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Abstract

Bacterial biofilms are structured communities of cells enclosed in a self-produced hydrated 

polymeric matrix that can adhere to inert or living surfaces. D-Amino acids were previously 

identified as self-produced compounds that mediate biofilm disassembly by causing the release of 

the protein component of the polymeric matrix. However, whether exogenous D-amino acids could 

inhibit initial bacterial adhesion is still unknown. Here, the effect of the exogenous amino acid D-

tyrosine on initial bacterial adhesion was determined by combined use of chemical analysis, force 

spectroscopic measurement, and theoretical predictions. The surface thermodynamic theory 

demonstrated that the total interaction energy increased with more D-tyrosine, and the contribution 

of Lewis acid–base interactions relative to the change in the total interaction energy was much 

greater than the overall nonspecific interactions. Finally, atomic force microscopy analysis implied 

that the hydrogen bond numbers and adhesion forces decreased with the increase in D-tyrosine 

concentrations. D-Tyrosine contributed to the repulsive nature of the cell and ultimately led to the 

inhibition of bacterial adhesion. This study provides a new way to regulate biofilm formation by 

manipulating the contents of D-amino acids in natural or engineered systems.
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Introduction

Bacterial adhesion to solid surfaces is an important issue in a number of disciplines, ranging 

from biomedical engineering to wastewater treatment technologies (Costerton et al., 1999; 

Hall-Stoodley et al., 2004; Xu and Liu 2011b). Many microbes naturally grow as biofilms 
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and may have beneficial traits for cleanup of wastewater, off-gas, soils, etc. (Ralebitso-

Senior et al., 2012; Xu and Liu 2011b). They are also known for their ability to convert 

agriculturally derived materials to products of commercial value such as alcohols and 

organic acids (Rosche et al., 2009). Although certain biofilms can be beneficial, other 

biofilms pose severe problems, such as the corrosion and obstruction of water pipes or 

fouling of membranes in filtration systems (Hori and Matsumoto 2010; Xu and Liu 2011a). 

Thus, understanding the mechanism of biofilm formation and effectively regulating its 

formation and disassembly for human purposes is important for many biotechnology fields.

Biofilms are aggregates of microbes embedded in a matrix of extracellular polymeric 

substances (EPS), which consist of different types of biopolymers including 

polysaccharides, proteins, lipids, and extracellular DNA (Flemming and Wingender 2010; 

Pope et al., 2011). Found on almost all types of submerged surfaces, biofilms are a majority 

of the biomass in natural and engineered systems (Lee et al., 2011; Peulen and Wilkinson 

2011). During biofilm formation, bacterial adhesion onto abiotic and biotic surfaces is the 

key determinant in initial cell attachment (Razatos et al., 1998). The physicochemical factors 

of bacterial cells and the surfaces govern this critical initial step in biofilm formation 

processes (Herzberg and Elimelech 2007; Lutterodt et al., 2009; Nielsen et al., 2011).

Biofilm formation requires several physiological and physicochemical steps (Bos et al., 

1999). Bacterial adhesion has been shown to be a function of the physicochemical and 

thermodynamic properties of both bacterial surfaces and substrates based on analysis of 

surface charge and hydrophilicity measurements (i.e., the cell surface free energy); both 

parameters are significantly influenced by EPS content on bacterial surfaces (Harvey et al., 

2011; Sheng and Yu 2006; Sheng et al., 2010; Terada et al., 2012; Wang et al., 2012). 

Recently, it has been reported that some molecular signals govern quorum-sensing, which 

serves as a switching mechanism between successive phases of biofilm development (Davies 

et al., 1998; McDougald et al., 2012). As one of the quorum-sensing molecules, self-

produced D-amino acids (D-AAs), can promote biofilm disassembly and reduce microbial 

attachment (Kolodkin-Gal et al., 2010; Xu and Liu 2011a; Xu and Liu 2011b). In natural 

environments and engineered systems, various species of bacteria interact with each other, 

with the majority of excreted amino acids in the L-isomer form, with only some bacteria 

excreting D-AAs. These excreted D-AAs may affect other bacterial species in the microbial 

community and cause biofilm disruption. The precise role of exogenous D-AAs in the initial 

bacterial adhesion to substratum surface is not clear yet, and how D-AAs trigger variations 

in surface interactions of bacteria still needs to be revealed.

Initial bacterial adhesion is generally determined by the Derjaguin–Landau–Verwey–

Overbeek (DLVO) theory, which is expressed as the sum of Lifshitz–van der Waals 

interactions and electrostatic interactions (Feriancikova et al., 2013). The classical DLVO 

theory was projected to describe the stability of colloidal suspensions. It involves the 

estimation of the energy from the electrostatic double-layer force and an attractive Lifshitz–

van der Waals force (in the case of two identical surfaces). The Lewis acid– base interaction 

has been added to the DLVO theory (extended DLVO theory, XDLVO) to reconcile the 

discrepancy between the theoretical prediction and experimental results (Chen and Strevett 

2001; Chia et al., 2011). In addition to theoretical predictions, experimental studies 
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regarding interactions between bacteria and substrates have been conducted. For instance, 

atomic force microscopy (AFM) has been utilized for surface adhesion force measurement 

for bacteria attached to solid substrates (Gordesli and Abu-Lail 2012; Volle et al., 2008). 

However, the information on bacteria interfacial interactions and the assessment of adhesion 

forces in the presence of D-AAs is scarce.

This study aims to clarify whether exogenous D-AAs could inhibit the initial bacterial 

adhesion and to elucidate the interaction forces and energy mechanisms of bacterial 

adhesion by combining the use of XDLVO predictions and AFM. This work here has 

characterized the discrepancies of bacterial surface characteristics and the thermodynamic 

parameters over a range of D-tyrosine concentrations. Here, Escherichia coli (E. coli) and D-

tyrosine were used as the model microbe and D-AAs, respectively. As a typical bacterium of 

microbial adhesion experiments, E. coli cannot produce and release D-AAs (Lam et al., 

2009; Prigent-Combaret et al., 2000) and D-tyrosine has potent activity toward biofilm 

disassembly (Kolodkin-Gal et al., 2010). The results obtained from this study provide a 

better understanding of the role of D-tyrosine on bacterial adhesion from a thermodynamic 

perspective, which may provide a new way to regulate biofilm formation by manipulating 

the content of D-AAs in natural or engineered systems.

Materials and Methods

Bacterial Growth and Surface Characteristics

Escherichia coli JM109 was provided by China General Microbiological Culture Collection 

Center and was used in this study as the test bacterium. Cells were cultured in a standard 

Luria-Bertani (LB) medium with different concentrations of D-tyrosine (Aladdin; 99%) (0, 

10, 25, 50 μM) at 37°C, 200 rpm, and for 18 h until stationary phase was reached, and then 

were collected by centrifugation at 5000 g for 15 min. L-Tyrosine (Aladdin; 99%) (0, 10, 25, 

50 μM) was used as an additional control. The cells were washed twice using 10 mM KCl 

(the pH was unadjusted, ranging from 5.4 to 5.8) to remove any residual medium from the 

bacterial surface. Finally, the cells were resuspended in select solutions for cell surface 

characterization and adhesion experiments. To confirm the effect of exogenous D-tyrosine 

on bacterial cell adhesion behaviors, control experiments were conducted using the cells 

harvested from mineral medium (containing per liter 5 g of glucose, 2 g of (NH4)2SO4, 0.2 g 

of MgSO4·7H2O, 4 g of K2HPO4, 4.6 g of KH2PO4, 1 g of sodium citrate, and pH = 7.2) 

with different concentrations of L-tyrosine or D-tyrosine (0, 10, 25, 50 μM) respectively. 

Each data point is composed of three independent samples.

Bacteria mass was described as the dry weight, and the optical density (OD600) of the 

washed bacterial suspension was measured as absorbance by the spectrophotometer 

(UV-2000, Unic, Shanghai, China) at 600 nm in all the experiments. All chemical reagents 

in this study were of analytical grade.

Electrophoretic mobility (EPM) was measured by the ZetaSizer 3000HSA (Malvern, 

England, UK) and repeated at least five times at 25°C. Zeta potential (ζ potential) was 

calculated in a 10 mM KCl solution via EPM using the Helmholtz-Smoluchowski equation 

(Nakatani et al., 1978). EPS was extracted by the cation exchange resin technique (CER) 
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(Sheng et al., 2006). After filtrating through 0.22-mm cellulose acetate membranes, the 

supernatant was used as the EPS fraction for chemical analyses. Polysaccharides and 

proteins were determined by the anthrone-sulfuric (DuBois et al., 1956) and Lowery 

methods (Lowry et al., 1951), respectively. Glucose and bovine serum albumin were used as 

the standards. These processes were performed in duplicate and each data point is composed 

of three independent samples.

The hydrophilicity of bacteria was measured as the microbial adhesion to hydrocarbon test 

(the percent of total cells partitioned into n-dodecane) (Kim et al., 2009; Tran et al., 2013). 

In brief, 1 mL of n-dodecane (analysis grade) was added to 4 mL of a cell suspension, which 

was then mixed for 2 min with a vortex. The suspension was then allowed to separate for 15 

min at room temperature. The percentage of bacteria partitioning into the hydrocarbon phase 

was calculated after the optical density of the suspension in the water phase was measured at 

600 nm. All experiments were conducted in triplicate.

The contact angle was calculated by a contact angle meter (JC2000C, Shanghai, China), 

which was used to evaluate interfacial tension and surface energy. Prior to the measurement, 

the prepared acetate cellulose membrane membranes were air-dried for 45 min. To measure 

contact angles of E. coli, the bacterial layer was prepared on a 0.22-μm acetate cellulose 

membrane by adding 10 mL of cell suspension (OD600 = 1.0), and then placed on a 1% agar 

plate for cell preservation before measurement. The contact angles were measured using the 

sessile drop technique with a drop of purified water (γ LW = 21.8 and γ + = γ− 25.5 mJ/m2), 

formamide (γ LW = 39.0, γ+ = 2.3 and γ− = 39.6 mJ/m2), and diiodomethane (γ LW = 50.8 

and γ+ = γ− = 0 mJ/m2) (Brant and Childress 2002). Each measurement was made on at 

least 10 droplets at different locations on the bacterial layer for each of the three liquids, 

which was used to calculate standard deviations. The other measurements are described in 

detail in the supplemental material.

Quartz Sand Treatment

Ultrapure quartz sand with a 1 mm diameter (Aladdin; ≥ 99%) was used as the collector 

surface for bacterial adherence. The sand was thoroughly immersed in 12 N HCl for at least 

24 h, cleaned by deionized water, and then baked at 800°C for approximately 6 h to remove 

the organic substances on the surface. To increase the bacterial cells adhesion onto the quartz 

sands, the cleaned quartz sand was chemically modified with 4% (v/v) γ-

aminopropyltriethoxyasilane (APTES) (Aladdin; ≥99%) in acetone at 45°C for 24 h, then 

cleaned by soaking first in acetone, followed by a thorough rinsing with deionized water, 

and finally air-dried. Zeta potential of quartz sand was determined by an electrokinetic 

analyzer (Anton Paar SurPASS, Austria, Graz).

Cell Adhesion and Desorption Experiments

The influence of D-tyrosine or L-tyrosine on cell adhesion to quartz sands was evaluated by 

batch adhesion experiments with E. coli harvested from growth media (LB and mineral 

medium) with different L-isomer or D-isomer tyrosine concentrations (0, 10, 25, 50 μM). 

The experiments were conducted by adding 10 g of sand into 50 mL glass bottles with 10 
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mL of cell solution, and then gently vibrating with a shaker (8 rpm) for 3 h to reach 

equilibrium, based on the result of preliminary experiments.

The bacteria adhered on the collector surface irreversibly, and was washed by a 0.1 mM KCl 

solution after rinsing with the background solutions (10 mM KCl). The experiments were 

conducted with the washed quartz sands after the cell adhesion tests, and the sands were 

gently vibrated with shaker for 3 h to determine the desorption efficiency. The cell adhesion 

and desorption tests were conducted according to the methods provided in the SI.

AFM Measurements

Silicon wafers were used as the substrates for AFM measurements, and were treated with 

ultrapure water: hydrogen peroxide: ammonia water (1:3:1) for at least 15 min after cleaning 

with sonication in ultrapure water and ethanol, and were then immersed in a 25% sodium 

hydroxide solution for at least 24 h. After cleaning with ethanol and ultrapure water, the 

wafers were soaked in 1% APTES for 2 h to be silanized. The amino-functionalized wafers 

were cleaned by ultrapure water to remove the excess saline, and finally the silanized 

substrates were kept in 120°C for 15 min. Before and after making the AFM measurements 

on the bacteria, force measurements were made on a bacteria-free area of silicon wafers, to 

ensure that the tip had not been contaminated by contacting the bacteria layer on the silica 

wafers. The spring constant (k) for the tips was 0.15 ± 0.02 nN/nm; tips were calibrated 

before each experiment by the equipment.

The cells used for AFM measurements were stirred in 2.5% v/v glutaraldehyde for 2 h at 

4°C. The gluaraldehyde does not affect the physiochemical properties of the E. coli cells, but 

provides a method for ensuring no movement of the cells during measurements (Razatos et 

al., 1998). Prior to the AFM experiments, a drop of the bacteria suspension (20 μL) was 

deposited onto the silanized silicon slides and left to settle at room temperature for 20 min. 

The bacteria-coated slide was rinsed with sterile water to remove any weakly bounded 

bacteria and air dried before measuring the same day.

All AFM measurements were performed at room temperature using a scanning probe 

microscope (Veeco Instruments Inc., NY) with Si3N4 cantilevers (SDL-A, Bruker AXS Inc., 

Fitchburg). This microscope had a dimension icon controller and extender module. The tip 

elements are showed in the supplemental material. In this study, five cells were examined 

from each medium. And on each cell, 15 points were located to perform AFM 

measurements. AFM images were acquired by using the Scan Asyst Mode, while the force–

distance curves were evaluated by tipping mode. The adhesion forces were calculated from 

the retraction curves which represented the sum of all interaction forces (specific and 

nonspecific) between the bacterial surface and the silicon nitride tips. The specific and 

nonspecific forces were measured by the Poisson analysis of adhesion forces (MATLAB, 

Natick, MA) (Gordesli and Abu-Lail 2012).

XDLVO Profiles

According to the XDLVO approach, the total energy of interaction (WTOT) between 

spherical particles (bacteria) and an infinite planar surface can be calculated by the sum of 
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electrostatic interactions (WEL), Lifshitz–van der Waals interactions (WLW), and Lewis 

acid– base interactions (WAB).

(1)

(2)

(3)

(4)

where, ζB and ζG are the zeta potential of bacteria surfaces (B) and quartz sands (G), 

respectively. Due to Born repulsion, y0, the minimum equilibrium cut-off distance between 

bacterial cells and the collector, equals 0.157 nm in previous work (Feriancikova et al., 

2013). R is the cell radius, and h is the separation distance between the cell and the solid 

surface. κ is defined as the Debye length or the “thickness” of the double layers and can be 

estimated by ionic strength and the concentration of background solution. λ is typically 

between 0.2~1 nm, and is used as 0.6 nm in this work, which is a characteristic decay length 

of Lewis acid–base interactions in solution. The other parameters in these formulas have 

been described in supplemental material in details.

Statistical Analysis

In the figures and tables, data are presented along with error bars associated with one 

standard deviation. Statistical differences between mean values were analyzed using a 

Student’s t-test.

Results

Cell Adhesion and Desorption Tests

To evaluate the effect of D-tyrosine on the growth of E. coli, the bacteria cells cultivated 

from LB media with different concentrations of D-tyrosine (0, 10, 25, 50 μM) for at least 24 

h, and the biomass at different time point were determined by optical density. The growth 

curves indicated that D-tyrosine did not inhibit bacterial growth (Fig. S1), which is 

consistent with previous report (Kolodkin-Gal et al., 2010).
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The adhesion tests revealed changes in E. coli adhesion behavior over the range of D-

tyrosine concentrations (Fig. 1). It is evident that the adhesion rates decreased sharply from 

26.3% to 10.0% with an increase in the D-tyrosine concentration from 0 μM to 25 μM. 

Above 25 μM D-tyrosine, there was no measurable cell adhesion (8.8%) (Fig. 1a). 

Therefore, the existence of D-tyrosine has an obvious effect on microbial adhesion (P < 

0.05). Moreover, the desorption rate increased from 43% to 100% based on the adhered 

bacteria over the range of D-tyrosine concentrations (Fig. 1a); the amount of irreversibly 

adhered cells decreased from 14.7% to 0%. Nevertheless, there was no significant difference 

for adhesion and desorption efficiency among the cells grown in the presence of L-tyrosine 

with different concentrations (Fig. 1b). This result shows that D-tyrosine has a significant 

effect on bacterial adhesion (P < 0.05).

In order to identify whether there was any effect of exogenous D-AAs on cells in the LB 

broth, further experiments with E. coli cells harvested from mineral medium with D-tyrosine 

or L-tyrosine (0, 10, 25,50 μM) were conducted (Fig. S2). The results indicated that D-

tyrosine could affect microbial adhesion even in a chemically defined medium.

The above results demonstrate that bacteria exposed to D-tyrosine exhibited poor adhesion 

ability. The bacterial adhesion is attributed to the concurrent existence of deposition, as well 

as irreversible and reversible adhesion. In this study, the deposition could be neglected since 

the desorption rate of bacteria with 50 μM D-tyrosine was nearly 100%. As to the bacteria 

without D-tyrosine, almost 40% of the adhered bacteria were detached under lower ionic 

strength solution, indicating that the bulk of the adhered microbes are reversibly bound. 

When cultivated at the high D-tyrosine concentration, the fraction of the reversibly adhered 

bacteria increased as the D-tyrosine concentration increased (P < 0.05), showing a higher 

reversibility for the cells (Fig. 1a).

Influence of D-Tyrosine on Surface Properties of E. coli Cells

To better understand the effect of D-tyrosine on bacterial adhesion behavior, the extracellular 

polysaccharide and protein contents of bacteria were determined (Fig. 2). Compared with 

the cells that were not exposed to D-tyrosine, a decrease (P < 0.05) in protein was observed 

for the bacteria cultured with D-tyrosine. However, there was only slight difference in 

protein of cells grown with different D-tyrosine concentrations. For polysaccharide it was 

less sensitive to changes (P > 0.05) with D-tyrosine concentrations. This result indicated that 

D-tyrosine most likely inhibited protein secretion.

As indicated by the measured zeta potential (Fig. 3), all the E. coli cells used in this study 

were negatively charged, while the quartz sand modified with amino-silane was positively 

charged under the experimental conditions. The electrostatic interaction between bacteria 

and sand was attractive, which contributed to bacteria adhesion. Over the range of D-

tyrosine concentrations, the absolute magnitude of the cell zeta potential increased (from 

30.0 mV to 43.6 mV) with the increase in D-tyrosine concentration.

The hydrophobicity of E. coli cells from experiments with different concentrations of D-

tyrosine (Fig. 3) showed that the surface hydrophobicity decreased from 23.7% to 

approximately 12.0%, as the D-tyrosine concentration increased, which is consistent with 
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zeta potential results. The result of relative hydrophibicity is also in consistence with that of 

water contact angles test (Fig. S3). The more negative surface potential denotes that the 

increased fractions of polar functional groups led to a more hydrophilic bacteria surface (Liu 

et al., 2007). In addition, the relative low EPS content was responsible for high 

hydrophilicity at high D-tyrosine concentrations (Chen and Walker 2007; Sheng and Yu 

2006).

XDLVO Interaction Energy Profiles between E. coli Cells and Sand

The XDLVO theory prediction was applied to evaluate the interaction energy between cells 

and the quartz sand (Fig. 4), which were consistent with the bacterial adhesion experimental 

data for E. coli cells. With an increase in D-tyrosine concentration, the height of the 

repulsive energy barrier between cells and the quartz sand exhibited a significant change (P 
< 0.05) (from 24.5 kT to 3328.4 kT). No energy barrier for microbial adhesion (i.e., 

completely favorable condition) in the absence of D-tyrosine was observed. A higher energy 

barrier means a more stable suspension. Hence, it was difficult for the bacteria exposed to D-

tyrosine to attach to surfaces.

In addition, secondary energy minima in the interaction energy predictions illustrate the 

desorption ability of microbial cells from collector surfaces (Liu et al., 2010). The values of 

the secondary energy minima and positions are summarized in Table SI. The percentage of 

bacteria (cultivated in 10 μM D-tyrosine) reversibly adhering on the collector was 11.5% 

when the depth of secondary energy minimum was −114.5 kT at the separation distance of 

1.6 nm (Table SI). However, when a secondary energy minimum of −54.7 kT existed at 2.9 

nm, 9.4% of adhered cells were reversibly attached in 25 μM D-tyrosine. These results 

indicate that the shallower secondary energy minimum caused a decrease in the reversible 

attachment onto the surface and promoted the detachment from the surface.

As part of the total interaction energy, WAB, WLW, and WEL values for E. coli as a function 

of distance between bacteria and sands were determined (Fig. 5). The Lifshitz–van der 

Waals interactions (WLW) were attractive and nearly identical, while the absolute values of 

attractive electrostatic interactions (WEL) were variable with an increase in D-tyrosine 

concentration. However, Lewis acid–base interactions were attractive without D-tyrosine 

(favorable conditions for adhesion). With increasing D-tyrosine concentrations, Lewis acid–

base interactions turned repulsive and the absolute values increased. Therefore, the 

contribution of WAB to the total energy was very significant.

Probing the Adhesion Force with AFM

Since the Lewis acid–base interaction energy plays the most important role on inhibiting 

bacterial adhesion in the presence of D-tyrosine, it is indicated that the acid-base interaction 

including hydrophobic interaction and hydration effects, which are mainly electron–donor/

electron–accepter interaction (Hori and Matsumoto 2010). The chemical bonds on the AFM 

tips are mainly O—H and Si—N, while the bonds on modified quartz surface O—H, Si—N, 

N—H, etc. The tips and modified quartz would form the similar bonds with the bacteria 

surface. Therefore, here we used AFM to quantitatively probe the adhesion force between 

bacteria and quartz sands. The shape and size of bacteria were assessed by AFM scans (see 
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Fig. S4 in the supplemental material) and implied that D-tyrosine did not affect their 

morphology. In addition to topographic imaging, AFM force–distances were used to 

determine interactions between the silicon nitride probe and bacteria surface in the air. The 

retraction curves were variable, since the adhesion force or “liftoff” (the point where the tips 

break free of tip–sample interaction) was observed (Table I). The magnitude of the 

interaction forces was highly dependent on D-tyrosine concentration, which decreased from 

61.8 nN to 28.1 nN. As shown in Table I, the adhesion force decreased sharply (P < 0.05) 

compared with that without D-tyrosine, while this adhesion force varied slightly (P > 0.1) in 

the presence of D-tyrosine.

The total separation energy is estimated as the total area of the attraction-force region in the 

retraction force by Equation 5 and these parameters obtained from the retraction curves are 

presented in Table I:

(5)

in which, I is the distance (nm) moved by the cantilever in every interval, Fs,i is the 

separation force, kc is the spring constant (nN/nm) and the distance is dd,i (nm).

By using Poisson statistical analyses, nonspecific (i.e., Lifshitz– van der Waals force and 

electrostatic forces) and specific forces (i.e., Lewis acids–base interaction force) of the 

adhesion forces were quantified through linear regression (Table I). The results illustrated 

that the nonspecific and specific forces decreased over the range of D-tyrosine 

concentrations. The nonspecific forces were attractive for all conditions investigated, while 

the specific forces were repulsive for the cells cultured with D-tyrosine acids. On average, 

the nonspecific forces were stronger than the specific forces; mean-while, 61.8% of 

nonspecific forces decreased and the specific forces increased from 0.9 nN to 3.3 nN.

The maximum energy of the original microbial cells was about 8500 × 10−18 J and the 

adhesion energy decreased sharply (P < 0.05) for the bacteria cultured in the presence of D-

tyrosine (Table I). Consequently, the hydrogen bond numbers which equaled the adhesion 

energy divided by the value of Gabbis energy (10–20) were reduced (Wen et al., 2011).

Discussion

The experimental and theoretical results show that the interaction energies of bacterial cells 

changed significantly (P < 0.05) in the presence of D-tyrosine. These results also 

demonstrate the crucial role of D-tyrosine in inhibition of the initial bacterial adhesion.

Influence of Total Interaction Energy on Bacterial Adhesion Behavior

It has been recognized that a two-step mechanism of bacterial attachment to surfaces is 

involved in biofilm formation (Gordesli and Abu-Lail 2012). The first step involves long-

range nonspecific interactions such as Lifshitz–van der Waals and electrostatic interactions, 

as described by XDLVO theory. The second step is described as irreversible bacterial 
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adhesion, due to much stronger specific short-range interactions (hydrogen bonds between 

cell and surface and/or EPS and surfaces, capillary forces, etc.) which could be interpreted 

as Lewis acid–base interactions (calculated in XDLVO theory) and polymer interactions 

(Dunne 2002).

The total interaction energy for E. coli cells (Fig. 4) indicates that D-tyrosine had a negative 

contribution to bacterial adhesion and inhibited irreversible adhesion. This was confirmed by 

the adhesion and desorption tests (Fig. 1). Additionally, the depth of the secondary energy 

minima above the separation distances may determine the adhesion and desorption rates for 

cells. Reversible adhesion was reduced with the decrease of the depth of secondary energy 

minimum because of D-tyrosine concentration variations (see Table SI).

The AFM measurement also indicated a decreased adhesion rate in the presence of D-

tyrosine, which was consistent with above results. The quantification of specific and 

nonspecific forces revealed decreasing attractive nonspecific forces performed the reversible 

adhesion, and the increasing specific forces inhabited the irreversible adhesion. This 

quantitative analysis enabled us to further understand the micro-scale mechanisms behind D-

tyrosine-inhibited bacterial adhesion.

Contribution of WAB, WLW, and WEL to Bacterial Adhesion

The Hamaker constant, proportional to the Lifshitz–van der Waals interactions, is a 

parameter that describes the strength of the interaction between bacteria and surface. The 

discrepancy of effective Hamaker constants is nearly non-existent (P > 0.1) (see Table SI), 

causing a slight decrease of the Lifshitz–van der Waals interaction energy with an increase 

of D-tyrosine. For the surface covered by layers that contain larger quantities water, the 

effective Hamaker constant was reduced (Hermansson 1999), which was consistent with the 

trend of cell surface hydrophobicity. Moreover, the intensity of the attractive Lifshitz–van 

der Waals interactions decayed slowly with the interaction distance and became zero for 

distances of about 10 nm (Fig. 5b). Furthermore, the zeta potential of bacterial cells 

increased (P < 0.05) (i.e., more negative) as D-tyrosine concentration increased, which 

should enhance the attractive electrostatic interaction force. However, with increasing D-

tyrosine concentrations, the electrostatic interactions decay more slowly with the separation 

distance, due to the more negative zeta potentials (Fig. 5c). The resulting profile showed that 

the Lifshitz– van der Waals interactions play a more important role than the electrostatic 

interactions in bacterial reversible adhesion, because the former are longer range.

Although WLW and WEL were identical and not sensitive to D-tyrosine concentration 

variations, the contribution of WAB to the total interaction energy is flexible (Fig. 5). As the 

dominant interaction energy (Fig. 5a), WAB interaction energy increased substantially (P < 

0.05) with the increasing D-tyrosine concentration (over 0 μM), indicating that D-tyrosine 

reduced bacterial adhesion by preventing bacteria from approaching the surface at 

sufficiently close distances. The higher intensity of the Lewis acid– base interactions decays 

with longer interacting distances with the increasing D-tyrosine concentrations. After 

comprehensive analysis for those interaction energies, the cell surface hydrophilicity appears 

to be responsible for the change of energy barriers as well as primary and secondary energy 

minima observed for all the E. coli cells.
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Influence of EPS on Adhesion Behavior

EPS are the bridge between the cell and collector surfaces to overcome the energy barrier, 

causing the bacteria to adhere to the surface irreversibly (Azeredo et al., 1999; Hori and 

Matsumoto 2010). In our study, the EPS production decreased in the presence of D-tyrosine. 

Consequently, the reduction of EPS may directly cause decreased bacterial adhesion. A 

previous report illustrated that high exopolymer production of Sphingomonas paucimobilis 
was quite beneficial to bacterial adhesion by overcoming the energy barrier of 300 kT (Hori 

and Matsumoto 2010). The percentage of irreversibly adhered bacteria was 14.7% in 10 μM 

D-tyrosine, whereas, for the bacteria in 25 μM and 50 μM D-tyrosine, the energy barriers 

were much higher, and the irreversibly adhered bacteria were nonexistent (0.5% and 0%). 

This observed behavior is consistent with those reported previously on EPS (Tsuneda et al., 

2003).

Role of Hydrogen Bonds in Adhesion Behavior

The hydrogen bonds are also important for the bacterial adhesion behaviors, and are mainly 

responsible for the Lewis acids–base interactions (Hermansson 1999). The results of cell 

surface hydrophobicity showed a strong electron donating potential with high γ– and small 

electron acceptor ability (the value of γ+ is almost 0) (data not shown), which was the same 

as quartz sand. The increased hydrophobic interactions (divided into Lifshitz–van der Waals 

and Lewis acid–base components), would be attributed to the stronger hydrogen bonding 

between bacterial surfaces and the experimental solutions with increasing D-tyrosine 

concentrations. This prevented bacterial adhesion. Additionally, the sand surface contains 

hydroxyl and amine groups that have the ability to donate and accept protons, respectively 

(Hwang et al., 2010). Thus, a competition between the water and bacterial cells for hydrogen 

bond sites on the collector surface would occur. The amide carbonyl oxygen found on the 

surface of the EPS acted as stronger electron donors for the hydroxyl groups on quartz sand, 

while the hydroxyl groups of the EPS offered sites for forming hydrogen bonds with amine 

groups on the quartz sand (Chen and Walker 2007). This led to the preferential adhesion of 

bacteria onto the quartz sand.

With the decreasing amount of EPS, the reduction in hydrogen bonds (Table I) may be 

responsible for the poor bacterial adhesion. This result was consistent with the AFM 

analysis suggesting hydrogen bonds between the bacteria and quartz sand. Nearly 80% of 

the hydrogen bonds decreased with the increase in D-tyrosine concentrations from 0 μM to 

50 μM. This provided evidence that hydrogen bonds were the key factors affecting bacterial 

adhesion.

Furthermore, a decrease in bacterial adhesion was also influenced by the detaching behavior 

demonstrated by AFM measurements. The forces measured by AFM were comprised of 

DLVO forces (Lifshitz–van der Waals and electrostatic interaction) and non-DLVO forces 

(Lewis acid–base interaction, steric interaction, etc.). The decrease in EPS excretion and 

Lifshitz–van der Waals interactions will reduce the adhesion force (Table I). Consequently, 

bacteria on the surface tended to detach from quartz sand (Fig. 1). The experimental and 

theoretical results indicated that significant increases in hydrophilicity and decreases in 
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hydrogen bond numbers (i.e., decreased EPS excretions) resulted in a significant decrease in 

the bacterial attachment efficiency.

Conclusions

In this study the effect of the exogenous amino acid D-tyrosine on initial bacterial adhesion 

was systematically investigated from a thermodynamic point of view. The total interaction 

energy increased with more D-tyrosine, and the contribution of Lewis acid-base interactions 

relative to the change in the total interaction energy was much greater than the overall 

nonspecific interactions. The hydrogen bond numbers and adhesion forces decreased with 

the increase in D-tyrosine concentrations. It was revealed that D-tyrosine contributed to the 

repulsive nature of the cell and ultimately led to the inhibition of bacterial adhesion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Adhesion efficiency and desorption rate of E. coli onto a quartz collector surface, 

determined as a function of D-tyrosine (a), and L-tyrosine (b). Experiments were conducted 

at unadjusted pH (5.4–5.8), room temperature (25°C), and with bacteria cultivated from LB 

media with different concentrations of D-tyrosine. Error bars represent standard errors of the 

means.
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Figure 2. 
The content of total EPS, polysaccharides, and proteins of the E. coli cells from LB media 

with different D-tyrosine concentrations (0, 10, 25, 50 μM). Error bars represent standard 

errors of the means.
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Figure 3. 
The relative hydrophobicity and zeta potential values of E. coli cells as a function of D-

tyrosine concentration (0, 10, 25, 50 μM) in LB media. All experiments were conducted at 

unadjusted pH and room temperature. Error bars represent standard errors of the means.
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Figure 4. 
Total interaction energy profiles as a function of separation distance for E. coli cells grown 

under a range of D-tyrosine concentrations, suspended in 10 mM KCl.
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Figure 5. 
Contribution of WAB (a), WLW (b), and WEL (c) on the total interaction energy between E. 
coli cells and quartz sand exposed to different D-tyrosine concentrations, which adhered on 

quartz sands in 10 mM KCl at uncontrolled pH values.
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Table I

Results from the AFM force–distance curve over the range of D-tyrosine concentrations.

Parameters 0 μM 10 μM 25 μM 50 μM

Adhesion force (nN) 61.8 40.2 33.5 28.1

Nonspecific forces (nN) −45.8 −40.5 −28.6 −17.5

Specific forces (nN) 0.9 1.0 2.1 3.3

Separation energy (×10−18 J) 8479.2 3189.8 1452.8 1689.3

Hydrogen bands numbers 847919 318985 145275 168928
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