

(A) GFP labeled E. coli A1-control 3h, A2- control 3h after wash, A3-100 µM D-

tyrosine 3h, A4-100 µM D-tyrosine 3h after wash, A5- control 13h, A2- control 13h 

after wash, A3-100 µM D-tyrosine 13h, A4-100 µM D-tyrosine 13h after wash (B) B. 

subtilis: B1-control, B2-100 µM D-tyrosine, (C) P. aeruginosa: C1-control, C2-200 

µM, C3-50 µM, C4-5 µM, C5-1 µM, C6-0.5 µM, C7-5 nM D-tyrosine.  
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Figure 3.10 Effect of D-amino acids on detachment of B. subtilis biofilms.  

Biomass removal was calculated by the biomass after D-amino acids clean 

over that after PBS clean. Biofilms were cultivated in 12-well-plates in M63 

media supplemented with 2% glucose at 37°C for 24h without shaking, and 

then incubated in PBS with or without D-amino acids for 30 min at room 

temperature. The mixture of D-amino acids contained D-tyrosine, D-

methionine, D-leucine and D-tryptophan at equal molar concentration. The 

numerical labels show the number of replicates. 
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Figure 3.11 Effect of D-amino acids on detachment of P. aeruginosa biofilms. 

Biofilms were cultivated in 12-well-plates in M63 supplemented with 2% 

glucose at 37°C for 18 h while shaken at 95 rpm, and then incubated in PBS 

with or without D-amino acids for 30 min at room temperature.  The mixture 

of D-amino acids contained D-tyrosine, D-methionine, D-leucine and D-

tryptophan at equal molar concentration. The numerical labels show the 

number of replicates. 

 

Figure 3.12 CLSM z-stack 3D images of B. subtilis biofilms grown in the presence 

of D-tyrosine.  

D-tyrosine concentration: 0 (A), 50 µM (B), 10 µM (C), 1 µM (D) and 5 nM (E) in 

M63 media with 2% glucose. Bacteria cells were stained blue with syto45; protein 

was stained green with FITC; polysaccharides were stained red with conA-

tetramethylrhodamine. The combination of protein (green) and polysaccharides 

(red) results in yellow; the combination of polysaccharides (red) and cells (blue) 

results in purple/pink. Magnification is 60x. Cross section area is 158 µm × 158 µm. 
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Figure 3.13 CLSM z-stack 3D images of P. aeruginosa biofilms grown in the 

presence of D-tyrosine.  

D-Tyrosine concentration: 0 (A), 200 µM (B), 50 µM (C), 5 µM (D) and 0.5 µM (E) 

in M63 media supplemented with 0.2% glucose. Bacteria cells were stained blue 

with syto45; proteins were stained green with FITC; polysaccharides were stained 

red with conA-tetramethylrhodamine. The combination of protein (green) and 

polysaccharides (red) results in yellow; the combination of polysaccharides (red) 

and cells (blue) results in purple/pink. Magnification is 60x; cross section area is 164 

µm×164 µm. 
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Figure 3.14 One slice of CLSM images of P. aeruginosa biofilms grown in the 

presence of D-tyrosine.  

D-Tyrosine concentration: 0 (A), 200 µM (B), 50 µM (C), 5 µM (D), 0.5 µM (E) and 

5nM (F) in M63 media with 2% glucose. Bacteria cells were stained blue with 

syto45; protein was stained green with FITC; polysaccharides were stained red with 

conA-tetramethylrhodamine. The first image in each graph is the integration of 

three channels. Magnification is 60x and scale bar is 20 µm. 
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Figure 3.15 One slice of CLSM images of P. aeruginosa biofilms grown in the 

presence of D-tyrosine.  

D-Tyrosine concentration: 0 (A), 200 µM (B), 50 µM (C), 5 µM (D) and 0.5 µM (E) 

in M63 media supplemented with 0.2% glucose. Bacteria cells were stained blue 

with syto45; protein was stained green with FITC; polysaccharides were stained red 

with conA-tetramethylrhodamine. The first image in each graph is the integration of 

three channels. Magnification is 60x and scale bar is 20 µm. 
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Figure 3.16 One slice of CLSM images of B.subtilis biofilms grown in the presence 

of D-tyrosine.  

D-tyrosine concentration: 0 (A), 50 µM (B), 10 µM (C), 1 µM (D) and 5nM (E) in 

M63 media supplemented with 2% glucose. Bacteria cells were stained blue with 

syto45; protein was stained green with FITC; polysaccharides were stained red with 

conA-tetramethylrhodamine. The first image in each graph is the integration of 

three channels. Magnification is 60x and scale bar is 20 µm. 
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Chapter 4  

4. D-Tyrosine Down-Regulates 

Lipopolysaccharides Production and 

Quorum Sensing in Pseudomonas 

aeruginosa 

Abstract D-tyrosine has been shown to strongly inhibit bacterial biofilm 

formation, and a recent study revealed a unique, non-monotonic response of biofilm 

to D-tyrosine concentration.  The current study aimed to elucidate the different 

inhibition pathways involved at different D-tyrosine concentration levels using a 

well-characterized model biofilm bacterium, P. aeruginosa PAO1. The investigation 

revealed that the non-monotonic response of PAO1 biofilm formation to D-tyrosine 

concentration was a result of the different effects of D-tyrosine on the expression of 

biofilm related genes at different concentration levels. At very high (200 µM) and 

very low (5 nM) concentrations, D-tyrosine repressed quorum sensing genes 

involved in both known quorum sensing systems (las/rhl and pqs) of PAO1. 

However, at 1µM, it had no impact on any biofilm related genes studied. These 
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results are highly consistent with the observed impact on PAO1 biofilms. More 

interestingly, D-Tyrosine at 5 nM also down-regulated expression of genes related 

to lipopolysaccharides production, flagella, efflux pump and racemase functions, but 

none of these genes were affected at 200 µM. Characterization and quantification of 

LPS also showed that LPS production of planktonic PAO1 cells was reduced without 

apparent change in LPS molecular structure at 5 nM D-tyrosine but not at 200 µM. 

The strong repressive effect of D-tyrosine on multiple biofilm related genes at 5 nM 

suggests that D-tyrosine is likely a signal molecule used for self-regulation in 

bacterial biofilm formation.  

4.1. Introduction 

Biofilm refers to the multicellular aggregation of bacteria community, the 

predominant form of growth for bacteria.[1] The process of biofilm formation can 

be divided into four steps: deposition, irreversible attachment, proliferation and 

dispersal. Bacterial motility is essential for the initiation of biofilm formation.[2] The 

deposited cells attach irreversibly on surface using extracellular polymeric 

substances (EPS), which have important structural and functional roles for bacteria 

adhesion and biofilm formation. In the biofilm, bacterial cells are protected from a 

variety of environmental stress, including disinfectants, antibiotics and hydraulic 

shear by the EPS. Thus it is more difficult to eradicate bacteria in biofilms than in the 

planktonic form. Biofilm formation is problematic in a variety of clinical and 

industrial settings, leading to chronic infection, medical implant related infection, 
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and biofouling of membranes and pipelines.[3] Given the increasing prevalence of 

antibiotic resistance genes, judicious use of antimicrobial chemicals is necessary. 

Environmentally benign but effective biofouling control strategies are therefore 

greatly needed.[4] 

Several studies have reported that D-Amino acids could inhibit biofilm 

formation of G+ and G- bacteria at concentrations as low as 5 nM without significant 

impact on cell growth, [5-8] and suggested their potential application for 

environmentally friendly biofouling control. However, the understanding on the 

specific roles of D-amino acids in biofilm inhibition and disassembly is still limited. 

Bacteria produce D-alanine and D-glutamic acid for cell wall structural constituents 

plus a variety of non-canonical D-amino acids, the concentrations of which can reach 

millimolar level in periplasm in the stationary phase.[9, 10]  The non-canonical D-

amino acids were shown to down-regulate thickness of the peptidoglycan layer in 

bacteria cell wall possibly through substitution of the constituents D-amino acids 

and interference with signaling processes.[9] In particular, D-tyrosine has been 

shown to cause detachment of an amyloid fiber (TasA), which is a major 

extracellular protein in biofilm matrix, from the surface of a G+ bacterium B. subtilis 

by replacing the terminal D-alanine on the side chain of the peptidoglycan.[7] A later 

study also suggested adverse effect of D-tyrosine on protein synthesis in B. 

subtilis.[11] Despite the difference in cell wall structure between G+ and G- bacteria, 

D-tyrosine was found to greatly impair their capability to attach to surfaces.[5] 

When applied to a mixed culture from activated sludge,  D-tyrosine was found to 
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reduce the production of the quorum sensing signal, AI-2 and EPS, including protein, 

polysaccharides and eDNA [8, 12], but biofilms formed by pure cultures of G+ and G- 

bacteria showed clear difference in the response of EPS production to D-tyrosine.[5]  

These previous studies used D-amino acid concentrations ranging from 3 µM 

to 8.5 mM. In a more recent study, biofilms of P. aeruginosa and B. subtilis were 

found to respond to D-tyrosine concentration with an unusual, non-monotonic dose-

effect relationship: D-tyrosine strongly inhibited P. aeruginosa and B. subtilis biofilm 

formation at trace concentration level (5 nM), but higher concentration did not have 

significant impact until it was raised above 10 μM. [5] This unusual dose-effect 

relationship suggests that different modes of action may be at play at different 

concentrations, which could potentially explain the different phenotypical changes 

caused by D-amino acids as reported in previous studies.   

Using a well characterized biofilm forming model G- bacterium, P. aeruginosa 

PAO1, this study investigates the effect of D-tyrosine concentration on biofilm 

related gene expression to reveal the potential modes of action responsible for the 

unusual dose-response relationship. The genes involved in quorum sensing, motility, 

lipopolysaccharides and EPS production and racemase were studied. It was 

hypothesized that D-tyrosine at trace concentration level was used by bacteria as a 

signal molecule for self-regulation of the biofilm formation process.  
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4.2. Materials and Methods 

4.2.1. Chemicals  

D-Tyrosine (99%), L-tyrosine (99%), D-alanine (>98%) and L-alanine 

(>98%) were purchased from Sigma-Aldrich (St. Louis, MO). Phosphate buffered 

saline (PBS) was diluted from PBS 10X concentrate (Fisher Scientific, Pittsburg, PA) 

with ultrapure water (18.0 Ω, generated by E-pure system, Barnstead, IL). Reagent 

grade inorganic salts used include K2HPO4 (Sigma-Aldrich, St. Louis, MO), NaCl, KCl, 

KH2PO4, (NH4)2SO4, MgSO4 and NaHCO3 (Fisher Scientific, Pittsburg, PA). Crystal 

violet was purchased from Fisher Scientific (Pittsburg, PA), and fluorescence dye 4’, 

6-diamidino-2-phenylindole (DAPI) was from Invitrogen (Thermo Fisher Scientific, 

Watham, MA). The organic solvents used include DMSO (Sigma-Aldrich, St. Louis, 

MO) and ethanol (190 proof, Decon Labs, King of Prussia, PA). DNase and RNase free 

water was from Fisher Scientific (Pittsburg, PA) and Proteinase K was from Pierce 

(Thermo Fisher Scientific, Watham, MA). LPS standard of P. aeruginosa 10 extracted 

using the phenol method was purchased from Sigma-Aldrich (St. Louis, MO) and 

dissolved in ultrapure water at 1 mg/mL before use. 

4.2.2. Bacterium strain and media 

P. aeruginosa PAO1 (DSMZ19880) was used as a model bacterium to study 

the impact of D-tyrosine at the transcriptional level because its genome has been 

completely sequenced and its biofilm formation process as well as genes related to 

biofilm formation have been well studied. The media used include Typticase soy 
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broth (TSB) and M63 (28g KH2PO4, 14g K2HPO4, 8g (NH4)2SO4 in 1L ultrapure 

water) supplemented with 5g Casamino acids, 2% glucose and 1 mM MgSO4. The 

TSB medium and other components were purchased from Fisher Scientific 

(Pittsburg, PA). 

4.2.3. Biofilm cultivation 

The P. aeruginosa PAO1 was cultured in TSB for 16 hr until OD600 reaches 

0.8 (late exponential phase) and harvested by centrifugation at 5000 rpm for 5 min. 

The cell pellet was washed with PBS twice and resuspended in 5 mL PBS. Biofilms 

were grown in polystyrene 12-well plates in M63 media described above for 24 hr 

at 37 ˚C statically. Each well was seeded with 2 mL bacterial suspension with an 

initial cell concentration of 5×105 CFU/mL, and spiked with desired concentrations 

of D or L-tyrosine. Six tyrosine and six control wells were included in each plate. The 

experiment was repeated twice with duplicated plates. 

4.2.4. Growth analysis 

The effect of D-tyrosine on PAO1 growth was evaluated. Two hundred 

microliter of PAO1 suspension in M63 media with or without casamino acids and 

desired concentration of D-tyrosine was added to each well of a polystyrene 96-well 

plate. Six replicates were included for each treatment on every plate. The wells 

closest to the edges were not used due to evaportation. OD600 nm was measured 

using a microtiter plate reader (Spectramax 384, Molecular Devices, Sunnyvale, CA) 

every 30 min for 28 hr.  
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4.2.5. Cell surface zeta potential  

Surface zeta potential of cells grown in the presence and absence of D-

tyrosine was measured by phase analysis light scattering using a Zetasizer Nano 

(Malven, Worcestershire, UK). Immediately before analysis, planktonic cells of PAO1 

incubated for 24 hr in M63 media was washed twice and resuspended in 10 mM KCl. 

Each concentration was done in duplicates and measured 3 times.  

4.2.6. Biofilm biomass quantification  

Biomass in biofilms grown on 12-well plates was quantified using the crystal 

violet assay as previously described. [4] Briefly, the media was discarded by 

inverting the plate with the cap on and the biofilms were gently washed with 2 mL 

PBS twice to remove unbounded cells. The wash solution was gently pipetted into 

each well with the pipette tip directed to the well walls to minimize disturbance of 

the biofilm. The biofilms were then heat fixed at 60 °C for 1 h and stained with 400 

µL 0.1% crystal violet for 30 min in dark. Heat fixation was found to preserve the 

biofilm better than methanol or 2% glutaraldehyde. The plates were gently rinsed 

three times with DI water to remove excessive dye. The absorbed dye was then 

extracted by adding 2 mL 95% ethanol to each well and shaking the plates at 50 rpm 

on an orbital shaker for 2 hr. Triplicate samples of 50 µL extract were taken from 

each well, transferred to a 96 well plate and diluted with 100 µL ethanol for 

measurement of OD600 nm using a microtiter plate reader (Spectramax 384, 

Molecular Devices, Sunnyvale, CA). 
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4.2.7. Gene expression analysis using RT-qPCR  

Gene expression of PAO1 cultures  grown at different concentrations of D-

tyrosine was investigated using a two-step real-time qPCR analysis.[13] The 

planktonic cells and sessile cells in the biofilm grown in the same well on the 

polystyrene 12-well plate were analyzed separately.  

To harvest planktonic cells, the suspension from 2 replicate wells was 

withdrawn, combined in a 15 mL centrifuge tube, and centrifuged at 7500 rpm for 5 

min at 4˚C to collect cell pellets for further analysis. To collect cells in the biofilms, 

500 µL RNAprotect Bacteria Reagent (Qiagen, Hilden, Germany) was added to each 

well after the cell suspension was removed, and the biofilm was carefully scraped 

off from the well walls with a cell scraper (BD Falcon). The resulting cell suspension 

from all 6 replicate wells was then combined in a 15 mL centrifuge tube, and the 

cells were pelleted the same way as the planktonic cells. The RNA in each cell pellet 

was then extracted using PureLink®  RNA Mini Kit (Invitrogen, Thermo Fisher 

Scientific, Watham, MA), purified on column using PureLink®  DNase set, quantified 

using Nanodrop ND1000 spectrophotometer (Wilmington, DE) and stored at -80 ˚C. 

The cDNA was synthesized using the High-Capacity cDNA Reverse 

Transcription Kit (Invitrogen, Thermo Fisher Scientific, Watham, MA) by Bio-Rad 

T100 Thermal Cycler (Hercules, CA). The cDNA was purified with DNA Clean & 

ConcentrationTM-5 (Zymo Research, Irvine, CA) and quantified using the Nanodrop 

ND1000 spectrophotometer and stored at -20 ˚C before analysis. Quantitative PCR 
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was performed using a CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA) in 15 μl of reaction mixture composed of 1 ng DNA, 7.5 μl Power SYBR 

Green Master Mix (Invitrogen, Thermo Fisher Scientific, Watham, MA), 0.3 μM of 

forward and reverse primers and RNase DNase free water. The housekeeping gene 

gapA, encoding D-glyceraldehyde-3-phosphate dehydrogenase, was chosen as an 

internal standard.  

The genes related to biofilm formation and D-amino acids metabolism were 

studied (Table 4.1). Twenty two genes involved in the process and structures that 

are essential in different stages of biofilm formation were selected. The biofilm 

formation was regulated by quorum sensing signaling system. The genes 

responsible for the synthesis of signals and receptors and transportation of the 

signals were studied. The LPS and EPS are important for bacterial attachment and 

maintenance of biofilm structures. P. aeruginosa possess three kinds of extracellular 

polysaccharides including alginate, psl and pel.[14] The latter two polysaccharides 

are necessary for the adhesion of cells on abiotic surface and maintaining 

attachment in non-mucoid P. aeruginosa strains such as PAO1 and PA14.[14, 15] 

Extracellular protein also facilitates the adhesion and biofilm formation of P. 

aeruginosa. [16] The expression of the LPS and EPS production genes was also 

studied.  

The primers used (Table 4.1) were purchased from Integrated DNA 

Technologies (Coralville, Iowa). 
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Table 4.1 Primers used for q-PCR. 

 
Gene Number Function Primer 

Quorum 
sensing 

lasI PA1432 
3-oxo-C12-

homoserine lactone 
synthetase 

Forward 
GGC GCG 
AAG AGT 

TCG ATA AA 

Reverse 
TCC AGA 
GTT GAT 

GGC GAA AC 

lasR PA1430 
transcriptional 
regulator LasR 

Forward 
CGG GTG CCG 

AAT CCA 
TAT T 

Reverse 
TCC GAG 
CAG TTG 

CAG ATA AC 

rhlI PA3476 
C4-homoserine 

lactone synthetase 

Forward 

GGT CAT 
GAT CGA 

ATT GCT CTC 
T 

Reverse 
GCA GGC 
TGG ACC 

AGA ATA TC 

rhlR PA3477 
transcriptional 
regulator RhlR 

Forward 
AGC GAT 
ACC AGA 

TGC AGA AC 

Reverse 

GGG AAG 
ACT AAA 
GGA GGA 
TGA AC 

pqsA PA0996 
quinolone signal 

synthesis 

Forward 
GAA CAG 

ATT CCC TCG 
CAC AT 

Reverse 

CCG GAA 
GGT TGT 
CGT GAT 

AAA 

pqsR PA1003 
Transcriptional 
regulator PqsR 

Forward 
AAC CTG 
GAA ATC 

GAC CTG TG 

Reverse 
CGG ACC CTT 

GTT GAG 
ATT GA 
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LPS, O-antigen 

rmd PA5454 oxidoreductase Rmd 

Forward 
GGG CTG 
GAA GCC 

TGA AAT AA 

Reverse 
TTC TTC TCG 

TAC CCG 
TGA CT 

wbp
M 

PA3141 
UDP-N-

acetylglucosamine 
4,6-dehydratase 

Forward 
AGA CAT 

GAT CAG CCC 
GTT TAG 

Reverse 
AGA GTA 

CCA GTC TCC 
CAT GAA 

wbpL PA3145 
glycosyltransferase 

WbpL 

Forward 
CTT GGG 

TGT TCT GGC 
TAT CA 

Reverse 

AGA GGC 
AAA GAG 
GAG CAT 

AAG 

LPS, core 
polysaccharide

s 

wapR PA5000 
alpha-1,3-

rhamnosyltransferas
e WapR 

Forward 
CAA GAC 
GTA CAG 

CCA GTT CA 

Reverse 
GGT CTT CTC 

GTT CCA 
GTA CTT C 

rmlC PA5164 
dTDP-4-

dehydrorhamnose 
3,5-epimerase 

Forward 
GAC GAT 

CGC GGA TTC 
TTC TT 

Reverse 
AAC GCG 
AAT GGT 
TGT CCT 

LPS, lipid A 

lpxA PA3644 
UDP-N-

acetylglucosamine 
acyltransferase 

Forward 
GGA TAC 

TCC CGA CCT 
GAA ATA C 

Reverse 
TAG GCC 
ATG ATC 

AGG TTG TG 

lpxD PA3646 

UDP-3-O-[3-
hydroxylauroyl] 
glucosamine N-
acyltransferase 

Forward 
CTA TGC 
GGT GAT 

CGA GAG TG 

Reverse 
TGG TGA 
CGT CGT 
GGT AGA 

flagella flgK PA1086 flagellar hook- Forward GCG ATG 
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associated protein 1 
FlgK 

CAG CGT TTC 
TTT 

Reverse 

CAG TTG 
GTC GTA 
GAG GGT 

ATT G 

efflux pump mexB PA0426 

Resistance-
Nodulation-Cell 
Division (RND) 
multidrug efflux 

transporter MexB 

Forward 
GTG TTC 
GGC TCG 

CAG TAC TC 

Reverse 
AAC CGT 
CGG GAT 

TGA CCT TG 

racemase 

dadA PA5304 
D-amino acid 

dehydrogenase, 
small subunit 

Forward 
CCG CAA CCT 
GTT CCT CAA 

TA 

Reverse 
ATA TCC 

AGG CCT TCG 
GTA CT 

dadX PA5302 
catabolic alanine 

racemase 

Forward 

CGT GAT 
GAT GAG 

TCA CTT CTC 
C 

Reverse 
AAT TGC 
GCA GGC 
TGA TCT 

dauA PA3863 
FAD-dependent 

catabolic D-arginine 
dehydrogenase 

Forward 
GGC ATG 

TAC CTG ATC 
GAA GAA G 

Reverse 
AGA AGA 

AGC CTT CCG 
CAT TG 

dauB PA3862 
NAD(P)H-dependent 
anabolic L-arginine 

dehydrogenase 

Forward 
GTC AAG 

ACT TCG CCC 
TAC ATC 

Reverse 
GTC TGC ATC 

GAC ATC 
AGC A 

EPS pslA PA2231 
synthesis of 

polysaccharides rich 
in mannose 

Forward 

ATG CAT 
TCG AAG 
TCG GTA 
GAT AG 

Reverse 
GTC CAG TGC 

CTG GAA 
CAT AA 
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pelA PA3064 
synthesis of 

polysaccharides rich 
in glucose 

Forward 

TCG CAG 
AAA CTC 
AAG GTC 

AAG 

Reverse 

GAA CGG 
ATG GCT 
GAA GGT 

ATG 

cdrA PA4625 
cyclic diguanylate-

regulated TPS 
partner A, CdrA 

Forward 

CTG AGC 
TAC CAG 
GGC AAT 

AAC 

Reverse 
CCC TGC TGA 

ATC GCA 
TAG TT 

*Annotation and gene sequence from www.pseudomonas.com 

4.2.8. LPS extraction and analysis 

LPS from planktonic and biofilm cells grown in 12-well plates were extracted 

using a LPS extraction kit (iNtRON Biotechnology, Korea). The cell suspension from 

2 wells (4 mL) was collected and combined in a 15 mL centrifuge tube. The biofilm 

cells were harvested by adding 500 µL of PBS in each well and scraping with a cell 

scraper. The resulting cell suspension from 4 wells was combined in a 15 mL 

centrifuge tube. A sample of 100 µL was taken from the harvested suspension and 

biofilm to count the viable cell with TSA plates. The cells in the centrifuge tube were 

pelleted by centrifugation at 7500 rpm at 4 °C for 5 min. The supernatant was 

carefully discarded and the pellet was treated with the LPS extraction kit. The 

extracted LPS were incubated with 500 µL 550 µg/mL Proteinase K at 55 °C for 3 hr 

to remove protein. The purified LPS was washed and resuspended in Tris-HCl (pH 
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8.0) buffer for SDS-PAGE analysis or washed with ultrapure water and freeze-dried 

for quantification by GC-MS.  

LPS SDS-PAGE analysis. The purified LPS solution was boiled for 5 min to 

dissolve and mixed with 2X Laemmli Sample Buffer (Bio-Rad, Hercules, CA) 

according to the manual. The mixture was heated for 5 min at 90 °C and 30 µL of 

which was loaded on one lane of 4%-20% Tris-glycine Gel (Thermo Fisher Scientific, 

Watham, MA). Electrophoresis was performed in a mini-PROTEAN Tetra Cell (Bio-

Rad, Hercules, CA) at 200 kV for 25-30 min. The resolved LPS were stained with the 

ProQ®  Emerald 300 Lipopolysaccharide Gel Stain Kit (Invitrogen, Thermo Fisher 

Scientific, Watham, MA) according to the manual for LPS detection.  

LPS quantification using GC-MS. LPS was quantified by analysis of 3-

hydroxydodecanoic (3-OH C12:0) using GC-MS (an Agilent 7820A GC system 

equipped with an Agilent 5977E MSD).[17] Briefly, samples were incubated in 1 mL 

15% methanolic NaOH at 100 °C for 30 min, vortexed for 10 sec and incubated for 

another 16 hr. After incubation, 2 mL methanolic HCl (1083 µL 6N HCl and 917 µL 

methanol) was added and heated at 80 °C for 1 hr. Next, 1.5 mL hexane was added 

and gently mixed for 10 min. Finally, three milliliter of 0.24 N NaOH and 3 mL of 

methanol were added to the tube and mixed for 5 min. One milliliter of the organic 

phase in the upper layer was transferred to a glass vial and dried with gentle stream 

of prepurified N2. MSTFA of 50 µL was added to the vial and heated at 80 °C for 30 

min. The GC was equipped with a 30m Hewlett-Packard (Andover, MA, USA) 5MS 

fused silica capillary column (0.25 mm i.d.; 0.25 µm film thickness). The 
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temperature at the injector and interface was 260 and 280 ◦C, respectively. Oven 

temperature was held at 85 °C for 5 min, then programmed to increase to 285 °C at 

7 °C /min, and held at 285 °C temperature for 3 min. The injection volume was 1 µL 

in splitless mode. The data was collected in full-scan mode and the mass range 

adopted was m/z 50–550.  

4.3. Results and Discussion 

4.3.1. Bacteria growth 

The impact of D-tyrosine on P. aeruginosa PAO1 growth was determined by 

monitoring the optical density of cell suspensions grown in the M63 media. Within 

the tested concentration range of 5 nM to 200 µM, D-tyrosine showed no detectable 

impact on PAO1 growth during the 30 hr incubation time (Figure 4.1A). These 

results are consistent with our previous findings with another P. aeruginosa strain 

grown in the LB media at lower concentrations of D-tyrosine.[6] The absence of L-

amino acids reduced growth rate substantially as indicated by the much lower 

OD600, but D-tyrosine still did not show any growth inhibition (Figure 4.1B). This 

was different from a B. subtilis strain (NCIB3610), whose growth and biofilm 

formation have been both reported to be inhibited by D-tyrosine, [11] but the effect 

could be countered by the presence of L-amino acids. The NCIB3610 strain lacks the 

dtd gene encoding D-tyrosyl-tRNA deacylase to mitigate misincorporation of D-

amino acids in protein synthesis, which led to repression in biofilm matrix gene 

expression (epsA and tapA). Since PAO1 growth was not affected by D-tyrosine 
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regardless of the presence of L-amino acids, the biofilm inhibition effect cannot be 

attributed to the interference with protein synthesis caused by the chiral structure 

of amino acids. Such discrepancy indicates that D-tyrosine plays different roles in G+ 

and G- bacteria.  

 

 

Figure 4.1 Planktonic cell growth in M63 media. 
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 (A) With or (B) without casamino acids. 

4.3.2. Biofilm formation  

The impact of D-tyrosine on PAO1 biofilm growth was studied in polystyrene 

12-well plate (Figure 4.2). D-Tyrosine in concentrations of 1, 5 and 10 µM was 

shown not to affect biofilm formation while 200 µM, 20 µM and 5 nM D-tyrosine 

reduced biofilm biomass by 25, 16 and 21%, respectively. The non-monotonic 

correlation between D-tyrosine concentration and biofilm inhibition effect was 

similar to our previous observations. [5] In the micromolar concentration range, the 

inhibitory effect of D-tyrosine increased with increasing D-tyrosine concentration, 

which was a common dose-effect relationship. However, the strong inhibitory effect 

at 5 nM was highly unexpected given that concentrations from 1 to 10 µM showed 

no effect. Such unusual dose-effect relationship suggests that D-tyrosine may affect 

biofilm formation through different modes of action at micro and nano molar 

concentration levels. 
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Figure 4.2  Total biomass in P. aeruginosa PAO1 biofilm quantified with crystal 

violet assay.  

Biofilm was grown statically at 37 °C on 12-well plate in M63 media 

supplemented with 2% glucose for 24 hr . * notes statically significant 

difference from control (no D-tyrosine added) as determined by the Student’s 

t Test (p < 0.05).  

4.3.3. Biofilm and D-amino acids metabolism related gene expression 

4.3.3.1. Quorum sensing genes 

Biofilm formation is regulated by a signaling system, quorum sensing, the 

activation of which depends on cell density.[18] The quorum sensing signal 

molecules, autoinducers are produced by each bacterial cell and must accumulate to 

enough concentration to form stable complex with the receptor.[19] When a 

minimal concentration of autoinducer is reached, quorum sensing initiates and 

consequently trigger the expression of downstream genes including biofilm 

formation, EPS production, virulence, bioluminescence and etc.[22] P. aeruginosa 
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has three quorum sensing systems, lasI/lasR, rhlI/rhlR and PQS, where three types 

of quorum sensing signals are produced, 3-oxo-dodecanoyl homoserine lactone (3-

oxo-HSL), N-butanoyl-homoserine lactone (C4-HSL) and 2-heptyl-3-hydroxy-4-

quinolone (PQS), respectively.[20] The latter two systems are regulated by the 

lasI/lasR circuit. The formation of LasR-autoinducer complex activates lasI/lasR 

circuit and further triggers the positive loop of rhlI/rhlR and the PQS systems. [21] 

PqsR regulates PQS system by binding with the promoter of pqsABCDE operon and 

the expression of pqsR is activated by las system. [22]Inhibition of quorum sensing 

down regulates biofilm formation and lasI/lasR system is the favorable target for 

quorum quenching. [23, 24] 

The impact of different concentrations of D-tyrosine on quorum sensing gene 

expression was shown in Figure 4.3A. The expression of quorum sensing receptor 

genes, lasR and rhlR was repressed by 200 µM and 5 nM D-tyrosine in both 

planktonic and biofilm cells. The receptor gene in the PQS system was repressed by 

200 µM and 5 nM D-tyrosine only in the suspension. The autoinducer synthesis gene 

lasI was not affected while rhlI and pqsA were repressed by 200 µM and 5 nM D-

tyrosine in planktonic cells. pqsA was also repressed in biofilm cells by 5 nM D-

tyrosine. The concentration with no biofilm inhibition effect, 1 µM showed no 

significant impact on quorum sensing gene expression. The las system is the 

primary quorum sensing pathway in P. aeruginosa and the expression of the 

secondary systems, rhl and PQS is triggered by the activation of las. The expression 

of lasR is also positively regulated by the successful binding of ligands, which forms 
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a positive loop of quorum sensing.[19] The production of las autoinducer (3-oxo-

C12-HSL) was not affected by D-tyrosine based on the gene expression results. 

However, the loop was blocked by the presence of D-tyrosine, possibly through 

interference with the binding between receptor lasR and the signals. As a result, 

lasR, rhlI/rhlR and pqsR/pqsA showed repressed expression compared to control. D-

Tyrosine inhibited quorum sensing in both high and low concentration, which 

possibly contributed to the biofilm inhibition effect in both conditions. Similarly, Xu 

et al. showed reduction of an inter-species quorum sensing signal, AI-2 production 

in a mixed culture incubated with 33 µM D-tyrosine for 1-4 hr. [12] 

4.3.3.2. LPS production genes 

LPS are important for the adhesion and biofilm formation in G- bacteria.[25, 

26] The differentiate response to D-amino acids from G+ and G- bacteria is probably 

resulted from the difference in the cell wall structure in G- and G+ bacteria. G+ 

bacteria have exposed and thick peptidoglycan layers. On the contrary, in G- 

bacteria, an outer membrane covers the thin peptidoglycan layer and a leaflet 

structure lipopolysaccharide (LPS) anchors in the outer membrane. From outer 

membrane outwards, LPS consists of lipid A, core polysaccharides and O-antigen. 

LPS serves important roles in bacterial adhesion to biotic and abiotic surfaces as 

well as biofilm formation. Loss of LPS through EDTA treatment reduced the 

adhesive force of G- bacteria on abiotic surfaces.[25] Most P. aeruginosa strains 

produce two forms of O-antigen, homopolymeric common polysaccharide antigen 

(CPA) consisting of D-rhamnose repeating units and the heteropolymer O-specific 
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antigen (OSA) consisting of 3-5 sugars. [27] Defects in O-antigen and core 

polysaccharides lead to changes in roughness, hydrophobicity and charge of cell 

surface. Loss of CPA reduced hydrophobicity while loss of OSA increased 

hydrophobicity.[26, 28] With truncated O-antigen, P. aeruginosa PAO1 mutants 

wbpM (CPA+OSA-) and rmd (CPA-OSA+) showed inhibited biofilm formation in early 

stage and maturation stage, respectively.[26] Inactivation of the lipid A synthesis 

gene lpxD (codes for UDP-3-O-(3-hydroxylauroyl) glucosamine N-acyltransferase) 

leads to reduced biofilm formation in P. aeruginosa PA14.[29] However, the impact 

of LPS on cell surface properties and biofilm formation greatly depends on growth 

conditions, media composition and substrate characteristics. 

 The impact of different concentrations (5nM, 1µM and 200µM) of D-tyrosine 

on the expression of LPS production genes in planktonic and biofilm cells was 

shown in Figure 4.3B. Genes involved in synthesis of core polysaccharides (wapR 

and rmlC), O-antigen (wbpM, rmd and wbpL) and lipid A (lpxA and lpxD) were 

investigated. Only the lowest concentration, 5 nM of D-tyrosine in planktonic cells 

significantly repressed the expression of the tested LPS synthesis genes except for 

wbpL. The differentiated gene expression induced by micro and nano molar 

concentration of D-tyrosine agreed with our hypothesis of multiple biofilm 

inhibition pathways. It is not surprising to observe the down-regulation in the 

suspension but not in the biofilm since our previous findings have shown that D-

tyrosine was not able to remove formed P. aeruginosa biofilm.[5] D-Tyrosine at 5 

nM possibly mainly reduce deposition and adhesion of planktonic cells through 
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interference with LPS production while the attached cells may utilize other 

structures, such as extracellular polysaccharides for irreversible adhesion.[14] As 

the affected genes are responsible for the synthesis of all the regions in LPS, it is 

likely that 5 nM D-tyrosine reduced total LPS production instead of modification of 

LPS structure.  
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Figure 4.3 Impact of D-tyrosine on biofilm related gene expression in 

planktonic (suspension) and biofilm.  

Negative values represent repression and positive vlues represent induction. 

RNA was extracted from suspension and attached biofilm grown in 12-well 

polystyrene plates at 37 °C for 24 hr. (A) Quorum sensing. (B) LPS synthesis. 

From left to right, the genes are responsible for core polysaccharides (wapR 

and rmlC), O-antigen (wbpM, rmd and wbpL) and lipid A (lpxA and lpxD) 

synthesis. (C) Swimming motility. (D) Efflux pump. (E) Racemase. DadA, DadX 

are D-alanine racemase while DauA and DauB are D-arginine and D-lysine 

racemase. * Statistical significance determined by Student’s-t Test (p<0.05). 

4.3.3.3. Swimming motility genes 

D-Tyrosine at 5 nM repressed expression of flgK (encoding flagellar hook-

associated protein 1 FlgK) in suspension (Figure 4.3C). P. aeruginosa PAO1 
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is usually reduced in the flagella impaired strains.[2] But swimming motility is not 

required after biofilm formation. The expression of flagella genes was found to be 

repressed in biofilm cells compared to planktonic cells.[30, 31] Accordingly, flgK 

was repressed by 2.03 fold (log2) in biofilm cells in the control samples. 

4.3.3.4. Efflux pump gene 

The mexB gene belongs to the mexAB-oprM operon encoding a multidrug 

resistance efflux pump system in P. aeruginosa and is often up-regulated as a 

defense response when antibiotics are added.[32] The expression of mexB was 

found to be repressed by 5 nM D-tyrosine in suspension (Figure 4.3D). Since P. 

aeruginosa produces D-tyrosine in the stationary phase, D-tyrosine is not likely to 

trigger defense response and can possibly serve as a signal molecule regulating 

biofilm formation. Inactivation of the efflux pump leads to decreased biofilm 

formation.[33, 34] The MexAB-OprM system is also responsible for the active efflux 

of quorum sensing signal, 3-oxo-C12 HSL to facilitate its dissemination.[35] Thus the 

repression of quorum sensing in 5 nM D-tyrosine might be resulted from the 

repression of mexB.  

4.3.3.5. Racemase genes 

The racemase genes dadA, dadX and dauA were repressed by 5 nM of D-

tyrosine in suspension (Figure 4.3E). DadA and DadX are racemase for D-alanine 

metabolism while DauA and DauB are D-arginine and D-lysine racemase and the 

production of the four racemase was not shown to be enhanced by addition of D-
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tyrosine. [36, 37] Racemase specific for D-tyrosine synthesis and metabolism was 

not reported before. DadA and DauA utilize a broad range of D/L-amino acids as 

substrate including D-tyrosine in vitro while DadX showed no enzymatic 

activity.[36-38] The reasons for repression in racemase genes were not clear. 

The EPS production genes including pslA, pelA and cdrA were also studied but 

no significant impact from D-tyrosine in suspension or biofilm cells was identified 

(data not shown). Previously we have shown changes in EPS production in P. 

aeruginosa 700829 on glass surface by 200 µM and 5 nM, and reduction of protein 

production by 200 µM D-tyrosine on polystyrene.[5] The extracellular 

polysaccharides genes from biofilm grown on polystyrene surface were not affected  

4.3.4. Qualitative and quantitative analysis of LPS 

The structure of LPS was characterized with SDS-PAGE and fluorescence 

staining (Figure 4.4). Similar bands were found in samples treated with different 

concentrations of D-tyrosine and in control, indicating no substantial change in LPS 

structure was induced by D-tyrosine. However, the bands in 5 nM were slightly 

darker than the control, semi-quantitatively showed reduction in LPS production.  
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Figure 4.4 LPS extracted from planktonic cells and resolved by SDS-PAGE.  

For each condition, two lanes were loaded with replicates as marked. 

The quantification of LPS production was achieved by analyzing the lipid A 

region in LPS with GC-MS after hydrolysis and sialylation. Lipid A in G- bacteria is 

relatively conservative and contains 2-OH and 3-OH fatty acids that are suitable for 

GC-MS analysis. The peak area of 3-OH C12:0 with a retention time at 19.5 min was 

used for calculations using the standard curve, y = 15819x – 396276 (R2=0.98) 

determined by LPS standard. The spectrums and the LPS production were shown in 

Figure 4.5. The LPS production normalized by viable cell number was indeed 

reduced by 5 nM and not affected by 200 µM of D-tyrosine, which was in accordance 

with the gene expression and SDS-PAGE results. LPS play an important role in G- 

bacteria attachment and biofilm formation. Loss or truncation in LPS often leads to 

reduction in attachment and impaired biofilm formation.[25, 26, 28, 29] The 

reduction in LPS production is possibly an additional biofilm inhibition pathway at 

low concentrations. 

Control 200µM 5nM 
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Figure 4.5 The GC spectrums (A) and LPS production normalized with viable 

cell number (B). 

 * Statistical significance determined by student-t test (p<0.05). 

4.3.5. Swimming zone diameter 

Although flgK was repressed by 5 nM of D-tyrosine, the swimming motility 

was not significantly changed over a wide range of D-tyrosine concentration (Figure 

4.6). Since no phenotypical change was observed, the repression on flgK was 

probably not substantial enough to affect the deposition and adhesion of P. 

aeruginosa.  
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Figure 4.6 Impact of D-tyrosine on swimming motility on M63 plates with 

0.3% agar. 

4.3.6. Cell surface charge  

Bacterial cells are normally negatively charged on the surface in aqueous 

environment with near neutral pH. The physisorption of charged tyrosine molecule 

with bacterial cell surface may change the surface charge and hence affect 

attachment. However, the zeta potential of P. aeruginosa PAO1 was not affected by 

D/L-tyrosine (Figure 7) after incubation for 24 hr. Loss of O-antigen leads to 

exposure of the phosphate groups on the core polysaccharides, which increases 

negative charge. [39] On the other hand, no change in zeta potential was observed 

when removing LPS with EDTA. [25] The presence of 5 nM D-tyrosine reduced LPS 

content without significant alteration of LPS structure, thus the surface charge was 

not affected.  
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Figure 4.7 Zeta potential of P. aeruginosa PAO1 cells incubated in M63 2% 

glucose media with D or L-tyrosine for 24 hr. 

Cells washed and resuspended in 10 mM KCl. 

4.4. Conclusions 

The impact of different concentrations of D-tyrosine on the biofilm related 

gene expression P. aeruginosa PAO1 was studied. It has been shown that D-tyrosine 

repressed expression of quorum sensing genes including lasR, rhlI, rhlR, pqsA and 

pqsR at 200 µM and 5 nM, the concentrations with biofilm inhibition effect but not 

1µM where no inhibition was observed. Therefore, D-tyrosine can possibly regulate 

biofilm formation through affecting the quorum sensing. Nano molar concentration 

of D-tyrosine also down-regulated LPS production, flagella, efflux pump and 

racemase gene expression in suspension. The differentiation in gene expression 
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caused by D-tyrosine concentration further confirmed the presence of multiple 

biofilm inhibition pathways. In accordance with the repression in various LPS 

production genes, LPS production was reduced by 5 nM D-tyrosine in planktonic 

cells while the structure of LPS was not affected. LPS play an important role in 

attachment and biofilm formation in G-bacteria thus reduction of LPS possibly 

resulted in the biofilm inhibition effect of 5 nM D-tyrosine. The repression in 

quorum sensing gene expression with 5 nM D-tyrosine can potentially be attributed 

to the repression of mexB since the transport of lasI/lasR quorum sensing signal 

relies on the MexAB-OprM efflux system. Although the flagella gene expression was 

repressed, no impact on swimming motility was observed. Thus the reduced 

attachment and biofilm formation cannot be attributed to inhibition in swimming 

motility. The zeta potential of P. aeruginosa cell surface was also not affected by D or 

L-tyrosine, which indicated negligible impact of physisorption of tyrosine. Since D-

tyrosine was produced by P. aeruginosa PAO1 and a variety of other bacteria, it 

potentially served as a self-produced signal molecule for biofilm regulation. 
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Chapter 5 

5. D-Tyrosine Loaded Nanocomposite 

Membranes for Environmentally 

Friendly, Long-Term Biofouling 

Control 

Abstract Strategies to control biofouling without using antimicrobial 

chemicals are needed to prevent spreading of antibiotic resistance genes and 

disruption of microbial activities in biological treatment. This study develops an 

environmentally friendly biofouling resistance membrane by incorporating D-

tyrosine onto a commercial nanofiltration membrane using FAU type zeolite 

nanoparticles covalently bound to the membrane surface as carriers for slow 

release. The D-tyrosine incorporated membrane is able to reduce initial cell 

attachment as well as inhibit subsequent biofilm formation without significant cell 

inactivation. The zeolite coating also reduced biofilm formation possibly through 



 142 
 

increasing membrane hydrophilicity. The membrane slowly released D-tyrosine in 

ultrapure water in the time coarse of 5 days and retained its anti-biofouling 

capability in repeated biofilm inhibition efficacy test for as long as 6 days. D-tyrosine 

incorporated zeolite coating alleviated flux decline and drastically reduced 

irreversible cell adhesion on membrane surface in dead-end filtration without 

affecting membrane permeability.  

5.1. Introduction 

Biofouling is a critical issue in the operation and maintenance of membrane 

systems used for water and wastewater treatment. It not only causes decline in 

membrane flux and contaminant rejection, but also compromises membrane 

integrity and shortens its lifespan.[1] As a result, extensive pretreatment and 

membrane cleaning are needed to combat membrane biofouling, which contribute 

significantly to operational cost.[2] Membrane surface maintains favorable 

conditions for microbial growth due to the permeate drag force that facilitates cell 

attachment and elevated nutrient concentrations caused by concentration 

polarization. [3, 4] Current practices to prevent membrane biofouling use strong 

oxidizing disinfectants such as chlorine in both pretreatment of the feed water or 

chemical cleaning to control microbial growth. Unfortunately, in most thin film 

composite nanofiltration (NF) and reverse osmosis (RO) membranes, the amide 

linkage in polyamide, the chemical composition of the membrane active layer is 

highly susceptible to oxidation. Therefore, no disinfectants can be used in chemical 
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cleaning of NF or RO membranes, and residual chlorine in pretreated feed must be 

carefully removed prior to entering NF or RO modules, adding to treatment cost. [3] 

Regardless of the additional cost, pretreatment of the feed water is often ineffective 

because absolute sterilization of large scale treatment systems is technically 

unachievable and even a small number of residue microbial cells may eventually 

lead to biofouling. [1] In addition, the formation of hazardous disinfection 

byproducts during oxidation/disinfection treatment is of great concern, especially 

for feed water with high organic concentrations, e.g., reclaimed wastewater. [5] The 

use of antibiotics is also limited due to the increasing prevalence of antibiotic 

resistance in bacteria.[6] In some cases, such as in membrane bioreactors, bacterial 

inactivation is undesirable but biofouling is still problematic. [7]   

To mitigate membrane biofouling, extensive studies have been done in 

development of anti-fouling membranes through increasing membrane 

hydrophilicity or incorporation of anti-microbial or anti-adhesive chemicals on 

membrane surface.[8]Increasing attention has been drawn to biological biofouling 

control reagents that are benign to membrane material and environment but also 

effective in biofilm inhibition or removal, [9, 10] including the use of quorum 

quenchers [11, 12], energy uncoupler [13], nitric oxide [14], EPS degrading enzymes 

[15], bacteria phage [16] and D-amino acids [17, 18].   

D-amino acids were produced by a variety of bacteria and have been shown 

to inhibit biofilm formation by both Gram positive and Gram negative bacteria at 

concentrations as low as 5 nM,[19-22] providing a new, low-cost and non-
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germicidal approach for membrane biofouling control. Due to the low impact on 

bacteria growth, D-amino acids exert low evolutionary pressure for resistance. 

Although the mechanisms involved are still under investigation, their potential for 

controlling membrane biofouling has been demonstrated in recent studies.[17, 18] 

In a bench-scale NF system, Yu et al. showed D-tyrosine reduced irreversible cell 

attachment on the membrane surface in dead-end filtration system at 

concentrations as low as 3 µM in synthetic wastewaters of different water quality. 

[18] In another study, Xu et al. reported effective prevention and removal of biofilm 

formed by a mixed culture of bacteria from activated sludge using 30 µM D-tyrosine 

on a nylon microfiltration membrane.[17] EPS production and the interspecies 

quorum sensing signal AI-2 were also reduced. [23]  

However, using D-amino acids to treat bulk feed water is not economical 

since continuous feeding of D-amino acids is costly. Also, because biofilm occurs on 

membrane surface, it is more beneficial to concentrate D-amino acids and target the 

treatment at membrane surface instead of treating the bulk. Therefore, 

incorporation of D-amino acids on membrane surface to target where biofouling 

occurs can potentially enhance the anti-biofouling efficiency. The incorporation and 

release of small anti-biofouling molecules or nano particles on membrane surface 

has been explored previously. Direct blending of the active reagent, such as Ag nano 

particles, in membrane polymer often suffers from fast leaching. [24] However, 

long-term efficacy is essential for practical applications of anti-biofouling 

membranes. Zodrow et al. incorporated natural antibiotics onto a RO membrane 
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using Poly(D,L-lactide-co-glycolide) capsules and maintained release of kanamycin 

in 80 h.[25] Wu et al. used nafion to incorporate quorum sensing inhibitor, 

brominated furanone and the coating was able to reduce biofilm formation in 3 

days.[26] The polymeric carriers may serve as slow-release platform but are not 

regenerable. Wu et al. took a more sustainable approach and developed a 

regenerable slow-release mechanism using a porous material, zeolite particles as 

carriers to incorporate Ag+ and Ag nano particles on membrane surface, which 

allowed gradual release of Ag+ and the Ag(0)-zeolite membrane showed continuous 

bacteria inactivation for 7 days.[27] 

In this study, since zeolite were shown to adsorb amino acids,[28] the 

regenerable slow-release zeolite coating platform [27]was adapted to develop D-

tyrosine incorporated membranes. The zeolite particles were immobilized onto 

polyamide membrane surface through covalent binding of amide linkage to 

maintain the release D-tyrosine locally where biofouling occurred. The anti-

adhesion and biofilm inhibition performance of the membrane was characterized in 

batch and also in a bench-scale dead-end filtration flow through system. The long-

term efficacy of the membrane was evaluated through measurements of D-tyrosine 

release as well as repeated biofilm growth cycles. This is the first study that 

incorporates D-amino acids in membranes instead of treating bulk feed water to 

prevent biofouling and evaluates the long-term efficacy of the modified membranes. 

The incorporated membrane not only reduced D-tyrosine usage but also maintained 

long-lasting anti-biofouling effect. D-tyrosine was loaded into the porous zeolite 
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through adsorption and was slowly released into liquid phase in aqueous 

environment.  

5.2. Experimental  

5.2.1. Chemicals  

Reagent grade NaCl, trisodium citrate, KCl, CaCl2, KH2PO4, K2HPO4, (NH4)2SO4, 

NH4Cl, MgSO4,  NaBH4(99%), isopropanol, 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), N-hydroxysuccinimide (NHS), 1N HCl, 1N NaOHand the growth 

mediaor ingredients, Trypticase Soy Broth (TSB), Luria-Bertani (LB), Casamino 

acids, dextrose and agar were purchased from Fisher Scientific (Pittsburg, PA). 

Ethanol (200 proof) was purchased from Decon Laboratory, Inc. (King of Prussia, 

PA). 3-aminopropylmethyldiethoxysilane (APMDES, 95%) was purchased from 

Gelest, Inc. (Morrisville, PA). Trisodium citrate, D-tyrosine (purity 99%) and the 

fluorescence dye propidium iodide (PI) were purchased from Sigma-Aldrich (St. 

Louis, MO). The fluorescence dye 4’, 6-diamidino-2-phenylindole (DAPI) was 

purchased from Invitrogen (Grand Island, NY). Glutaraldehyde (EM grade, 25%) was 

purchased from Electron Microscopy Sciences (Hatfield, PA). FAU type zeolite x 

containing Na+ was purchased in powder form from Nanoscape (Munich, 

Germany). The zeolite particles are around 150 nm with a pore size of 7-8 Å 

according to the supplier. Ultrapure water (18.0 Ω, generated by E-pure system, 

Barnstead, IL) was used to make all the solutions. 
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5.2.2. Bacterium strain and media  

A model environmental biofilm forming bacterium, Pseudomonas aeruginosa 

(ATCC 700829) was used in bacterial attachment and biofilm formation 

experiments. The bacterium was grown statically in TSB media for 18 hr until late 

exponential phase (OD600 = 0.8) and washed twice with PBS prior to use. The biofilm 

inducing medium, M63 with 2% glucose was prepared by dissolving 28 g KH2PO4, 

14 g K2HPO4 and 8 g (NH4)2SO4 in 1 L of ultrapure water  and supplemented with 1 

mM MgSO4, 0.5% Casamino acids and 2% dextrose.[21]  

5.2.3. Membrane preparation, characterization and D-tyrosine loading  

5.2.3.1. Membrane preparation 

A commercial thin film composite nanofiltration membrane NF270 (Dow 

FilmTec, Minneapolis, MN) was used in all experiments. The membrane was 

received as a dry flat sheet. Prior to use, the membrane was cut into coupons of 

required sizes, rinsed thoroughly and stored in ultrapure water at 4 °C until use.  

Zeolite particles with or without D-tyrosine loaded were tethered onto the 

surface of NF270 membranes via covalent binding as previously described.[27] 

Briefly, the zeolite particles were first grafted with amine functional groups by 

reacting  26 mM 3-aminopropylmethyldiethoxysilane (APMDES) with 1 wt.% zeolite 

in 5 mL isopropanol for 24 hr, under ambient temperature in argon 

environment. The amine functionalized nanozeolites were then allowed to react 
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with the carboxyl groups on the surface of NF270 with the assist of 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The 

membrane surface was exposed to a solution of 4 mM EDC, 10 mM NHS and 0.5 M 

NaCl at pH 5 (buffered by MES) for 1 hr to activate the carboxyl groups. Then the 

solution was discarded and the reacted membrane surface was promptly brought in 

contact with 0.05 wt.% amine-grafted zeolite aqueous suspension (with 0.15 M NaCl 

and pH 7.5, buffered by HEPES) for 3 hr to allow the amide bond formation.   

5.2.3.2. D-tyrosine loading 

D-tyrosine was loaded into zeolite particles by mixing 0.03g zeolite powder 

with 30 mL 2 mM D-tyrosine solution on an orbital shaker at 150 rpm for 24 or 48 

hr. Prior to loading, the mixture was purged with prepurified nitrogen for 5 min to 

avoid oxidation of D-tyrosine and then sonicated at 100 watts for 20 min using an 

ultrasonication cup horn. The zeolite particles were then collected by centrifugation 

at 14630g for 20 min, thoroughly washed by ultrapure water and dried in a vacuum 

oven. The concentration of D-tyrosine in the supernatant was measured by UV 

absorbance at 275 nm. The unloaded and loaded zeolite particles were used to 

prepare zeolite coated membranes (Zeolite membranes) and D-tyrosine 

incorporated membranes (D-tyr-24h/D-tyr-48h membranes).  

The membrane may be easily regenerated after depletion if D-tyrosine can be 

loaded after coating. To study whether the membrane can be reloaded, a preformed 

piece of zeolite coated membrane was cut into 2 cm ×2 cm coupons and immersed 
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in 20 mL of a 2 mM D-tyrosine solution in a petri dish for 24 hr on an orbital shaker 

with gentle agitation at 50 rpm. After loading, the membrane (D-tyr-Re) was washed 

with ultrapure water and dried in air. 

5.2.3.3. Membrane zeta potential and hydrophobicity characterization 

Membrane surface zeta potential measurements were performed with an 

electrokinetic analyzer (SurPASS, Anton Paar GmbH, Austria) using a measuring cell 

for solid samples with a planar surface (Adjustable Gap Cell). For each 

measurement, membrane samples of 20 mm × 10 mm were fixed on sample holders 

using double-sided adhesive tape. The sample holders were inserted into the 

adjustable-gap cell, such that the membrane surfaces were facing each other. A gap 

of 100 μm was set between the sample surfaces. Before starting the measurement, 

the samples were thoroughly rinsed with the measuring electrolyte. A 1 mM KCl 

solution was used as the background electrolyte and the pH of this aqueous solution 

was adjusted with 0.1 M HCl and 0.1 M NaOH.  

To characterize membrane surface hydrophobicity, a KSV CAM 200 Optical 

Tensiometer (KSV instrument LTD, Helsinki, Finland) was used to measure static 

water contact angle in air on each sample using sessile drop method. Contact angles 

values used were averages of left and right contact angles, and each data point was 

average of 3-5 locations. 
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5.2.3.4. Measurement of D-tyrosine release kinetics  

To determine the release rate and total available D-tyrosine, the release of D-

tyrosine from D-tyr-24h/48h membranes was studied in ultrapure water and 

different concentrations of NaCl solution from 10 mM to 1.8. The Zeolite membranes 

and D-tyr-24h/48h membranes were cut into 2 cm×2 cm pieces, immersed in 4 mL 

of release solution in 15 mL centrifuge tubes and shaken at 150 rpm on an orbital 

shaker for 24 hr. The D-tyrosine concentration in the solution was measured by BCA 

assay (Pierce, Rockford, IL), using pure D-tyrosine as standard. Briefly, in a test tube, 

1 mL of D-tyrosine solution was mixed with 1 mL of the working reagent and 

incubated at 60°C for 1 hr as described in the manual. The D-tyrosine side chain 

reduces Cu2+ to Cu+ which is chelated by bicinchoninic acid to form a purple 

complex. The concentration of D-tyrosine correlates to the concentration of the 

color complex, which is measured by the absorbance at 562 nm. The release cycle 

was repeated until D-tyrosine concentration was below detection limit. 

5.2.4. Evaluation of anti-biofouling performance  

5.2.4.1. Bacterial initial attachment 

The D-tyr-24h membranes were first tested for their effect on bacterial 

attachment, the initial stage of biofilm formation. The membrane samples were cut 

into 2 cm ×2 cm coupons, rinsed with 75% ethanol for sterilization, and then 

thoroughly rinsed with sterilized ultrapure water. The membrane coupons were 

then mounted on the bottom of a 6-well plate, to which 5 mL of P. aeruginosa LB 
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suspension was added to yield a desired cell concentration of 2×106 CFU/mL. The 

samples were then incubated at 37 °C at 95 rpm for 1 hr. Three replicates were 

included for each incubation time and D-tyrosine concentration combination. After 

incubation, the membrane coupons were recovered and rinsed with PBS to remove 

loosely attached cells. Cells attached to the membrane were harvested by sonicating 

each membrane coupon in 5 mL PBS buffer for 5 min in an ultrasonic cleaner (FS60, 

Fisher Scientific, Pittsburg, PA) followed by mixing for 10 s using a vortex mixer 

(Fisher Scientific, Pittsburg, PA). The detached cell concentration was measured by 

plate counting.  

5.2.4.2. Biofilm growth 

The membranes were prepared, sterilized and mounted on the bottom of a 6-

well plate the same as in the attachment experiment. The biofilm was grown in a 

biofilm inducing media, M63 with 2% glucose with an initial cell concentration of 

2×105 CFU/mL for 24 hr at 37 °C statically. The unmodified NF270, Zeolite, D-tyr-

24h and D-tyr-Re membranes were tested in triplicates. After incubation, the 

membrane was washed gently with PBS for 3 times to remove loosely attached cells. 

The 2×2 cm2 coupons were cut into 4 pieces and the biofilms on two of them were 

characterized with SEM and the other two with live/dead fluorescence staining.  

Half of the membranes were fixed by 2.5% glutaraldehyde overnight and 

dehydrated by series of ethanol gradient solution (20%, 40%, 60%, 80%, 90%, 95%, 

100%, 100%, 100%) for 10 min in each concentration. SEM images of the fixed and 
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dried biofilm covered membranes were taken with an FEI Quanta 400 FEG SEM (FEI, 

Hillsboro, OR). A gold layer of ~10 nm was sputter-coated on each sample prior to 

imaging. 

The other half of the membranes were first stained with 50 µg/mL PI for 20 min 

and then 10 µg/mL DAPI for 10 min. The excessive dye was washed off by rinsing with 

PBS for 3 times. Dead cells with broken cell membrane were stained by PI while both the 

live and dead cells were stained by DAPI. The stained membranes were observed with an 

inverted fluorescence microscope (Olympus IX71, Japan). 

5.2.4.3. Bench-scale dead-end filtration  

The effectiveness of D-tyrosine in preventing membrane biofouling during 

the nanofiltration process was examined as described previously in a bench scale 

dead-end system. [18] A low nutrient feed water containing 7 mM NaCl, 1 mM CalCl2 

and 0.1% LB, and a high nutrient feed water (modified synthetic wastewater[29]) 

containing 4.9 mM NaCl, 0.5 mM CaCl2, 1.16 mM trisodium citrate, 0.5 mM KH2PO4, 

0.94 mM NH4Cl and 0.1% LB were used for conditioning and fouling stages. The flux 

decline on zeolite coated membranes with or without D-tyrosine loading were 

measured. The fouling potential of the background feed solution was evaluated with 

unmodified NF270 membrane.  

After each filtration experiment, the fouled membrane was carefully taken 

out of the stirred cell and four 1 cm  1 cm membrane samples were cut from it. The 

membrane specimens were gently rinsed with sterilized PBS to remove unbounded 
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cells. Two were fixed and observed using SEM as previously described. The other 

two were stained with 10 µg/mL DAPI for 10 min. The samples were then mounted 

on glass slides and examined using fluorescence microscope. 

5.2.5. Long-term anti-biofouling efficacy evaluation  

The unmodified NF270, Zeolite and D-tyr-24h membranes were tested in the 

long-term efficacy evaluation. The membranes were cut into 1 cm×1 cm coupons, 

sterilized with 75% ethanol, rinsed thoroughly with sterilized ultrapure water and 

mounted on the bottom of 12-well plate. Two milliliter of bacteria suspension in 

M63 media with 2% glucose was added into each well and incubated at 37 °C for 24 

hr statically. After each 24 hr incubation cycle, one piece of each membrane sample 

was retrieved and analyzed. The samples were washed with PBS for 3 times and 

stained with DAPI for fluorescence imaging. The rest of the membrane pieces were 

rinsed with ultrapure water to remove visible biofilm and immersed in a fresh 

bacterial suspension for another 24 hr incubation cycle in a new 12-well plate. The 

test lasted for 9 days in total. 

5.3. Results and discussion 

5.3.1. Membrane surface characterization  

The membrane surface before and after zeolite coating was characterized 

with SEM. The SEM images in Figure 5.1 showed successful coating of zeolite on the 
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commercial nanofiltration membrane, NF270. The zeolite particles were distributed 

on membrane surface quite evenly with some small aggregations.  

    

Figure 5.1 SEM images of (A) unmodified NF270 membrane, (B) Zeolite 

membrane.  

The negative membrane surface charge was reduced after zeolite coating due 

to the positively charged amine groups grafted on zeolite particles (Figure 5.2A). At 

pH below 4.6, D-tyrosine increased surface positive charge even more. D-tyrosine 

has an isoelectric point at 5.6 and three pKa values at 2.22, 9.11 and 10.07. Below 

pH 5.6, D-tyrosine molecules were in the form of zwitterion or cation. Beyond pH 

5.6, some D-tyrosine was negatively charged thus slightly increase membrane 

surface zeta potential. The observed isoelectric point of Zeolite and D-tyr-24h 

membranes was around 2.8 and 3.4, respectively. The isoelectric point of the 

unmodified NF270 membrane was not observed within the tested pH range.  

The zeolite coating increased the surface hydrophilicity of unmodified NF270 

membranes, which reduced the surface susceptibility of organic and bacterial 

A B 
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attachment (Figure 5.2B). The incorporation of D-tyrosine showed no impact on the 

hydrophilicity of Zeolite membrane. 
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Figure 5.2 (A) Surface zeta potential and (B) water contact angle of NF270, 

Zeolite and D-tyr-24h membranes. 

5.3.2. D-Tyrosine loading and release.  

The adsorption of D-tyrosine on zeolite particles loaded for 24 hr and 48 hr 

was 48.85 µmol/g and 132.94 µmol/g, respectively. Within 24 hr, the zeolite 

particles were not saturated with D-tyrosine. The mean kinetic diameter of D-

tyrosine was 5.9 Å,[28] which was close to the pore opening of FAU type zeolite 

(7.35 Å). The diffusion rate was limited by the steric hindrance. The D-tyrosine 

release kinetics of D-tyr-24h/48h membranes were tested (Figure 5.3). Release 

from D-tyr-24h membrane in the first 24 hr period resulted in aqueous phase D-

A B 
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tyrosine concentration of 1.40 µM (1.75×10-3 µmol/cm2). The release decreased by 

28-29% during the first two days but was stable from Day 3 to Day 5, and was below 

detection after Day 6. For D-tyr-48h membrane, released D-tyrosine was 1.98×10-3 

to 2.12×10-3 µmol/cm2 in the first 3 days and dropped to 1.54×10-3 µmol/cm2 on the 

4th day in ultrapure water. D-tyrosine was depleted on Day 10. The release was 

higher at first possibly because the membrane surface also had D-tyrosine 

adsorption that was not completely washed off by rinsing the membrane surface. 

The total release of D-tyr-24h membrane in 5 days in water was 56.69±15.59 

µmol/m2 (Table 5.1). , The total release of D-tyr-48h membrane in water after 9 

days was around 124.5±32.97 µmol/m2. For D-tyr-48h membrane, the total release 

of D-tyrosine increased to 149.47±15.90~163.52±20.81 µmol/m2 in NaCl solutions. 

The salt ions in the solution increased the ionic strength, which led to decreased 

hydrated ion radius and suppression of electrostatic interactions. [30] The 

reduction in hydrated ion radius and electrostatic interactions enhanced D-tyrosine 

desorption.  

Table 5.1 Total D-tyrosine released from D-tyrosine incorporated membranes. 

Membrane 
D-tyr-

24h 
D-tyr-48h 

Exposure solution DI DI 
10mM 
NaCl 

100mM 
NaCl 

1.8M 
NaCl 

Total D-tyrosine 
release (µmol/m2) 

56.69 
±15.59 

124.50 
±32.97 

149.47 
±15.90 

163.52 
±20.81 

151.21 
±35.58 
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Figure 5.3 D-tyrosine concentration in the aqueous phase released from D-tyr-

24h/48h membranes.  

(A) D-tyr-24h membrane release in ultrapure water; (B) D-tyr-48h release in 

ultrapure water (DI) and different concentrations of NaCl solutions (averaged 

from 6 coupons taken from two membranes).  

5.3.3. The anti-biofouling efficacy of D-tyrosine incorporated membranes 

5.3.3.1. Reduction in initial attachment  

The effect of modified membranes on preventing initial bacterial cell 

attachment was studied. The attached cell numbers on Zeolite and D-tyr-24h 

membranes were normalized by that on unmodified NF270 membrane (Figure 4). 

The zeolite coated membrane showed similar attachment as on the unmodified 

NF270 membrane (6.88×105 CFU/cm2) while the D-tyrosine loaded membrane 

reduced attachment by 23%.  

A B 
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Figure 5.4 Bacterial attachment on D-tyr-24h and Zeolite membranes.  

Cell number was normalized by that on unmodified NF270 membrane 

(6.88×105 CFU/cm2). 

5.3.3.2. Inhibition of biofilm growth  

The impact of modified membranes on biofilm formation was studied in a 24 

hr biofilm growth experiment on unmodified NF270, Zeolite, D-tyr-24h and D-tyr-

Re membranes. A thick and dense biofilm was developed on the unmodified NF270 

membrane after incubation and the cells were glued together by EPS (Figure 5.5A). 

The biofilm formed on the zeolite coated membrane without D-tyrosine loading was 

notably thinner, but there was still high coverage of the membrane surface by P. 

aeruginosa cells (Figure 5.5B). Very few cells were found on the D-tyrosine loaded 

membranes (Figure 5.5C and 5.5D), showing that both loading methods were able to 

inhibit biofilm formation on the membrane surface. The zeolite coating itself also 

reduced the susceptibility of the membrane to biofilm growth through reducing 
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membrane surface hydrophobicity (Figure 5.2). Increasing surface hydrophilicity 

generally reduces bacteria adhesion and thus delays biofilm formation.[8] No 

reduction in bacterial attachment was observed in the 1 hr attachment experiment 

possibly due to the partial coverage of the zeolite particles on membrane surface 

(Figure 5.1B). In the short attachment period, the bacterial cells may not be able to 

occupy all adhesion sites thus the impact of zeolite particles was not shown.  

Viability of cells attached to the membrane surface was assessed using the 

live/dead fluorescence staining assay (Figure 5.6). In accordance with the SEM 

images, the fluorescence images with a larger field of view also showed extensive 

reduction of biofilm formation on zeolite modified membranes with or without D-

tyrosine loading. The bacterial cells on the D-tyr-24h membrane were sparsely 

distributed and no aggregation was found. The bacterial cells on Zeolite membrane 

formed aggregates but the size and thickness were notably smaller than that on the 

unmodified NF270 membrane. The majority of the attached cells on all tested 

surfaces were alive (blue) and 33% of the cells were inactivated on the D-tyr-24h 

membrane. A biofilm naturally contains both live and dead cells. As a result, the 

biofilm on the unmodified NF270 membrane also had a small percentage of dead 

cells (inactivation rate was not quantified due to the difficulty in identify single cells 

in the aggregates). These data showed that the D-tyrosine loaded membrane was 

able to prevent biofilm formation without significant inactivation of bacteria, and 

zeolite coating was not toxic to P. aeruginosa.  
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Figure 5.5 SEM images of biofilm grown on modified membrane. 

(A) unmodified NF270 membrane, (B) Zeolite membrane, (C) D-tyr-24h 

membrane, (D) D-tyr-Re membrane. Culture conditions: M63 with 2% glucose 

media, 24 hr, 37 °C, static. 
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Figure 5.6 Fluorescence images of cell viability on modified membranes. 

 (A) D-tyr-24h, (B) Zeolite, (C) unmodified NF270 membranes. Dead cells were 

shown in red; live cells shown in blue. Magnification is 100x, scale bar=10 µm. 

5.3.3.3. Reduced flux decline and irreversible cell attachment in Dead-end 

filtration  

The effect of modified membranes on biofouling was tested with a bench-

scale dead-end filtration system in two types of feed waters with high (HN) and low 

nutrient (LN) concentrations. The permeate flux (Figure 5.7) and the remaining 

attached cell on membrane after pressure release (Figure 5.8) were compared 

between Zeolite and D-tyr-24h membranes.  In low nutrient feed water, the D-tyr-

24h membrane reduced flux decline from 51.5% to 39.8%, which was a 22.7% 

reduction comparing to Zeolite membrane. In high nutrient feed water, the flux 

decline was reduced by 22.3% on D-tyr-24h membrane from 59.2% to 46.0%. 

Increased nutrient concentration induced more flux decline with or without D-

tyrosine incorporation through enhanced bacteria growth. The cell attached on 

membrane surface was remarkably less on the D-tyr-24h membranes than on 

Zeolite membranes in both nutrient conditions (Figure 5.8). After filtration, a 
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yellowish fouling layer can be visibly observed on the zeolite coated membrane but 

not the D-tyrosine loaded membrane (data not shown). A continuous and flat 

biofilm was observed on the Zeolite membrane, which covered the zeolite particles 

as is shown in the SEM images in Figure 5.8. On the other hand, with D-tyrosine 

loading, very few cells were found on the membrane and the attached cells were 

attaching in discrete manner without forming aggregates. The zeolite particles could 

clearly be seen on the membrane after fouling, which indicated that the coating was 

robust enough to stand the shear stress during filtration and post treatments. 
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Figure 5.7 Normalized flux in fouling stage of modified membranes. 

D-tyr-24h and Zeolite membranes in low (LN) and high (HN) nutrient feed 

waters; unmodified NF270 membrane without bacteria inoculation (no bac 

LN) in the dead-end filtration system (normalized by the flux at the start of 

fouling stage).  
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 Flux decline was not completely prevented due to the accumulation of 

bacteria cells on membrane surface held by permeate drag force. Such result was 

similar to our previous findings where D-tyrosine was added into feed water in a 

synthetic wastewater with higher nutrient level.[18] Herzberg et al. have been 

shown that even the cake layer formed by dead cells caused flux decline by 

enhanced concentration polarization. [31] The cake layer enhanced concentration 

polarization by hindering back diffusion of salt ion. Without bacteria, only 4% flux 

decline was observed in the filtration with unmodified NF270 membrane in low 

nutrient feed, which indicated that sufficient mixing to concur concentration 

polarization was provided by the magnetic stirrer without cake layer. D-tyrosine 

weakened the cell-cell and cell-surface attachment, which resulted in a thinner cake 

layer and less irreversible attached cells on membrane surface. The fouling layer 

was almost completely reversible after pressure release.  
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Figure 5.8 SEM and fluorescence images of membranes after filtration in 

different feed waters.  

Low nutrient: (A), (E) Zeolite membrane, (B), (F) D-tyr-24h membrane. High 

nutrient: (C), (G) Zeolite membrane, (D), (H) D-tyr-24h membrane. Bacterial 

cells and zeolite particles were pointed with dashed and solid arrows, 

respectively. Scale bar in SEM images (A-D) is 5 µm. Magnification in 

fluorescence images (E-H) is 100x, scale bar=10 µm. 

5.3.4. Long-term anti-biofouling efficacy  

The long-term biofilm inhibition efficacy of the D-tyrosine loaded membrane 

was evaluated using an expedited repetitive exposure experiment in the M63 media 

with 2% glucose, the same as that in biofilm growth. The D-tyr-24h membrane 

retained its anti-biofouling capability over 6 cycles of repeated 24 hr exposure and 

the biofilm coverage was not significantly different after day 6 (Figure 5.9). The D-

tyrosine release from the D-tyr-24h membrane in ultrapure water was below 

detection limit (0.5 µM) after 5 days. The D-tyrosine in the membrane might not be 

depleted and continued to release at concentrations below detection limit. Since the 

effective concentration of D-tyrosine on P. aeruginosa biofilm inhibition can be as 

H G 
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low as 5 nM[22], the D-tyr-24h membrane still showed less biofilm formation. The 

long-term anti-biofouling efficacy somewhat agreed with the release results that 

when the released D-tyrosine concentration was below certain level, the membrane 

lost the biofilm inhibition effect. Due to ions and organics in the media, the release of 

D-tyrosine could be more complex comparing to ultrapure water. According to the 

D-tyrosine release experiments, the presence of salt ions enhanced D-tyrosine 

release. However, the EPS produced by bacteria might absorb on zeolite particles 

and block the release of D-tyrosine, which would lead to slower release or reduced 

bioavailability. The bacteria might incorporate D-tyrosine into cell wall or protein, 

which accounts for additional driving force for D-tyrosine leaching and reduces D-

tyrosine concentration on membrane surface.  
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Figure 5.9 Biofilm covered area on membranes in the long term biofilm growth 

experiments.  

Culture conditions: M63 with 2% glucose, 37 °C, static. Bacteria suspension was 

replaced every 24 hr.  
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The Zeolite membrane also showed less biofilm in the first day comparing to 

NF270 but not in the following days possibly because the bacteria and the bacteria 

produced organics changed the surface properties of the membrane by forming a 

conditioning layer that was not washed off by the daily rinsing with ultrapure water.  

The hydrophilic zeolite coating delayed biofilm formation but was not effective as D-

tyrosine loaded zeolite coating. 

5.4. Conclusions 

The incorporation of D-tyrosine on a commercial polyamide nanofiltration 

membrane was successfully achieved by using zeolite particles as carriers. The D-

tyrosine incorporated membranes effectively inhibited initial bacterial attachment 

and biofilm growth, as well as prevented irreversible biofouling in filtration 

application. The D-tyr-24h membrane inhibited biofilm formation in 6 biofilm 

growth cycles. The zeolite coated membrane also showed biofilm inhibition effect 

possibly through increasing surface hydrophilicity but not as effective and long-

lasting as the D-tyrosine incorporated membrane. With 24 hr adsorption, the D-tyr-

24h membrane continuously released D-tyrosine for 5 days in ultrapure water. The 

adsorption equilibrium was not reached in 24 hr. With 48 hr adsorption, the release 

time increased to 10 days. The presence of Na+ facilitated D-tyrosine release. The 

slow release of D-tyrosine and the long-term anti-biofouling efficacy of the 

membrane showed that it is promising as a long-lasting strategy for membrane 

biofouling control. Since D-tyrosine can be loaded after coating, the zeolite 
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incorporated nanocomposite membrane can potentially be regenerated after 

depletion.  
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Chapter 6 

6. Conclusions and Future Research 

6.1. Conclusions 

Biofouling is problematic in various industrial and clinical settings including 

water treatment and particularly for membrane process and distribution systems. 

D-Tyrosine is produced and can inhibit biofilm formation in a wide spectrum of 

bacteria thus is promising in environmentally friendly biofouling control.  

D-Tyrosine inhibited biofilm formation and changed EPS production in both 

G+ and G- bacteria with the lowest effective concentration at 5 nM. The biofilm 

inhibition effect correlated non-monotonically to D-tyrosine concentration. 

Concentrations of 1-10 µM was not effective while higher and lower concentrations 

effectively inhibited biofilm formation. D-Tyrosine showed different impacts in G+ 

and G- biofilm formation that G+ bacteria were more susceptible to D-tyrosine 

treatment. The production of EPS was also altered by D-tyrosine. Extracellular 

protein was decreased in P. aeruginosa biofilms, but increased in those of B. subtilis. 

Exopolysaccharides production by P. aeruginosa was increased at low 
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concentrations and reduced at high concentrations while no impact was found in B. 

subtilis. The composition of EPS in P. aeruginosa was changed by 5 nM of D-tyrosine. 

The involvement of different mechanisms at different D-tyrosine concentrations and 

in different bacteria species was implied. The low effective concentration of D-

tyrosine provides opportunity for low-cost biofouling control strategies. However, 

the non-inhibitive concentrations must be avoided. 

High and low concentrations (200 µM and 5 nM) that are effective in biofilm 

inhibition also showed repression in quorum sensing gene expression. On the 

contrary, the intermediate concentration (1 µM) showed no inhibition in biofilm 

formation as well as quorum sensing. Nanomolar D-tyrosine also down-regulated 

gene expression in LPS production, efflux pump, racemase and swimming motility 

while micromolar of D-tyrosine showed no impact. The differentiated gene 

expression caused by difference in concentration further confirmed the presence of 

multiple biofilm inhibition pathways for D-tyrosine. Besides the synthesis genes, 

LPS production was also reduced at 5 nM but not at 200 µM, which might contribute 

to the biofilm inhibition effect at 5 nM since LPS are important for G- bacteria 

adhesion and biofilm formation. The reduction in efflux pump gene expression 

might lead to repression of quorum sensing at low concentration because the lasI 

autoinducer requires transport by efflux pump. D-Tyrosine is a self-produced 

molecule in P. aeruginosa PAO1 and may serve as a signal molecule at to regulate 

biofilm formation without triggering defense response. At micromolar level, D-

tyrosine was found to interfere with quorum sensing but the mechanisms involved 
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still needs future research. Since LPS is part of the G- bacteria cell wall, the biofilm 

inhibition pathway through LPS reduction can probably be applied to other G-

bacteria besides P. aeruginosa.  

To develop an economical and sustainable environmentally friendly anti-

biofouling membrane, D-tyrosine was loaded into carrier particles, nano FAU type 

zeolites which were covalently attached to nanofiltration membrane surface. The 

incorporated membrane reduced the initial P. aeruginosa cell attachment and 

subsequent biofilm formation. The release from the membrane loaded for 24 hr last 

for 5 days in ultrapure water and the membrane retained its anti-biofouling 

capability for 6 days. In dead-end filtration, the membrane was able to alleviate flux 

decline and reduce irreversible cell adhesion on membrane surface. The 

incorporation concentrated D-tyrosine near membrane surface where the biofouling 

occurred, thus reduced usage substantially. The loading of D-tyrosine per 

membrane during filtration was lower than 0.25 µmol and about 3 L of feed water 

was treated by the membrane. Compared with direct addition of 3 µM D-tyrosine 

into feed water in our previous publications that showed similar biofouling control 

effect, the incorporated membrane used 36 times less D-tyrosine for 3 L feed water. 

Considering the membrane can be reused and regenerated, the incorporation 

method is much more efficient than direct addition method. 
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6.2. Future research 

D-Tyrosine is a non-canonical D-amino acid produced by P. aeruginosa PAO1, 

yet little is known about its cellular function. The elucidation of D-amino acids 

functions will extend our understanding on biofilm formation and facilitate the 

development of novel biofilm control strategies. Although we have shown the 

repression of quorum sensing, efflux pump, LPS production and racemase synthesis 

in 5 nM D-tyrosine, we have not determined the causal relationship between each 

physiological process. How P. aeruginosa meditate the biofilm inhibition effect in the 

intermediate concentrations is still unclear. Also, the applicability of the pathways 

to other bacterial strains needs further research. To fully understand the role of D-

amino acids in cell growth and biofilm formation, our work is just a start. 

The biofilm inhibition effect of the current D-tyrosine incorporated zeolite 

nanocomposite membranes lasts for around a week, which is still relatively short to 

accommodate the cleaning frequency of RO membrane (several months). Moreover, 

RO or NF systems are mostly operated in cross-flow instead of dead-end. The 

parallel flow can possible remove released D-tyrosine from the surface. It is 

desirable to better control the release rate of D-tyrosine to extend membrane the 

long-term biofouling efficacy while maintaining the lowest effective concentration, 

which might be achieved by covering zeolites with appropriate polymer coating. The 

loading of D-tyrosine is a slow process. Another porous material that has higher 

affinity to D-tyrosine may serve as a better carrier for the incorporation. The long-

term efficacy can be further improved by introducing responsive release 
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mechanisms where the release rate of D-tyrosine is controlled by bacteria 

population or environmental triggers. Highly targeted treatment with minimum loss 

can be achieved if more D-tyrosine is release with higher concentration of bacteria 

near membrane surface. Coatings controlled by environmental triggers such as pH 

or temperature may be used in regeneration of the D-tyrosine membrane. 

 


