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The use silver nanoparticles (AgNPs) may release AgNPs into wastewater and natural water systems where they can 

be harmful to biofilms. Therefore, it is important to understand the mechanisms of biofilm resistance to AgNPs. This research 

aims to investigate the mechanisms of AgNP resistance in biofilms by focusing on the roles of biofilm maturity, biofilm physical 

characteristics, and AgNP properties. A representative for environmental bacteria used in this study was Pseudomonas putida 

KT2440. Biofilms at three stages of maturity were identified and selected based on adenosine triphosphate (ATP) activity, 

extracellular polymeric substance (EPS) amount, and expression of EPS-associated genes (csgA and alg8). Exposing to 

synthesized AgNPs, more mature biofilms (stages 2 and 3) showed little to no reduction in ATP activity whereas the same 

treatment reduced more than 90% of ATP activity in the less mature biofilms (stage 1). The biofilms stripped of their EPS were 

more susceptible to AgNPs than controls with intact EPS, showing the critical role of EPS in AgNP resistance. Not only was the 

AgNP resistance of biofilms related to the stage but also physical characteristics. The mature biofilms forming in different carbon 

sources (glucose, glutamic acid, and citrate), glucose concentrations (5 and 50 mM of glucose), and temperature (25° and 30°C) 

had different physical characteristics. Biofilms with more thickness, more biomass volume, less surface/volume ratio, and less 

roughness are more resistant to AgNPs. The AgNP resistance of biofilms forming in glucose was similar to glutamic acid (1-log 

reduction in cell number), which was higher than citrate (2-log reduction in cell number). At 25°C, biofilms forming at higher 

glucose concentrations exhibited higher AgNP resistance (3-log reduction for 5 mM biofilms and less than 1-log reduction for 50 

mM biofilms). Similarly, when the temperature was increased, the 5 mM glucose biofilms had higher AgNP resistance (3 log 

reduction at 25°C and 1 log reduction at 30°C). The toxicity of AgNPs in this study was mostly from the nanosized AgNPs 

combining with some toxicity from the released Ag
+
. The released Ag

+
 showed less toxicity (<1-log reduction) than AgNPs (3 to 

4-log reduction) to biofilms in 5 mM of glucose at 25°C.  The effect of AgNPs on biofilms increased when AgNPs had more Ag
+
 

release and highly negative or positive charges. Three AgNPs were synthesized to have different Ag
+
 release, which are listed as 

AgNPs#1, AgNPs#2, and AgNPs#3, respectively. The sizes of the AgNPs were similar while the Ag
+
 releases were different, 

which are 5.3% for AgNPs#1, 7.7% for AgNPs#2, and 9.1% for AgNPs#3. On average, all AgNPs exhibited nearly neutral 

charge (-1.4 mV for AgNPs#1, -5.5 mV for AgNPs#2, and -2.4 mV for AgNPs#3). However, AgNPs#3 had mainly highly 

negative (-60 to -95 mV) and positive charges (+140 mV) (but the average charge is close to neutral). After exposing biofilms to 

AgNPs, the Ag+ release increased to 7% for AgNPs#1, 13% for AgNPs#2, and 12% for AgNPs#3. The AgNPs#3 exhibited 

highest toxicity to biofilms. The effect of AgNPs#1 on biofilms was less (1 to 2-log reduction) than that of AgNPs#2 and 

AgNPs#3 (3-log reduction). Overall, this study demonstrates that biofilm stage, physical characteristics, and AgNP properties 

must be considered altogether when determining the impact of AgNPs on environmental biofilms.  
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Chapter 1 

Introduction 

1.1) Rationale 

 Due to their strong antimicrobial activity and low risk to human health, silver 

nanoparticles (AgNPs) are the most prominent metal nanoparticles applied into 

various manufactured products including medical devices, detergents, clothing, and 

cosmetics [1]. AgNPs are widely known for their effective antibacterial toxicity. 

AgNPs exhibit an inhibitory effect against various kinds of bacteria when used as a 

water disinfectant [2]. Medical device coated with AgNPs can reduce infection to 

patients [3, 4]. The AgNP-applied wound dressing promotes wound healing while the 

AgNP-finished fabric shows long-lasting antibacterial efficacy [5, 6].  

 The widespread use of AgNP products unavoidably releases great amounts of 

AgNPs to the water environment, mainly through wastewater systems [7]. The AgNP-

coated fabric can leach up to 20% of total Ag due to washing [8, 9]. In the sewer 

systems, AgNPs can be transported through a long distance to wastewater treatment 

plants, where a small fraction of them is not removed and gets discharged to 

environment [10, 11]. AgNPs in a river or lake can persist for a long period of time 

while slowly releasing toxic Ag
+
 [12]. The toxicity from AgNPs may be minimized 

due to reactions with other chemical species such as Cl
-
, S

2-
, or organic acids [13-15]. 

However, the transformation process might not be completed while the transformed 

AgNPs still show toxicity and Ag
+
 release [16]. 

 The mechanisms of AgNP toxicity to bacteria involve growth inhibition, 

activity suppression, cell wall and cell membrane damage, and DNA and protein 
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damage [17-20]. The level of AgNP toxicity not only depends on species of bacteria 

[21], but also varies with the properties of the particles. Smaller AgNPs exhibit higher 

toxicity due to more ROS generation [22, 23]. The toxicity also increases when the 

zeta potential or surface charge highly deviated from neutral state. More positive 

charge increases the toxicity by better interaction of AgNPs with bacterial cell 

membrane, while more negative charge increases the stability and reduces the 

agglomeration of AgNPs [24, 25]. Amount of Ag
+
 release is another key to the 

toxicity of AgNPs in water systems [26]. In wastewater treatment systems, AgNPs 

can change the bacterial community in the activated sludge system, reduce nitrifying 

activity, and affect nitrifying-gene expression [27-29]. In natural water systems, the 

effect of AgNPs on environmental bacteria includes adverse effect on protein 

synthesis, disruption of enzymatic affinity, and change in community structure [30].  

 Bacterial biofilms are a community of single- or multi-species of bacteria 

attached on surface by living in the organized structure of extracellular polymeric 

substances (EPS) [31, 32]. When in environment, bacteria normally form biofilms as 

an adaptive response to survive in diverse environments [33]. Since biofilms are the 

abundant form of environmental bacteria, the adverse effect of AgNPs in environment 

should be studied on biofilms. AgNPs have an ability to inhibit the formation of 

biofilms, diffuse into the biofilms, kill the cells inside biofilms, and reduce the 

biomass of biofilms [34-36]. However, biofilms show greater resistance to AgNPs 

compared with free-floating cells [37, 38]. 

 Studies on the effect of AgNPs have focused only on the biofilms at a single-

time point. This might lead to the inaccurate assessment of biofilm resistance to 

AgNPs since biofilms at different time points may be in different stages of maturity 
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[39-42]. Bacteria produce different organelles and EPS to attach to surface, form 

various phenotypes, and construct mature biofilms [43-45]. Biofilms at different 

maturity levels will have different cell densities, EPS amounts, and degrees of 

resistance to antimicrobial agents [46-48]. Various studies proved that resistance to 

sanitizers and antibiotics depends on the stage of biofilm maturity [48-51]. However, 

there has been no investigation on AgNP resistance of biofilms at different maturity 

stages. The mechanism of AgNP resistance of biofilms at different stages of maturity 

needs to be understood in order to better evaluate the effect of AgNPs on biofilms. 

 Biofilm characteristics also play a role in the resistance of biofilms [52, 53]. 

Different growth conditions, i.e., nutrient level, type of carbon source, carbon 

availability, and temperature can contribute to the biomass, EPS production, structure, 

and metabolic activity of biofilms [54-58]. When growing under different conditions, 

biofilms probably exhibit different AgNP resistance due to the characteristic 

variations even though they are in the same stage of maturity.  

 To evaluate the toxicity of AgNPs on environmental biofilms, the question on 

how biofilms resist to AgNPs must be answered. The findings from this research will 

provide more understandings on the biofilm resistance to AgNPs and roles of stage of 

maturity, biofilm characteristics, and AgNP properties in the resistance to AgNPs of 

biofilms.  
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1.2) Objectives 

 The main objective of this research is to investigate the AgNP resistance in 

biofilms. The specific objectives include: 

1. To investigate the impact of AgNPs on biofilms at different stages of maturity; 

2. To determine the effect of AgNPs on biofilms with different physical 

characteristics; and 

3. To determine the effect of AgNP properties on the toxicity to biofilms. 

1.3) Hypotheses 

1. Biofilms in older stages are more resistant to AgNPs than biofilms in earlier 

stages.  

2. Mature biofilms that have higher thickness, higher biomass volume, less 

surface to volume ratio, and less roughness are more resistant to AgNPs. 

3. Biofilms are less resistant to AgNPs with more positive or negative surface 

charges and higher Ag
+
 release. 

 



 

  

18 

Chapter 2  

Literature Review 

2.1) Silver nanoparticles 

 Silver nanoparticles are the nanoparticles of zero valent silver in a size range 

of 1 to 100 nm. Due to their small size, the surface area of AgNPs is relatively high, 

which substantially enhances their antibacterial property [59]. AgNPs have been 

widely used because of their high antimicrobial property and flexible applications 

than Ag
+
 [60].  

2.1.1) Synthesis of AgNPs 

 AgNPs can be produced via many reactions such as the reaction between 

sodium borohydride (NaBH4) and silver nitrate (AgNO3) [22, 61-63], the reaction 

between AgNO3, hydrazine hydrate, sodium citrate, and SDS [64], or the UV-

photoreduction method [65]. AgNPs can also be synthesized on material such as 

fabric [66]. To increase the stability of AgNPs, a polymer is normally used as a 

stabilizing agent in the synthesis [67]. 

2.1.2) AgNP applications 

 Various applications of AgNPs include medical device coating, textile fabrics 

medical products, and water disinfection [68]. 

 2.1.2.1) Coatings 

  AgNPs are coated on the surface of material for the purpose of 

inhibition of cell growth and biofilm formation. Rivero et al. [69] fabricated AgNPs 

on the top of the fiber membrane. The AgNP-coated membrane showed high 

antibacterial efficiency over 99.99%. Medical devices coated with AgNPs can reduce 
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the chance of infection to patients. Roe et al. [70] found that the catheters coated with 

AgNPs are able to inhibit both cell growth and biofilm formation. Although some Ag
+
 

was released during the implanting period on a mouse, the catheters were 

considerably safe since no organ accumulation was observed and low accumulation 

was found at the implanted area. 

 2.1.2.2) Fabrication 

  El-Rafie et al. [66] synthesized and applied AgNPs on cotton fabric. 

The fabric showed high antibacterial properties, which were reduced after repeated 

washing. Therefore, a binder was incorporated into the fabric to withstand the 

washing process and enhance the antibacterial property. The AgNPs proved to be 

useful for medical purposes. The Ag wound cloth showed an effective treatment of 

biofilms [71]. The cell viability was reduced after the treatment. Even though some 

cells survived the treatment and were able to re-grow, they were susceptible to 

antibiotic treatment while the non Ag-treated biofilms were resistant. 

 2.1.2.3) Medicine 

  AgNPs can be used along with antibiotics to enhance their antibacterial 

activity. Fayaz et al. [72] observed the synergistic effects of AgNPs and antibiotics 

and found the increased antibacterial activities of ampicillin, erythromycin, 

kanamycin, and chloramphenicol against the Gram-positive and Gram-negative 

strains of bacteria. 

 2.1.2.4) Water disinfection 

  AgNPs are used in water treatment systems as a disinfectant. The 

application of AgNP-paper in percolation can reduce the cell number and inhibit the 
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re-growth of bacteria [73]. The Ag
+
 amount left in the effluent was below the standard 

level and considered safe.  

2.1.3) Fate and transport of AgNPs 

 The release of AgNPs from commercial clothing is possible as shown in the 

study of Benn and Werterhoff [74] on commercial socks, which represent the 

household sources of AgNPs. Higher numbers and longer time of washing led to 

higher amounts of silver released from the socks. Ag was observed in both ion and 

colloidal forms. Geranio et al. [75] reported that Ag can be released from the coated 

textiles in the washing conditions (high pH and the presence of surfactants). The use 

of bleaching agents can also induce the rate of release. The form and the amount of 

released Ag depend on the types of fabric and how Ag was incorporated into the 

fabric.  

 Apart from household products, AgNPs can be released from laboratories, film 

and print production, dentists and hospitals, galvanic and electroplating work, 

production of circuit boards, and catalyst production [76]. Blaser et al. [77] presented 

the Ag flows from the use of AgNPs incorporated plastics and textiles (Figure 1). The 

use of AgNP products causes the release of Ag
+
 and nanoparticles into water. AgNPs 

can travel further to the sewer system. Kaegi et al. [11] found that AgNPs did not 

aggregate in the sewer system but attached on larger organic constituents, and can be 

transported to the wastewater treatment plant. 

 Wang et al. [78] stated that the nanomaterial should have less to no adverse 

effect on the biological wastewater treatment systems. However, it should be noted 

that the concentrations used in the study were relatively low and may not involve all 

of the situations of nanoparticle release. Another study shows that the AgNPs not 
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removed by the sedimentation process can enter the activated sludge system and 

possibly affect the ammonia-oxidizing population and reduce their nitrification 

activity [27].  

 In the conditions where there is a reduced and sulfur-rich environment, AgNPs 

will aggregate with sulfur to form nanosized silver sulfide crystals (Ag2S) [79]. This 

process is called sulfidation. AgNPs in the sewer system will be sulfidized while they 

are transported to the wastewater treatment plant. However, the sulfidation may not be 

complete, and a small fraction of AgNPs can be released to the surface water [11]. 

 

 

Figure 1 The flows of Ag from AgNP applications. TWT = thermal waste 

treatment; STP = sewage treatment plant. 
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 When released into natural freshwater, AgNPs can be transformed to Ag2S, 

AgCl or nano-Ag
0
 species depending on the transformation process by 

organic/inorganic ligands [80]. An increase in ionic strength can induce AgNP 

aggregation, fractal dimension, and release of Ag
+
 [14]. However, high toxicity of 

AgNPs was found in the high ionic strength conditions. 

 AgNPs can interact with other natural compounds such as clays, biomass, and 

natural organic matter (NOM). The effect of NOM on the stability and toxicity of 

AgNPs was studied by Gao et al. [15]. Suwannee River humic acid (SRHA) was used 

as the NOM in the study. The properties or stability of AgNPs were determined from 

zeta potential, particle size distribution, and suspended particle concentration after 

mixing with SRHA. The results showed that low concentrations of SRHA helped 

stabilizing AgNPs whereas higher concentrations induced aggregation. SRHA was not 

found to significantly influence Ag dissolution. The toxicity of AgNPs also decreased 

with higher SRHA concentrations.  

2.1.4) AgNP toxicity 

 2.1.4.1) Toxicity to humans 

  One of the reasons that AgNPs are applied in many consumer products 

is that they have been considered safe for human health. However, many studies have 

found the effect of AgNPs on human cells. Gaiser et al. [81] observed the in vivo and 

in vitro toxicity of AgNPs on human and animal cells. The results showed the dose-

dependent toxicity and the uptake of AgNPs into the human cells.  

 Beer et al. [82] studied the toxicity of AgNPs on lung cells by focusing on the 

Ag
+
 fraction. The AgNPs with higher Ag

+
 fraction exhibited higher toxicity. When 

the Ag
+
 fraction was high, the toxicity from AgNPs and Ag

+
 was similar. No 
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significantly different apoptosis and necrosis were observed between Ag
+
-treated, 

AgNP-treated, and control cells. The accumulation of Ag might cause a group of 

diseases called Amyloidoses; however, only limited data for Ag
+
 were provided while 

the data for AgNPs is yet to be obtained [59].  

 2.1.4.2) Toxicity to aquatic organisms 

  AgNPs accumulate and cause abnormal swimming to the crustacean, 

D. magna [83]. AgNPs in a colloidal form showed similar toxicity to Ag
+
, which is 

higher than the toxicity of AgNPs in a powder form. Even though the Ag
+
 is an 

important mechanism of AgNP toxicity to aquatic organisms, it was found that some 

organisms can accumulate different degree of Ag
+
, resulting in different toxicity [84]. 

 2.1.4.3) Toxicity to microorganisms 

  Similar to Ag
+
, AgNPs show high toxicity to microorganisms. Guzman 

et al. [64] observed the antibacterial activity of synthesized AgNPs on different 

species of bacteria. The concentrations of reducing agents used for the synthesis 

contributed to the antibacterial activity. The AgNPs showed good antibacterial 

activity on all of the bacteria. The smaller size particles had more toxicity.  

 The toxicity of AgNPs to bacterial community was observed by Das et al. 

[30]. After the exposure, four responses of the phenotypes were observed: intolerant, 

impacted but recovering, tolerant, and stimulated phenotypes. AgNPs affected the 

total bacteria number, metabolic respiration, bacterial production, and the community 

structure.  

 Some bacteria are tolerant to AgNPs. Khan et al. [85] investigated the 

tolerance of bacteria from the sewage environment to AgNPs. No AgNP toxicity was 
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observed on the tolerant strain isolated from the sewage. Also, the released Ag
+
 did 

not cause growth reduction. 

2.2) Effect of AgNPs on bacteria 

2.2.1) Mechanisms of AgNP toxicity to bacteria 

 The mechanisms of AgNP toxicity include cell wall and membrane damage, 

DNA and protein damage, activity inhibition, growth inhibition, and inhibition of 

biofilm formation. 

 2.2.1.1) Cell wall and cell membrane damage 

  AgNPs can cause the formation of pits on the cell wall of bacteria [86]. 

However, they can not rupture the outer and cytoplasmic membrane [87]. Song et al. 

[67] found the separation of cytoplasm from the cell wall, and AgNPs could inhibit 

the cell wall synthesis. Also, AgNPs in cytoplasm induced the metabolic disturbance 

in the cell. The hydrophobicity of cells plays a role in AgNP diffusion into the cell. 

Habimana et al. [88] used an enzyme to adjust the cell wall surface from hydrophilic 

to be more hydrophobic. Smaller fraction of AgNPs was able to diffuse through the 

cell wall in the presence of the enzyme, suggesting that the change in cell wall 

property to be more hydrophobic can reduce the toxicity of AgNPs. 

 2.2.1.2) DNA and protein damage 

  AgNPs caused the DNA strand-breaking activity on the plasmid DNA, 

which was observed by the change of plasmid from the dense forms to the open forms 

[89]. The effect of AgNPs on DNA of Gram-negative bacteria (Escherichia coli) was 

reported by Radzig et al. [20]. The mechanism of DNA damage was observed by 

determining the resistance of the mutants deficient in genes relating to DNA repair. 

Bacteria are less resistant to AgNPs when they had mutation in these genes. 
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Moreover, AgNPs can affect membrane protein of bacteria as observed by the gene 

responded to AgNP exposure [90]. For nitrifying bacteria, AgNPs can inhibit the 

functions of proteins responsible for biosynthesis, energy production, and nitrification 

[28]. 

 2.2.1.3) Activity inhibition 

  AgNPs can inhibit the respiration and biogas production of bacterial 

community in wastewater [18]. In the activated sludge system, AgNPs can inhibit 

nitrification activity, leading to the change of ammonia-oxidizing bacteria population 

[27]. The AgNP toxicity to the nitrifying activity can vary depending on the coating 

materials, which affect the aggregation of AgNPs and the Ag
+
 release [28].  

 AgNPs were found to be less toxic to nitrogen-cycling bacteria (denitrifier, 

nitrogen fixer, and nitrifier groups) than Ag
+
 [29]. Among three types of bacteria, 

nitrifying bacteria was the most susceptible to AgNPs. No significant effect of AgNPs 

was observed in the expression of denitrifying genes, whereas the nitrifying genes 

(ammonia monooxygenase) were upregulated after exposed to a sublethal dose of 

AgNPs. 

 In natural water conditions, AgNPs can affect the protein synthesis and 

hydrolysis affinity of two extracellular enzymes (aminopeptidase and alkaline 

phosphatase) [91]. The effect of AgNPs does not differ significantly among different 

water types. The effect of AgNPs is also influenced by the adenosine triphosphate 

(ATP) activity of the cells; the addition of ATP inhibitors increases the toxicity of 

AgNPs [92]. 
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 2.2.1.4) Growth inhibition 

  Staphylococcus aureus, E. coli, and Pseudomonas aeruginosa showed 

extended lag phase after the cells are exposed to AgNPs. The longer lag phase was 

observed at higher AgNP concentrations [93]. The growth of bacteria is also 

dependent on AgNP concentration. The higher concentration results in the extended 

lag phase of growth; however, the cells recovery from AgNP exposure have higher 

growth rate when compared to the unexposed cells [17]. Siddhartha et al. [94] found a 

clear extended lag phase in Gram-negative bacteria but not in Gram-positive in the 

presence of AgNPs. Only partial growth inhibition was found in Gram-positive 

bacteria. Higher doses resulted in longer lag phase in Gram negative but shorter lag 

phase in Gram positive. When AgNPs are sulfidized, the size and aggregation state of 

AgNPs affect the properties and products from sulfidation, which influence the 

bacterial growth inhibition [13]. 

  2.2.1.5) Inhibition of biofilm formation 

  The planktonic bacterial cells pretreated with AgNPs form less amount 

of biofilms compared to the non-treated cells. The biofilms have less biomass and 

viability when forming in higher AgNP concentrations [95]. The effect of AgNPs on 

biofilms is not only dose-dependent but also cell number-dependent [65]. Both 

AgNPs and Ag
+
 show similar inhibition of biofilm formation and are able to reduce 

the cell viability in full-grown biofilms [20]. 

2.2.2) Effect of AgNP properties on antimicrobial toxicity 

 The toxicity of AgNPs also depends on the properties of AgNPs, which are 

Ag
+
 release, particle size, surface charge, and reactive species generation. 
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 2.2.2.1) Effect of Ag
+
 release 

  Ag
+
 can be released from AgNPs by the following redox reaction [96]: 

   2Ag(s) + 1/2O2 + 2H
+
  2Ag

+
 + H2O  

 The Ag
+
 released provides more toxicity than the AgNPs.  Park et al. [35] 

found that Ag
+
 is more toxic to biofilms than AgNPs. In static conditions, AgNPs 

show less biofilm inactivation and biosorption than Ag
+
 at the same concentration. 

However, the effect of AgNPs increases in dynamic conditions. The toxicity of 

AgNPs depends on biosorption whereas the toxicity of Ag
+
 depends on the exposure 

time. Ag
+
 is released more at the room temperature (25°C) than the higher 

temperature (37°C) [26]. Low AgNP concentrations allow for more Ag
+
 release. The 

Ag
+
 is slowly released from the AgNPs; therefore, the old age and long kept AgNPs 

are highly toxic because of high Ag
+
 amount.  

 2.2.2.2) Effect of size 

  Gajjar et al. [97] found that size and AgNP aggregation play an 

important role to the AgNP toxicity. Smaller AgNPs will have less aggregation, 

leading to higher toxicity that the bulk Ag. Sotiriou and Pratsinis [98] also found that 

the smaller size of AgNPs has higher Ag
+
 release, and the effect is mainly from the 

Ag
+
. Also, small size AgNPs are able to generate more cellular ROS, resulting in 

more toxicity to metabolic activity, cell membrane integrity, inflammatory, and 

genotoxicity of cells [99]. 

 2.2.2.3) Effect of surface charge 

  A study on Gram-positive bacteria revealed that the toxicity of AgNPs 

is more related to the surface charges than the size [24]. The charge of AgNPs can 

induce or reduce the physical contact between the particles and the cells. More 
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positively-charged AgNPs show high toxicity to Gram-positive bacteria due to the 

attractive force between the positive charges and the negative cell membrane of 

bacteria, leading to more contact between the particles and the cells. However, the 

negatively-charged AgNPs can still interact with negative bacterial membrane and 

exhibit high toxicity against E. coli [86]. It is stated that when the net charge of the 

particles is non-zero, the particles have repulsion forces according to the same 

charges, which results in stability of the particles [100]. Therefore, positively- or 

negatively-charged AgNPs show higher toxicity when compared to more neutral 

charged AgNPs due to less aggregation of the particles. Samberg et al. [25] found that 

AgNPs with higher negative charges form stable dispersions in solution while lower 

negative charges result in more agglomeration of AgNPs. 

 2.2.2.4) Effect of reactive species 

  Generation of reactive species, such as hydroxyl radical (●OH) and 

ROS, is proposed to be an important mechanism of AgNP toxicity. In a study of the 

synergistic effect of AgNPs and antibiotics, AgNPs generated ●OH, which could play 

a role in the toxicity [92]. According to Hwang et al. [90], AgNPs can produce 

superoxide radicals. The role of superoxide radicals was proven by the superoxide 

radical (28xop) gene expression and the reduced toxicity after adding an enzyme 

specific to the radical. Dimkpa et al. [87] found that Ag
+
 release and H2O2 production 

contribute to the toxicity of AgNPs, but no ●OH production was found. ROS was 

highly generated from AgNPs at higher temperatures, and adding antioxidant and 

ROS scavenger was able to reduce the toxicity of AgNPs [101]. The aerobic 

conditions allow more toxicity from ROS than the anaerobic conditions. 
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2.2.3) AgNP toxicity on bacterial biofilms 

 AgNPs are able to inhibit biofilm formation and diminish the established 

biofilms. Martinez-Gutierrez et al. [102] showed that Gram-negative biofilms are 

more susceptible to AgNPs than Gram-positive biofilms. The effect of AgNPs on 

biofilms was also dose-dependent. Choi et al. [37] found that the biofilm cells are 

resistant to AgNPs more than planktonic cells, but the results are opposite in the case 

of Ag
+
. This might be due to the aggregation of particles in extracellular matrix. 

AgNPs were able to penetrate into biofilms as deep as Ag
+
. It was suggested that the 

biofilm resistance comes from the reduced diffusive transport of AgNPs into the 

biofilms since the aggregation was found in the biofilms.  

 The effects of AgNPs on natural marine biofilms include decreases in 

biomass, thickness, and volume of the biofilms [103]. The uptake of AgNPs into the 

marine biofilms increased with the dose. AgNPs could affect the community structure 

of biofilms. The impact of AgNPs and Ag
+
 on biofilms is reduced in the presence of 

humic acid, which may be due to the effect of complexation between humic acid and 

AgNPs or Ag
+
 [104]. 

2.3) Biofilm formation 

 Biofilms are clusters of bacteria embedded in EPS. EPS are biosynthetic 

polymers produced by the bacteria and are localized at or outside the bacterial cell 

surface and consist of various high molecular weight organic macromolecules such as 

polysaccharides, proteins, nucleic acids along with other nonpolymeric constituents of 

low molecular weight [105]. Biofilms can be made up of single or multiple species of 

bacteria [106]. Jefferson [107] discussed that bacteria form biofilms because of four 

reasons: (1) Protection from harmful conditions or stresses, (2) Inhabitation due to 
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favorable conditions, (3) Benefit of community behavior, and (4) The default mode of 

growth. 

 Growth conditions can affect the biofilm formation. Increases in C/N 

availability and nutrients strongly influence the rate and amount of biofilm 

colonization and accumulation [55]. The temperature can affect the phenotypes and 

EPS production of biofilms [108]. Too acidic or basic in pH results in less biofilm 

formation [109]. The hydrophobicity and roughness of the surface also have an effect 

on biofilm formation: the most hydrophobic and rough surface induce more biofilm 

formation [110].  

 Antibacterial agents can also influence the adhesion of bacteria and formation 

of biofilms. Hoffman et al. [111] observed increased cell number and biomass of P. 

aeruginosa and E. coli strains when adding aminoglycoside antibiotics. The degree of 

biofilm induction by antibiotics varies between bacterial species and types of 

antibiotics [112]. Another study conducted by Schreiber and Szewzyk [113] showed 

that the environmental-level concentrations of some pharmaceuticals (phenazone, 

amoxicillin, and erythromycin) influenced the adhesion of bacteria onto the surfaces. 

They also found that the initial adhesion of biofilms depends on the concentration of 

antibiotics and the adhesion surfaces. 

 In order to form biofilms, bacteria need to develop themselves through various 

steps. Watnick and Kolter [43] proposed the steps for biofilm formation. First, 

bacteria move to a surface via slow motility, then biofilm originates when the cells 

attached to the surface. In order to become a biofilm community, bacteria must 

repress their synthesis of the organelles used for motility, and produce 

30xopolysaccharides to establish the biofilm structure. When biofilm is developed to 
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have high thickness, the growth rate may be slow due to limited area and high density 

of population. Occasionally, the biofilm bacteria detach from the biofilm matrix. 

 Similar to the stages of formation described above, Sauer et al. [44] 

characterized five stages of biofilm development. The first stage is reversible 

attachment, which involves attachment of flagella to the surface. The second stage is 

irreversible attachment, which occurs when cells begin their development and the 

mobility is stopped. The third stage, maturation-1, is characterized when cell clusters 

become layered, followed by maturation-2 in the fourth stage as the maximum 

thickness of biofilm is reached. The fifth stage is called dispersion and is observed 

when cell clusters undergo alterations in their structure due to the dispersion of 

bacteria from their interior portions.  

 The gene expression patterns change with time during biofilm development, 

which may be divided into 4 groups of functions [114, 115]: 

 (1) Switching from planktonic cells to attached cells. For example, fliA gene 

controls the flagella synthesis, which are important to initial attachment of bacteria on 

surface during the irreversible stage of biofilm formation [116]. 

 (2) Polysaccharide production. For example, in Pseudomonas aeruginosa 

PAO1, Psl and Pel exopolysaccharides are required for biofilm formation. The 

production is regulated by the rsm gene clusters, which are controlled by various 

systems responding to environmental conditions [117]. 

 (3) Stationary phase-cell characteristics. For example, RpoS, which is a sigma 

factor expressed during the stationary phase cells of E. coli, is also expressed during 

biofilm formation to form unimpaired biofilms [118].   
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 (4) Activation of stress-response pathways. This is because stress is developed 

within mature biofilms, so bacteria need to stabilize the biofilms by stress-response 

functions such as DNA repairing (RecO in Listeria monocytogenes) and oxidation 

stress response (SodB in P. aeruginosa) [44, 119]. 

2.4) EPS of biofilms 

 EPS are divided into bound EPS and soluble EPS based on their physical state. 

The soluble EPS are actively secreted by bacteria and are biodegradable, while the 

bound EPS are inert biomass or are remnants resulting from cell lysis. Soluble EPS 

can be extracted by centrifugation alone, while the bound one requires additional 

methods [120]. Production of EPS by bacteria depends on various factors such as 

microbial species, phases of growth, nutritional status and the environmental 

conditions. Mostly, the production is induced by the environmental stressful 

conditions; however, biofilms can be developed in laboratory by controlling the 

nutrient status. 

 Variations of EPS components and characteristics depend on bacterial cells, 

shear forces, temperature, and nutrients [121]. Basically, biofilm EPS contain mostly 

polysaccharide [122]. The exopolysaccharides represent a major component of the 

macromolecules in EPS, which accounts for 40-95% of the microbial EPS [123]. 

They are differentiated as homo- and heteropolysaccharides. While the 

homopolysaccharides are neutral, the majority of the heteropolysaccharides are 

polyanionic due to the presence of either uronic acids (glucuronic acid, galacturonic 

acid and mannuronic acid) or ketal-linked pyruvate [105].  

 EPS consists of not only polysaccharides but also proteins, glycoproteins, 

glycolipids, and in some cases extracellular DNA [124]. Different components of EPS 
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have different functions to biofilms as shown in Table 1. The composition of EPS can 

vary among the biofilms at different stages of maturity [125]. Instead of 

polysaccharides, proteins are also the major fraction of EPS in the biofilms of some 

bacteria [126]. Proteins are usually found in the inner layers of biofilm closed to 

bacteria cells; therefore, the measurement of exact amount of proteins can be affected 

by proteins from cell lysis during the extraction [127]. The function of proteins in 

biofilm matrix is primarily associated with the cell attachment and biofilm 

development. In addition, proteins are found as exoenzymes in the EPS of biofilm 

[128]. 

 

Table 1 Functions of EPS of bacterial biofilms 

Effect of EPS component Type of EPS component Role in biofilm 

Constructive Neutral polysaccharides 

 

 

Amyloids 

Aggregation of cells 

Structural component 

Protective barrier 

Structural component 

Sorptive Charged or hydrophobic 

polysaccharides 

Ion exchange 

Sorption of inorganic 

ions 

Active Extracellular enzymes Polymer degradation 

Enzymatic activity 

Surface-active Amphiphilic 

Membrane vesicles 

Interface interactions 

Export from cell, 

sorption 

Informative Lectins 

Nucleic acids 

Specificity, recognition 

Genetic information, 

structure 

Redox active  Bacterial refractory 

polymers 

Electron donor or 

acceptor 

Nutritive Various polymers Source of C, N, P 

Summarized from Flemming and Wingender [123], and Neu and Lawrence [129]. 
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 Other EPS constituents are in smaller quantities such as lipids, humic 

substances, and extracellular DNA. Extracellular DNA had been considered to be a 

remnant of lysed cells, but was found to be in high quantity and to play a part in 

biofilm structure [124]. Whitchurch et al. [130] studied the biofilm formation of P. 

aeruginosa and discovered that the majority of extracellular material was not 

34xopolysaccharides but DNA. The addition of enzyme Dnase I to the culture 

medium could inhibit biofilm development. They concluded that extracellular DNA is 

required for the development of P. aeruginosa biofilms, and it may play a functional 

role in the biofilms. 

 Other roles of EPS include: 

 (1) EPS helps to initiate biofilm formation. According to the study by Schurr 

[131], the initial stage of P. aeruginosa biofilm formation requires the production of 

polysaccharide components (Pel and Psl) while alginate is required in the later stages 

of biofilms.  

 (2) EPS contributes to the biofilm stability. Nilsson and Chiang [132] studied 

two novel putative exopolysaccharides gene clusters: pea and peb, which influence 

the biofilm stability. The results showed that the biofilms lacking one of these clusters 

have less biomass. The biofilm stability also decreased when treating with sodium 

dodecyl sulfate, which might be due to the loss of connecting components for the 

structure of biofilms; on the other hand, biofilm was able to withstand a washout 

when pea or peb cluster was expressed. 

 (3) EPS mitigates the effect of antibacterial agents. Some functional groups in 

the extracellular proteins of biofilms can bind to AgNPs, leading to the adsorption 

between the proteins and AgNPs, and the reduction in toxicity [133]. 
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2.5) Mechanisms of biofilm resistance 

 Biofilms are known for their resistance to toxic substances such as antibiotics, 

chlorine, and detergents [134]. Several mechanisms contribute to the resistance of 

biofilms including the physical barrier of the biomass, the chemical barrier of the EPS 

component, the activation of the stress-response, and the resistance of cells inside 

biofilms due to the limiting nutrients [106]. 

2.5.1) Physical Barrier 

 The biofilm structure may reduce the penetration of antimicrobial agents by 

acting as a physical barrier [31]. The 35xopolysaccharides matrix has been found to 

be a partial barrier but not an impenetrable barrier to antimicrobial agents and other 

mechanisms should also be involved in the resistance [106]. Sheng and Liu [38] 

studied the effect of AgNPs on biofilms and proposed the physical protection as one 

of the possible mechanisms of biofilm tolerance to AgNPs. 

2.5.2) EPS interactions 

 This mechanism includes the binding of antimicrobial agents by EPS 

components such as negatively charged phosphate, sulfate, and carboxylic acid groups 

[135]. In this way, the EPS of biofilms acts as an adsorbent or reactant, which reduces 

the amount of antimicrobial agents available to the inner cells [31]. Joshi et al. [136] 

investigated increased resistance of bacteria to AgNPs when EPS was present. The 

EPS overproducing bacteria showed higher survival against AgNPs. AgNPs are 

aggregated via EPS, resulting an increase in the hydrodynamic size. The aggregation 

of AgNPs via EPS is also shown by Choi et al. [37]. AgNPs aggregated within the 

matrix of biofilms, leading to their reduced transport and effect on biofilms. 
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2.5.3) Stress response mechanisms 

 Cell-to-cell signaling or quorum sensing has been demonstrated to play an 

important role in biofilm attachment, development, and resistance [137-139]. Quorum 

sensing may control important genes for increasing the resistance. As bacterial density 

increases, the quorum sensing is induced. Groups of N-acylated homoserine lactones 

(AHLs) are released in order to induce the transcription of specific genes, which may 

lead to the responsive activities to antimicrobial agents [31]. Hassett et al. [138] 

studied the quorum sensing in P. aeruginosa and found that it can control gene 

expression for producing catalases to reduce effects from hydrogen peroxide. 

Moreover, catalase activity that was not altered by quorum sensing in free cells had 

less resistance to hydrogen peroxide than biofilm cells. The central regulator for the 

stress response in biofilms was thought to be a sigma factor RpoS, which might also 

be related to quorum sensing as well [106]. 

2.5.4) Resistance of biofilm cells 

 Bacteria in the substratum of biofilms are limited to nutrients, so they have 

slow growth rates or no growth [48]. The reduced growth and metabolic rates of 

bacteria inside biofilms make them less susceptible to antimicrobial agents [31]. 

These slow-growing biofilms have the mechanisms of antibiotic resistance similar to 

planktonic cells in stationary phase [140]. Also, a fraction of population in biofilms 

might be changed to persister cells [141]. In E. coli biofilms, the persister cells show 

no growth and exhibit multidrug tolerance [142]. 
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Chapter 3  

Stage of Biofilm Maturity and Silver Nanoparticle Resistance 

3.1) Introduction 

 The uses of AgNPs as an antibacterial agent pose a risk of widespread release 

to the environment and negative impact on beneficial bacteria in the ecosystems [12]. 

To determine the antibacterial effectiveness of AgNPs and consequences of their 

release, studying the effect of AgNPs on biofilms is important because bacteria are 

often present in biofilm communities. Compared to planktonic cells, biofilm cells 

have different phenotypes and genotypes, which leads to specific biological activities, 

metabolic pathways, and stress response [143]. The genes expressed in biofilms 

include functions related to surface attachment, transition to stationary phase-like 

cells, and EPS production [115].  

 EPS of biofilms, which comprises polysaccharides, proteins, nucleic acids, 

and other macromolecules, can act as a supporting structure for bacterial adherence to 

surfaces and access to nutrients [105]. It also protects against antimicrobial agents 

[144]. However, AgNPs show an ability to eradicate bacterial biofilms. It was found 

that AgNPs are more toxic to phototrophic biofilms than Ag ions and are able to 

diminish biomass of the biofilms [145]. Smaller AgNPs can reduce more biomass and 

viability of biofilms due to better penetration into the EPS matrix [146]. The ability of 

AgNPs to inactivate biofilms also increases in dynamic conditions due to increased 

biosorption [35]. Still, mature biofilms have mechanisms to tolerate AgNPs by using 

EPS-mediated trapping, aggregation, and reduced diffusion of AgNPs [36-38, 136]. 
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 During biofilm formation, biofilms develop themselves to different stages. 

There are at least four stages of biofilm formation: planktonic, attachment (reversible 

and irreversible), maturation (microcolonies and macrocolonies), and dispersion 

[147]. These stages occur dynamically during biofilm formation. The formation of 

various phenotypes related to each stage is regulated by different gene expressions. 

First, bacteria use organelles such as flagella to move onto the surface. To attach to 

surface, the flagella genes are repressed followed by the expressions of adhesion 

proteins such as curli, pilli, and type I fimbriae [45, 114]. After irreversibly attached 

to the surface, exopolysaccharides biosynthesis genes are expressed to produce EPS 

components such as capsule and alginate to construct mature biofilms [45, 148]. Since 

biofilms show different characteristics during maturation, biofilms in different stages 

may have different susceptibility to AgNPs.  

 Various studies have proven that biofilms in different stages show different 

levels of susceptibility to other antimicrobial agents. Tré-Hardy et al. [49] studied the 

co-administration of antibiotics on biofilms at different stages of maturation. They 

found that more mature biofilms were less susceptible to antibiotics. Other studies 

have shown that older biofilms are less susceptible to chlorhexidine and various 

sanitizers [50, 51]. However, the effect of biofilm maturity on their susceptibility to 

AgNPs has not yet been elucidated and should be studied in order to understand the 

adverse effect of AgNPs on environmental biofilms.  

 The objective of this part of the research is to determine the AgNPs resistance 

of Pseudomonas putida KT2440 biofilms at different stages of maturity. P. putida 

KT2440 was selected because it is an effective biofilm-producer found in soil and 

aquatic environments, and comprehensive physiological and genetic data are available 
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[149, 150]. Firstly, AgNPs were synthesized and determined for their characteristics. 

Secondly, biofilm maturation was observed in biofilms grown under static (96-well 

plate) and dynamic (Center for Disease Control and Prevention (CDC) biofilm 

reactor) conditions. Lastly, biofilms at different maturation stages were exposed to 

AgNPs and the effect on biofilm viability was determined. The framework of the 

experiments is shown in Figure 2. 

3.2) Methodology 

3.2.1) Synthesis and characterizations of AgNPs 

 AgNPs were synthesized according to the method by Choi et al. [62], using 

sodium borohydride to reduce silver nitrate with 0.06% of polyvinyl alcohol (PVA) as 

a capping agent. The equation of the reaction is as follows: 

AgNO3  +  NaBH4   ½ H2  +  ½ B2H6  +  NaNO3 + Ag (nano) 

 

Figure 2 Experimental framework of part one of the research 
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 The concentration of total Ag from the calculation was 26.3 mg/l. The 

formation of AgNPs was verified by scanning the absorbance of the solution between 

250 and 700 nm with a UV-vis spectrophotometer [151]. The particles were 

characterized for size and zeta potential using a zetasizer (Malvern Instruments, 

Worcestershire, UK). To measure the amount of Ag ion, the AgNPs solution was 

centrifuged at 165,000× g, 4°C, for 1 h [82]. The supernatant was collected and 

dissolved with HNO3 before measurement by inductively coupled plasma mass 

spectrometry (ICP-MS).  

 The toxicity of the synthesized AgNPs was tested from addition of the AgNPs 

to the 96-well plate with a bacterial culture before determining the biofilm formation 

at 24 h. The method for culture preparation, biofilm formation and determination of 

biofilm amount are described in the following subsections.  

 To observe the release of Ag
+
 under experimental conditions, an experiment 

was performed using a polystyrene, flat-bottom, 6-well plate (Thermo Scientific). 

Each well contained 5 ml of and 50 μl of the P. putida KT2440 inoculum prepared 

according to the next subsection. The plate was incubated at room temperature (20°C) 

without shaking for 24 h to allow biofilm formation. After that, 4 ml of media was 

removed before adding 4 ml of AgNPs. The plate was incubated further at room 

temperature. After 48 h of exposure, the media was taken for total Ag and Ag
+
 

measurements by ICP-MS. 

3.2.2) Bacterial strain and culture preparation 

 Before each experiment, P. putida KT2440 (ATCC 47054) was cultivated at 

37°C overnight in Luria-Bertani (LB) medium. The suspension was centrifuged and 

the pellet was re-suspended in phosphate buffer saline (PBS). The optical density of 
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the culture, measured at 600 nm (OD600), was adjusted to 0.4 with PBS 

(approximately 10
7
 CFU/ml) before use as an inoculum in experiments. 

3.2.3) Biofilm formation 

 A polystyrene, flat-bottom, 96-well microtiter plate (Greiner Bio-One, 

Frickenhausen, Germany) was used to support biofilm formation under static 

conditions. Each well contained 100 µl of 1X LB medium (final concentration = 

0.5X), 95 µl of deionized (DI) water, and 5 µl of the prepared P. putida KT2440 

inoculum. The plate was incubated at room temperature without shaking to allow 

biofilm formation. 

 A CDC biofilm reactor (Model 90-1, Biosurface Technologies, Bozeman, MT) 

was used to examine biofilm formation under dynamic conditions. The reactor is a 

one-liter glass vessel with a lid that can hold 8 polyethylene rods. Each rod holds 

three removable polycarbonate coupons serving as biofilm growth surfaces. The 

reactor and its components are shown in Figure A-1, Appendix. One milliliter of the 

P. putida KT2440 inoculum was pipetted into the reactor containing 500 ml of 0.5X 

LB medium. The reactor was operated in a batch mode (100 rpm stirring) and was 

kept at room temperature to allow biofilm formation. 

3.2.4) Adenosine triphosphate (ATP) assay 

 An ATP based BacTiter-Glo
TM

 microbial cell viability assay (Promega, 

Madison, WI) was used to monitor changes in bacterial activity during biofilm 

formation [152]. In 96-well plates, ATP concentration was measured every 3 h for the 

first 24 h and every 12 h between 24 and 72 h. Media was removed and the biofilm 

was rinsed twice with 200 µl of PBS. One hundred microliters of BacTiter-Glo
TM

 

reagent was added to the well and mixed briefly with the biofilm by pipetting. After 



 

  

42 

incubation at room temperature for 5 min, the bioluminescence was measured as 

relative light units (RLU) using a TD-20/20 luminometer (Turner Designs, Sunnyvale, 

CA). 

 Under CDC reactor conditions, the ATP concentration was measured every 12 

h for 72 h. A rod was removed from the reactor and carefully dipped in two 

consecutive tubes containing 25 ml of PBS to remove the planktonic cells. The three 

coupons on each rod represented three replicates for the same time point. Each 

coupon was removed and put in a tube containing 2.5 ml of PBS. The biofilm was 

detached from the coupon by vortex mixing for 30 s. One hundred microliters of 

BacTiter-Glo
TM

 reagent was mixed with 100 µl of the cell suspension before 

measuring the bioluminescence as described above.  

3.2.5) Biofilm amount 

 Two different methods were used for determination of biofilm amount in the 

96-well plate and the CDC reactor. The biofilm amount in a 96-well plate was 

quantified by crystal violet (CV) staining according to the method by Sule et al. [152]. 

In the CDC reactor, the biofilm amount was determined from total carbohydrate by a 

phenol-sulfuric acid method modified from Masuko et al. [153]. The samples were 

prepared by the method described in the ATP assay subsection. A 1.5 ml aliquot of 

concentrated H2SO4 was added to 500 µl of the sample and incubated for 30 min. A 

300 µl aliquot of 5% (w/v) phenol in water was added, and the sample was heated at 

90°C in a water bath for 10 min. The sample was cooled at room temperature for 15 

min before measuring the absorbance at 492 nm. 
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3.2.6) RNA extraction and qPCR 

 To extract RNA from the 96-well plate, media was removed and the biofilms 

were rinsed twice with PBS. One hundred microliters of PBS were added to each well 

and the biofilms were scraped with an inoculating needle. Disrupted biofilms were 

removed from the wells by a pipette. RNA was extracted from 500 µl of suspended 

biofilm using an Rneasy mini kit (Qiagen, Valencia, CA) in accordance with 

manufacturer’s instructions. Genomic DNA contamination was removed by treatment 

with Dnase I (Qiagen). 

 Biofilms were collected from the CDC reactor by the sampling method 

described above for the ATP assay. To prepare a sample with an adequate number of 

cells, 20 ml of a cell suspension, prepared from 8 rods (24 coupons), was centrifuged 

and the pellet was re-suspended in 2.5 ml of PBS. RNA was extracted from 500 µl of 

the sample with an Rneasy Plus Micro kit according to the protocols provided by the 

manufacturer (Qiagen).  

cDNA was synthesized using random primers (Promega) and Moloney Murine 

Leukemia Virus Reverse Transcriptase (MMLV-RT, Promega). The reverse 

transcription process was carried out at 37°C for 60 min followed by heating at 70°C 

for 10 min for enzyme inactivation. Samples without the reverse transcriptase were 

used as a negative control. Fragments of csgA, alg8, and 16S ribosomal RNA (rRNA; 

used to normalize expression) transcripts were amplified using a SYBR green qPCR 

approach according to the method by Horne and Prüß [154]. The fluorescence signal 

was monitored in an iQ5 thermocycler Real-Time PCR detection system (Biorad). 

Forward and reverse primers for csgA were 5’-ATA AAT CCA CCG TGT GGC 

AGG ACA-3’ and 5’-AGG TCT GTT CGA TGA AAG CCT CGT-3’, respectively. 
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Forward and reverse primers for alg8 were 5’-GTG ACC TCG CCA GCT TTC AAC 

AAT-3’ and 5’-TGA ACA GCA CAG CAA CGA AGA TGC-3’, respectively. 

Forward and reverse primers for 16S rRNA were 5’-CCA GGG CTA CAC ACG 

TGT TA-3’ and 5’-TCT CGC GAG GTC GCT TCT-3’, respectively. Expression data 

were analyzed by the comparative Ct method (ΔΔCt), where Ct is the threshold cycle 

[155]. 

3.2.7) Exposure of biofilms to AgNPs 

 For the 96-well plate, 150 µl of the media was removed before adding 150 µl 

of AgNPs solution (The concentration was approximately at 20 mg/l of total Ag). 

Biofilms were exposed to AgNPs for 48 h at room temperature. At 0, 3, 6, 9, 12, 24, 

and 48 h, the solution was removed; biofilms were rinsed twice in PBS before 

measuring the ATP concentration. Control experiments were carried out in a similar 

manner, with the exception that 150 µl of 0.06% PVA solution was used instead of 

the AgNPs solution. The effect of AgNPs on biofilms was determined by comparing 

the ATP concentration of treatment and control samples.  

 For CDC reactor experiments, the lid of the reactor containing the 

polyethylene rods was transferred to another reactor containing 400 ml of AgNPs 

solution and 100 ml of 1X LB medium. Control experiments were carried out in a 

similar manner, with the exception that 400 ml of 0.06% PVA solution was used 

instead of the AgNPs solution. The reactor was operated in a batch mode (100 rpm 

stirring) for 6 h at room temperature, and it was sampled after 0, 1, 3, and 6 h. During 

sampling, one rod was taken from the reactor and was replaced by a new rod to 

balance the fluid shear stress in the reactor. The ATP concentration in the biofilm was 
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determined as described earlier. Biofilms also were examined using a conventional 

plate count method [156]. 

3.2.8) Effect of EPS on biofilm resistance to AgNPs 

 Experiments to examine the effect of EPS on biofilm susceptibility to AgNPs 

were conducted in a 96-well plate with biofilms grown for 6, 12, and 48 h. At each 

time point, media was removed, the biofilm was rinsed twice with PBS, and part of 

EPS was removed using 200 µl of 2% (w/v) ethylenediaminetetraacetic acid (EDTA) 

[157]. The reduction of biofilm amount was observed by the CV assay. Control 

experiments were carried out using DI water instead of EDTA. Treatment and control 

plates were incubated at 4°C for 3 h before rinsing the biofilms with PBS and treating 

with 200 µl of AgNPs solution at 4°C for 2 h. The effect was determined by 

comparing the ATP concentration of treatment and control samples as described 

earlier. 

3.2.9) Statistical analysis 

 Experimental data were statistically analyzed using GraphPad Prism® 

software version 6.01 (GraphPad Software, La Jolla, CA). In every experiment, the 

standard deviation of the triplicate data was calculated and presented as error bars. 

The multiple t-test was used to analyze the statistical differences between two 

interested groups of compared data. To correct the errors from multiple comparisons 

of t-test, the Holm-Sidak method was used over the t-test at 5% significance level. 

3.3) Results and discussion 

3.3.1) Characteristics and toxicity of AgNPs 

 AgNPs showed the characteristic absorbance at 395 nm similar to a previous 

report [28]. The particle size range was 40 to 60 nm, and a zeta potential range of –2 
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to –6 mV indicated a nearly neutral charge. The concentration of synthesized AgNPs 

was 25.86 mg of total Ag/l from the measurement by ICP-MS (26.3 mg/l from 

calculation). At the concentrations from 1.4 to 6.8 mg/l of total Ag, both AgNPs with 

and without PVA showed high toxicity to P. putida KT2440 and were able to inhibit 

the biofilm formation within 24 h of exposure (Figure 3). The inhibition was higher 

when the total Ag concentration was increased. The data also showed that the 

synthesized AgNPs with PVA as a capping agent had higher toxicity than the bare 

particles (without PVA). 

  

 

Figure 3 AgNP toxicity to P. putida KT2440. Y-axis shows the amount of biofilms 

determined by CV staining presented as the absorbance at 600 nm (A600). X-axis 

shows three concentrations of Ag used. The means and standard deviations are 

based on 3 different biofilm samples.  
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The synthesized AgNPs released 1.24 mg/l of Ag
+
, which was 4.8% of total 

Ag. The 6-well plate experiment showed the reduction in total Ag from 20.61 to 17.94 

mg/l after 48 h of exposure, suggesting the transport of AgNPs into biofilms. After 48 

h, the AgNPs released more Ag
+
 at 1.76 mg/l, which was 9.8% of the total Ag. 

Therefore, the synthesized AgNPs should have the mechanisms of toxicity through 

both AgNPs and Ag
+
. 

3.3.2) Stages of P. putida biofilm maturation 

 Figure 4 presents ATP levels for P. putida over a 72 h period under static (96 

well plate) and dynamic (CDC reactor) conditions. A similar temporal pattern of ATP 

activity was observed in biofilms grown under both conditions, with the exception 

that ATP activity for dynamic conditions was not detectable before 12 h and peak 

activity was not observed until 30 h. Three stages of biofilm development were 

identified from these ATP activity data. The first stage (stage 1) represents early 

development, when metabolic activity is increasing (6 and 12 h under static and 

dynamic conditions, respectively). The second stage (stage 2) represents a biofilm at 

peak metabolic activity (12 and 30 h under static and dynamic conditions, 

respectively). The third stage (stage 3) represents the stable, lower metabolic activity 

of a mature biofilm (48 h under both static and dynamic conditions).  

The biofilm amount should increase with maturity of the biofilms as EPS is 

produced for cell adhesion to surfaces and protection from environmental stresses 

[158]. Therefore, the amount of biofilms at selected stages was determined for 

maturity under static and dynamic growth conditions using the CV and total 

carbohydrate assays, respectively (Figure 5). Under static conditions, the amounts of 

biofilms at stage 2 (12 h) and stage 3 (48 h) were 6 and 5 times higher than at stage 1 
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(6 h) (p = 0.016 for 6 h vs. 12 h; p = 0.006 for 6 h vs. 48 h).  Similarly, under dynamic 

conditions, the amounts of biofilms at stage 2 (30 h) and stage 3 (48 h) were 2 and 3 

times higher, respectively, than at stage 1 (12 h) (p = 0.019 for 12 vs. 30 h; p = 0.008 

for 12 vs. 48 h). 

 

 

 

Figure 4 Time course of ATP amount of P. putida KT2440 biofilm. The time 

period is on x-axis, and the ATP amount is presented as the bioluminescence in 

relative light units (RLU) on y-axis. The means and standard deviations are 

based on 3 different biofilm samples. 
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Figure 5 Biofilm amount of P. putida KT2440 biofilms at different stages. The 

left y-axis shows the absorbance at 600 nm (A600) from the CV assay measured in 

the 96-well plate experiments (static conditions). The right y-axis describes the 

total carbohydrate measured in the CDC reactor experiments (dynamic 

conditions) with the unit of mg/l by using D-glucose as a standard. The means 

and standard deviations are based on 3 different biofilm samples. 
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 Under static conditions, it appeared that biofilms at stage 2 had a higher 

amount of biomass than at stage 3, while it was the opposite under dynamic 

conditions. This might be due to the different methods used in different experiments. 

In the total carbohydrate assay used under dynamic conditions, only carbohydrate 

from the EPS of biofilms was measured whereas under static conditions the total 

biomass from live cells, dead cells, and EPS was measured in the CV assay. 

According to the activity of biofilms under static conditions (Figure 4), stage 2 

biofilms should have much higher cell numbers than in stage 3, which was likely to 

give more CV staining as shown in Figure 5. However, there was no statistical 

difference between the amount of biofilms in stage 2 and 3 under both conditions (p = 

0.401 and p = 0.093 under static and dynamic conditions, respectively). 

 As biofilms mature, they do not only produce more extracellular matrix but 

also different components. Among various components, curli is a protein component 

used for bacterial adhesion to surface [159]. Six proteins encoded by the csgBA and 

csgDEFG operons contribute to the formation of curli fiber [160]. In Pseudomonas 

putida KT2440, csgA gene is present for encoding a major subunit of curli. During the 

irreversible attachment phase, csgA gene should be highly expressed [45]. A 

polysaccharide component of EPS, alginate, also contributes to the development, 

structure, and resistance of biofilms [161]. Alg8 gene encodes alginate biosynthesis 

protein in P. putida KT2440. As biofilms produce polysaccharides to form the 

structure of biofilms, the expression of alg8 should increase in mature biofilm. Since 

bacteria had to adhere to the surface (expression of csgA gene) before they could form 

the structure of biofilms by producing polysaccharide components such as alginate 
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(expression of alg8), it was hypothesized that csgA gene would be highly expressed 

before alg8 gene in biofilm maturation. 

Figure 6 shows that, analogous to EPS levels, expression of csgA and alg8 was 

higher in biofilms at later stages. The earlier increase in csgA expression relative to 

alg8 supported our hypothesis. csgA expression increased significantly between stage 

1 and stage 2 (p = 0.001 and p = 0.013 under static and dynamic conditions, 

respectively) and again between stage 2 and stage 3 (p = 0.024 and p = 0.030 under 

static and dynamic conditions, respectively). Alg8 expression did not differ between 

stages 1 and 2, but increased significantly between stages 2 and 3 (p = 0.002 and p = 

0.002 under static and dynamic conditions, respectively). Collectively, the EPS and 

gene expression data support the conclusion that biofilm development stages 

identified from ATP activity data represent stages of increasing maturation. The next 

subsection examined the effect of AgNPs on biofilms at different stages of maturity.  

3.3.3) Effect of stages of maturity on the AgNP resistance of biofilms 

 The effect of AgNPs on biofilms was measured as a reduction in ATP activity 

relative to that in a non-treated control. A plate count was used in addition to ATP 

activity for biofilms grown under dynamic conditions. Figure 7 shows that the least 

mature biofilms (stage 1) were most susceptible to AgNPs, with greater than 90% 

reduction in ATP activity and plate count. ATP was not reduced in the more mature 

stage 2 and stage 3 biofilms under static conditions, and small reductions in ATP and 

plate count were observed in stage 2 and stage 3 biofilms grown under dynamic 

conditions. The effect of AgNPs on mature biofilms in dynamic conditions was higher 
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Figure 6 Expressions of csgA and alg8 genes of biofilms at different stages. Y-axis 

illustrates the level of gene expression in a log scale. X-axis shows different stages 

of biofilms for static and dynamic conditions. The means and standard 

deviations are based on 3 different experiments. The expression levels for stage 1 

biofilms are equal to 1 because they were used as calibrators; therefore, the error 

bars are not shown.  
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Figure 7 Effect of AgNPs on biofilms at different stages. The effect of AgNPs is 

shown as ATP reduction (static and dynamic conditions) and cell number 

reduction (dynamic conditions) on y-axis. The exposure time is illustrated on x-

axis. The means and standard deviations are based on 3 different biofilm 

samples. 
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than that in static conditions, which can be observed by the gap between the control 

and the exposure samples. This increased effect might be due to the effect of stirring, 

which could increase biosorption of AgNPs by biofilms and lead to more inactivation 

by AgNPs [35]. 

 Several factors may explain the increased resistance of mature biofilms to 

AgNPs. Firstly, bacterial cells in mature biofilms are likely to be in the stationary 

growth phase and, therefore, less susceptible to antimicrobial agents [162]. To prove 

this, the exposure experiment was conducted on planktonic cells at different stages 

(Figure 8). With the same starting cell number, after 3 h of exposure to 20 mg/l of 

AgNPs, the log-phase cells (6 h) of P. putida KT2440 were not observed by the plate 

count method while the stationary-phase cells (16 h) were still at 10
5
 CFU/well, 

showing more tolerance to AgNPs. Secondly, cells that die in the outer layers of 

mature biofilms could provide nutrients that enhance the growth of cells in deeper 

layers [48]. A previous study on the effects of single-walled carbon nanotubes on E. 

coli biofilm showed that dead bacterial cells could cause aggregation of the nanotubes 

and at the same time release intracellular substances to serve as nutrients for other 

cells [163]. Also, the high thickness or high amount of EPS in mature biofilms may 

have a role in transport limitations of AgNPs through biofilms. 
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Figure 8 Effect of AgNPs on planktonic cells of P. putida KT2440 at different 

growth phases. The effect is shown as cell number reduction (y-axis). The 

exposure times were 0, 3, and 6 h (x-axis). The means and standard deviations 

are based on 3 different samples. 

3.3.4) Role of EPS in biofilm resistance to AgNPs 

 To determine how EPS affects biofilm susceptibility to AgNPs, EPS of 

biofilms was partly removed by EDTA [164]. Figure 9 shows the reduction of ATP 

activity and biofilm amount after 3 h of EDTA treatment. All stages of biofilms 

showed a statistically significant reduction of ATP activity (6 h: p = 0.008, 12 h: p = 

0.0005, 48 h: p = 0.009). The EDTA treatment could reduce the biomass of more 

mature biofilms (48 h: p = 0.003) while it did not reduce the biomass of 6 h biofilms.  

After EPS stripping by EDTA treatment, the biofilms were exposed to AgNPs and the 

effect was measured by reduction in ATP activity (Figure 10). The results showed the 

critical role of EPS in the protection of biofilm communities from AgNPs. The EPS-

stripped biofilms in all three stages showed significantly higher reduction in ATP than 

biofilms with intact EPS (control) at every time point of exposure (p < 0.05).  
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Figure 9 Removal of biofilms by EDTA treatment. Different stages of biofilms 

before and after EDTA treatment are illustrated on x-axis. The ATP amount is 

presented as the bioluminescence in relative light units (RLU) on the left y-axis. 

The biofilm amount measured from the CV is shown as the absorbance at 600 

nm (A600) on the right y-axis. The means and standard deviations are based on 3 

different biofilm samples. 
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Figure 10 Effect of EPS on biofilm susceptibility to AgNPs. The effect of AgNPs 

is shown on y-axis as percentage bioluminescence normalized to the sample at 0 

h of exposure. X-axis shows the exposure time. The means and standard 

deviations are based on 3 different biofilm samples. 

 It should be noted that EDTA did not make the cells of P. putida KT2440 

more susceptible to AgNPs. To demonstrate this, the susceptibility of planktonic cells 

to AgNPs was tested after 3 h of EDTA treatment (Figure 11). Between cells with 

EDTA treatment and without EDTA treatment, there was no significant difference of 

ATP percentage after 1 h of AgNP exposure (p = 0.971). However, after 2 h of AgNP 

exposure, cells without EDTA treatment even showed less susceptibility to AgNPs 

than cells treated with EDTA (p = 0.031). From these results, it can be concluded that 

EDTA did not increase the susceptibility of cells to AgNPs. Therefore, the reduction 

in ATP of biofilms after EPS stripping should be from the EPS removal. Similarly, in 

a study on effects of AgNPs on wastewater biofilms, greater bacterial reductions were 

achieved after loosely-bound EPS was removed [38]. This is consistent with the 

findings by Peulen and Wilkinson that EPS density reduces the diffusion of AgNPs 

into biofilms [36]. 
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Figure 11 Effect of AgNPs on planktonic cells with/without EDTA treatment. 

The effect of AgNPs was measured in reduction of ATP activity  

(% bioluminescence) as described in y-axis. X-axis shows the exposure time. 
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 The mechanisms of AgNP resistance in biofilms at different stage of maturity 

are summarized in Figure 12. Even though the mature biofilms are less active (more 

dead cells than live cells in stage 3), they have higher biomass compared with less-

mature biofilms (stage 1). When biofilms are exposed to AgNPs, the biomass acts as a 

barrier for protection from AgNPs. The AgNPs are not able to diffuse into mature 

biofilms with higher biomass, leading to less impact of AgNPs. 

 

 

Figure 12 AgNP resistance of biofilms at different stage of maturity. Three stages 

of biofilm maturity proceed from left to right. 
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3.4) Summary 

 The effect of AgNPs on P. putida KT2440 biofilms at different stages of 

maturity was determined. Three biofilm stages (1-3, representing early to late stages 

of development) were identified from bacterial ATP activity under static (96-well 

plate) and dynamic conditions (CDC biofilm reactor). The EPS levels, measured 

using CV and total carbohydrate assays, and expression of the EPS-associated genes, 

csgA and alg8, supported the conclusion that biofilms at later stages were older than 

those at earlier stages. More mature biofilms (stages 2 and 3) showed little to no 

reduction in ATP activity following exposure to AgNPs. In contrast, the same 

treatment reduced ATP activity by more than 90% in the less mature stage 1 biofilms. 

Regardless of maturity, biofilms stripped of their EPS were more susceptible to 

AgNPs than controls with intact EPS, demonstrating that EPS is critical for biofilm 

tolerance of AgNPs. The findings from this study show that stage of maturity is an 

important factor to consider when studying effect of AgNPs on biofilms. 
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Chapter 4  

Biofilm Physical Characteristics and Silver Nanoparticle Resistance 

4.1) Introduction 

 Biofilms are the form of bacteria living on surface by assembling themselves 

within the EPS. In natural water systems, bacteria form biofilms to facilitate nutrients 

for growth, to survive in diverse conditions, or to protect themselves from harmful 

substances [31, 33, 107]. Compared to free-floating cells, biofilms are more resistant 

to antimicrobial agents including antibiotics, sanitizers, and nanoparticles [37, 48, 51]. 

AgNPs are one of the metal nanoparticles largely applied into various products and 

can be released into wastewater and natural water systems [165, 166]. AgNPs have 

high antimicrobial toxicity that can affect environmental biofilms include inhibition of 

biofilm formation, inactivation of metabolic activity, and eradication of biofilms [4, 

35, 146]. Biofilms show some resistance to AgNPs due to the EPS of biofilms [38, 

136]; however, the mechanisms of AgNP resistance in biofilms have not been 

elucidated. 

 In the previous chapter, it is shown that the stage of maturity plays a role in 

the AgNP resistance of biofilms. Biofilms develop high AgNP resistance when they 

are in more mature stages. However, in different growth conditions, mature biofilms 

can have different physical characteristics, which may lead to different resistance. 

Factors contributing to the physical characteristics of biofilms include nutrient type, 

nutrient level, and temperature. Growth rate and cell density of biofilms are high in 

carbohydrate- and humic-type carbon sources [167]. When organic carbon 

concentration increases, the rate of biomass production in biofilms also increases, 
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leading to more EPS production and higher thickness in biofilms [55, 168]. Also, 

biofilm formation depends on the metabolic activity of bacteria, which is influenced 

by temperature [57]. For example, Pseudomonas fluorescens biofilms tend form less 

and have lower metabolic activity when increasing the temperature from 4 to 30°C 

[169]. Biofilms grown under different conditions can exhibit different physical 

characteristics such as thickness, volume, or diffusion coefficient. Pseudomonas 

biofilms forming in glucose or methanol as a carbon source show more thickness and 

less porous volume than biofilms forming in acetate or ethanol, which show higher 

diffusion distance in biofilms [54].  The physical characteristics or biofilm structure 

can help provide the resistance to antibiotics by limiting the penetration of antibiotics 

into biofilms [31, 52, 170, 171]. Therefore, it is important to determine the effect of 

physical characteristics of mature biofilms on the biofilm resistance to AgNPs. 

 The objective of the research described in this chapter is to determine AgNP 

resistance of P. putida KT2440 biofilms with different physical characteristics. 

Biofilms were grown under different carbon sources, carbon concentrations, and 

temperatures. The mature biofilms from these conditions were analyzed for their EPS 

amount and component, and physical characteristics. They were exposed to AgNPs 

and the effect of AgNPs on biofilm viability was determined. Lastly, the effect of 

biofilm characteristics on the AgNP resistance was elucidated. The research 

framework is shown in Figure 13. 
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Figure 13 Experimental framework of part two of the research 

4.2) Methodology 

4.2.1) Synthesis of AgNPs 

 The synthesis of AgNPs was conducted according to section 3.2.1. 

4.2.2) Bacterial strain and culture preparation 

 P. putida KT2440 was used and the preparation of the culture was done in the 

same method as section 3.2.2. 

4.2.3) Biofilm experiments 

 Biofilm formation was conducted in a polystyrene, flat-bottom, 96-well 

microplate (Nunc™, cell-culture treated, Thermo Scientific
TM

). Each well (200 μl) 

contained M9 minimal medium (48 mM Na2HPO4, 9 mM NaCl, 22 mM KH2PO4, 19 

mM NH4Cl, 2 mM MgSO4, and 100 μM CaCl2), 2% (v/v) of the prepared inoculum, 

and a carbon source. The plate was incubated at a controlled temperature without 

shaking to allow biofilm formation under static conditions. To study the effect of 

different growth conditions (in 96-well plates), biofilms were cultivated in three 
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carbon sources (10 mM of glucose, glutamic acid, and citrate), three carbon source 

concentrations (5, 10, and 50 mM of glucose), and two temperatures (25 and 30°C). 

4.2.4) ATP assay 

 The metabolic activity of biofilms forming in the 96-well plate was measured 

by the ATP assay according to section 3.2.4. 

4.2.5) CV staining 

 The amount of biofilms in the 96-well plate was measured from CV staining 

as described in section 3.2.5. 

4.2.6) Drop plate method 

 The cell number in biofilms was determined by the drop plate method [172]. 

The method is similar to the conventional plate count method. The difference is that 

after the serial dilution, a drop of sample is dispensed onto the agar instead of 

spreading. After 24 h of incubation, the colonies are counts and the cell number is 

determined by CFU. 

4.2.7) EPS components of biofilms 

 To obtain enough volume for EPS analyses, biofilm formation was conducted 

in flat-bottom, 6-well multidishes (Nunc™, cell-culture treated, Thermo Scientific
TM

) 

with 5 ml of the media and growth conditions identical to the 96-well plate. After the 

biofilm formation, the media was removed and the biofilms were rinsed twice with 

0.85% NaCl. Biofilms were removed from the well by pipette mixing with 5 ml of 

0.85% NaCl. The suspension was centrifuged at 20,000× g, 4°C, for 20 min. The 

supernatant was stored at -18°C before EPS analyses. 

 For the conditions with different carbon sources, the whole biofilms were 

analyzed for different EPS components by Fourier transform infrared spectroscopy 
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(FTIR) (Spectrum One, PerkinElmer). The sample was scanned for different 

functional groups of EPS between 4000 cm
-1

 and 650 cm
-1

. 

 Total carbohydrate was measured by the phenol-sulfuric method as described 

in the section 3.2.5. Total protein was measured by Lowry’s method [173] with 

bovine serum albumin (BSA) as a standard. The method relies on the reaction 

between peptide bonds and copper ion under alkaline conditions, followed by the 

Folin–Ciocalteau reaction. The absorbance of the solution was measured at 750 nm.  

4.2.8) Effect of AgNPs on biofilms forming in different growth conditions 

 The exposure of biofilms to AgNPs was conducted in the 96-well plate 

according to section 3.2.7. After rinsing twice, the biofilms were re-suspended with 

0.85% NaCl before determining the cell number by the drop plate method. The effect 

of AgNPs on biofilms was determined by comparing the cell number of the treatment 

samples with that of the control samples. 

4.2.9) Confocal laser scanning microscopy and image analysis 

 For microscopic observation, biofilms were cultivated in a chambered 

coverslip (μ-Slide 8 well, Ibidi) instead of the 96-well plate. The biofilms were 

stained with FilmTracer
TM

 LIVE/DEAD® Biofilm Viability Kit (Invitrogen, Life 

Technologies) according to the manufacturer’s protocol. The kit contains SYTO 9 

(green) and propidium iodide (PI) (red) for staining of the DNA of bacteria. Biofilms 

were observed under a confocal laser scanning microscope (CLSM) (Nikon, D-

Eclipse C1) with the excitation/emission wavelengths: 482/500 nm for SYTO 9 and 

490/635 for PI. The z-stack images from the green fluorescent signal were analyzed 

with the COMSTAT software [174] to calculate the physical characteristics and 

structure of the biofilms. 
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4.2.10) Effect of biofilm structure on AgNP resistance of biofilms 

 Biofilms were cultivated in the 96-well plate with two glucose concentrations 

(5 and 50 mM) and two temperatures (25 and 30°C). To change the structure of the 

biofilms, the EDTA treatment was used to partially strip EPS similar to section 3.2.8 

except that the concentration of EDTA was reduced to 0.25% (w/v) to avoid complete 

eradication of biofilms. The CV staining was used to confirm the stripping process. 

The EPS-stripped biofilms were observed under CLSM and analyzed for the structure 

as described above. After the EPS stripping, the biofilms were exposed to 20 mg/l of 

AgNPs and the effect was determined by the drop plate method. 

4.2.11) Statistical analysis 

 In every experiment, the standard deviation of the triplicate data was 

calculated and presented as error bars. The multiple t-test was used to determine the 

statistical differences between total carbohydrate and total protein for biofilms 

forming in different carbon sources. The analysis was also used for the statistical 

differences of physical characteristics (thickness, biomass volume, surface to volume 

ratio, and roughness) among biofilms different carbon sources, carbon concentrations, 

and temperatures.  
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4.3) Results and discussion 

4.3.1) P. putida KT2440 biofilm formation under different carbon sources 

 For Pseudomonas biofilms, when glucose and citrate are used as different 

carbon sources, the microcolonies in biofilms exhibit different structure [175]. Also, 

the types of carbon sources, which are carbohydrate, humic acids, and amino acids, 

affect the growth and density of biofilms [167]. In this experiment, biofilm formation 

of P. putida KT2440 was conducted by using 10 mM of glucose, glutamic acid, and 

citrate. Three biofilms showed similar ATP activity trends over 48 h of formation 

(Figure 14(a)). Despite the variations, the ATP activity of all biofilms increased in the 

first 15 to 18 h and tended to stabilize or decrease after that. Similar trends were 

observed for cell number (Figure 14(b)) and biomass of the biofilms (Figure 14(c)). 

Therefore, 15 h was selected as a time point for mature biofilms. The EPS of mature 

biofilms was extracted and analyzed for total carbohydrate and total protein. Figure 

15(a) shows the total carbohydrate and total protein contents of biofilms forming in 

glucose, glutamic acid, and citrate. The amount of carbohydrate (10 – 15 mg/well as 

determined from the 6-well plate experiments) is 100 times higher than that of protein 

(0.5 – 0.15 mg/well), suggesting that carbohydrate is a major constituent of P. putida 

KT2440 biofilms [128]. While the amount of total carbohydrate was similar among 

three biofilms (No statistical differences as shown in Table A-1, Appendix), the 

amount of total protein was highest in glucose biofilms (0.15 mg/well), followed by 

glutamic acid (0.10 mg/well) and citrate biofilms (0.05 mg/well) (p < 0.05 as shown 

in Table A-1, Appendix), respectively. The analysis of EPS by FTIR (Figure 15(b)) 

shows peaks of carbohydrate, protein, and lipid [176, 177]. 
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Figure 14 Time courses of P. putida KT2440 biofilms forming in glucose, 

glutamic acid, and citrate: (a) ATP amount, (b) cell number, (c) biofilm amount. 

The time period is on x-axis. The ATP amount is presented as the 

bioluminescence in RLU. The cell number is presented as CFU/well. The amount 

of biofilms is presented as A600. The means and standard deviations are based on 

3 different biofilm samples. 
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Figure 15 EPS component of biofilms forming in glucose, glutamic acid, and 

citrate: (a) total carbohydrate and protein data, (b) FTIR spectra. The total 

carbohydrate and total protein are shown in the unit of mg/well on the left and 

right y-axis, respectively. The means and standard deviations are based on 3 

different biofilm samples. Band assignments for the FTIR spectra: 1, 6 

(carbohydrates); 4, 5 (proteins); and 2, 3 (lipids). 
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The almost-identical wavelengths of the peaks (Table A-2, Appendix) suggest that the 

EPS of three biofilms had similar functional groups and compositions. Miqueleto et 

al. [168] also observed similar EPS compositions of biofilms forming in various 

carbon sources while the EPS amounts were different. According to FTIR data, 

glucose biofilms had the highest amount of each component, which can be observed 

by the height of the absorbance peaks (Figure 15(b)). It can be seen that, when the 

EPS was analyzed by FTIR, the amount of protein was high according to the peak 

absorbance, and the lipid content was also detected. This might be due to the 

limitations of protein detection from the Lowry’s method by the interference from 

many substances such as sugars, which may result in lower amount of protein [178]. 

 It can be seen that different methods for measurement can give different 

amounts of EPS. Three mature biofilms (15 h) showed no difference in overall 

biomass when measured by CV staining (Figure 14(c)), but they had different EPS in 

terms of compositions when measured by more advanced method such as FTIR 

(Figure 15(b)). However, the methods used in these experiments only determine the 

difference in chemical components of biofilms while the biofilms forming in glucose, 

glutamic acid, and citrate may not only have different chemical characteristics but 

also physical characteristics. Therefore, the biofilms were stained and observed under 

CLSM to determine biofilm structure or physical characteristics. 

 Biofilms forming in three different carbon sources were observed for their 

physical characteristics. The images of biofilms under CLSM are shown in Figure 16 

(the COMSTAT processed images are shown in Figure A-2, Appendix). Four 

parameters were calculated (Table 2): (1) Thickness of biofilms; (2) Biomass volume 

of biofilms; (3) surface to volume ratio, which is the ratio between surface area of the 
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top layer of biofilms and the biomass volume; and (4) roughness coefficient, which 

shows the roughness of biofilm surface. From the results, glucose biofilms had 

significantly higher biofilm thickness (p = 0.006 vs. glutamic acid; p = 0.0003 vs. 

citrate) and volume (p = 0.19 vs. glutamic acid; p = 0.01 vs. citrate). Glutamic 

biofilms also show higher thickness and volume than citrate biofilms even though 

statistically the thickness of these two biofilms were not different (see Table A-3, 

Appendix for statistical differences). The higher thickness of glucose biofilms than 

citrate biofilms was also observed by Klausen et al. [175]. The surface/volume ratio 

was similar in three biofilms while glucose biofilms had slightly higher roughness 

than the other two biofilms (no statistical differences).  

  

 

Figure 16 P. putida KT2440 biofilms at stage 2 (15 h) forming in glucose, 

glutamic acid, and citrate. Green color shows the viability of biofilm cells. The 

thickness of biofilms is shown under and on the right of the top view image. The 

white bar indicates 50 μm in scale. 
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Table 2 Characteristics of P. putida KT2440 biofilms forming in glucose, 

glutamic acid, and citrate. 

Biofilm characteristics 

Carbon source 

Glucose 
Glutamic 

acid 
Citrate 

Thickness (μm) 39.89 ± 1.14 33.90 ± 1.60 29.83 ± 0.95 

Biomass volume (μm
3
/ μm

2
) 25.73 ± 2.02 22.82 ± 2.50 19.13 ± 1.66 

Surface to volume ratio (μm
2
/ μm

3
) 0.216 ± 0.011 0.217 ± 0.025 0.230 ± 0.015 

Roughness coefficient 0.034 ± 0.001 0.025 ± 0.002 0.026 ± 0.02 

 

According to the results, when glucose was used as a carbon source, the biofilms not 

only had different EPS components but also different structures or physical 

characteristics compared to when glutamic acid and citrate were used. This possibly 

leads to different AgNP resistance among three biofilms. Therefore, the effect of 

AgNPs on biofilms forming in different carbon sources is determined in the next 

experiment. 

4.3.2) Effect of AgNPs on biofilms forming under different carbon sources 

 Mature biofilms forming in three carbon sources were exposed to 20 mg/l of 

AgNPs for 24 h, and the reduction in cell number was observed (Figure 17). As the 

growth media in part two was different from part one (LB media), the effect of 

AgNPs on pre-mature biofilms (9 h) was also determined to confirm the findings from 

part one of the research. Likewise, biofilms at mature stage still exhibited higher 

resistance to AgNPs than the pre-mature biofilms. When compared among three 

carbon sources, the AgNP resistance in mature biofilms forming in glucose (< 1 order 

of magnitude in cell number reduction) was similar to glutamic acid (around 1 order 

of magnitude in cell number reduction), which was higher than biofilms forming in 

citrate (2 orders of magnitude in cell number reduction). 
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Figure 17 Effect of AgNPs on biofilms forming in glucose, glutamic acid, and 

citrate after 24 h of exposure. The effect is shown as the reduction in cell number 

of biofilms on y-axis. The means and standard deviations are based on 3 

different biofilm samples.  
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 Some factors can play a role in the AgNP resistance of biofilms forming in 

different carbon sources. First, the carbohydrate and protein are the EPS components 

that can mitigate the effect of AgNPs by causing aggregation in AgNPs, therefore 

reducing the toxicity [133, 179]. The highest amounts of carbohydrate and protein 

were observed in glucose biofilms (Figure 15(a)), which had the highest AgNP 

resistance. Second, it is possible that different carbon sources could change the cell 

resistance to AgNPs. This was proven by the exposure of planktonic cells of P. putida 

KT2440 at stationary phase to AgNPs at the same concentration (Figure 18). After 6 h 

of exposure, cells grown in glutamic acid exhibited highest resistance to AgNPs as the 

cell number reduced 4 orders of magnitude while the cell numbers in glucose and 

citrate were zero (no colonies were observed). This may be the reason for similar 

AgNP resistance between glucose and glutamic biofilms even though the EPS 

components of glutamic biofilms were lower.  

 

Figure 18 Effect of AgNPs on planktonic cells grown in glucose, glutamic acid, 

and citrate. The cells were harvested from the stationary phase and exposed to 0 

and 20 mg/l of AgNPs. The effect is shown as the reductions in ATP and cell 

number. The means and standard deviations are based on 3 different biofilm 

samples. 
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 Another factor for biofilm resistance is the biofilm structure, which can help 

limiting the diffusion of AgNP into biofilms [180]. According to the physical 

characteristics of biofilms (Table 2), glucose and glutamic acid biofilms exhibited 

much higher thickness and volume than citrate biofilms. This could mean that those 

two biofilms had better structure in terms of protection from AgNPs. Therefore, the 

AgNP resistances in glucose and glutamic biofilms were higher than that of citrate 

biofilms.  

 According to the results, the AgNP resistance of biofilms could be contributed 

by the difference in both chemical and physical characteristics of biofilms. The next 

experiment tried to focus more on the physical characteristics and minimize the effect 

from different EPS component (chemical characteristics); therefore, glucose was used 

as a sole carbon source for biofilm formation.  

4.3.3) P. putida KT2440 biofilm formation under different glucose 

concentrations and temperatures 

 Pseudomonas biofilms have different physical characteristics when forming 

under different nutrient concentrations and temperatures [181]. In this experiment, 

biofilms were cultivated in different glucose concentrations (5, 10, and 50 mM) and 

two temperatures (25 and 30° C), and the growth curves of biofilm formation over 48 

h are shown in Figure 19. Increasing the temperature from 25 to 30°C seemed to 

increase the ATP activity of all biofilms while increasing the glucose concentration 

could increase both activity and biomass of biofilms. The effect of both glucose 

concentration and temperature on biomass of biofilms can be clearly observed in 

Figure 20, in which the biomass was determined from mature biofilms at 24 h 

selected from the growth curve.  
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Figure 19 Time courses of P. putida KT2440 biofilm formation under different 

glucose concentrations (5, 10, and 50 mM) and temperatures (25 and 30°C). The 

time period is on x-axis. The ATP amount and biomass of biofilms are presented 

on y-axis as the bioluminescence in RLU and A600, respectively. The means and 

standard deviations are based on 3 different biofilm samples. 
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Figure 20 Biomass of mature biofilms forming under different glucose 

concentrations and temperatures. The biomass of biofilms is presented as A600 on 

y-axis. The means and standard deviations are based on 3 different biofilm 

samples. 

 Increasing glucose concentration from 5 mM to 50 mM doubled the biomass 

of biofilms in both temperatures; however, at the same glucose concentration, 

changing temperature from 25 to 30°C increased the biomass of biofilms only when 

glucose was at 5 mM. This might be due to the increased metabolic activity of P. 

putida KT2440 at the optimal growth temperature (30°C), leading to more production 

of biomass [182]. Since only glucose was used as a sole carbon source, the difference 

in EPS composition was not observed. The biofilms forming in two glucose 

concentrations (5 and 50 mM) and temperatures (25 and 30°C) were determined for 

their physical characteristics under CLSM (Figure 21; The COMSTAT processed 

images can be found in Figure A-3, Appendix). The physical characteristics, which 

are biofilm thickness, biomass volume, surface per volume ratio, and roughness 

coefficient, were calculated (Table 3). The carbon concentration and temperature were 
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able to provide more distinct physical characteristics of biofilms than different carbon 

source in previous experiment especially the surface to volume ratio and roughness 

coefficient. Both glucose concentration and temperature affected biofilm physical 

characteristics (see Table A-4 and A-5 for the statistical differences between any pair 

of data). For example, when the temperature was fixed at 25°C and the glucose 

concentration increased from 5 to 50 mM, the thickness of biofilms increased from 

20.81 μm to 23.47 μm; the biomass volume increased from 7.04 to 17.56 μm
3
/μm

2
; 

the surface to volume ratio decreased from 0.978 to 0.428 μm
2
/μm

3
; and the 

roughness coefficient decreased from 0.11 to 0.07. Similarly, when the glucose 

concentration was fixed at 5 mM and the temperature increased from 25 to 30°C, the 

thickness of biofilms increased from 20.81 μm to 31.50 μm; the biomass volume 

increased from 7.04 to 15.76 μm
3
/μm

2
; the surface to volume ratio decreased from 

0.978 to 0.450 μm
2
/μm

3
; and the roughness coefficient decreased from 0.11 to 0.03. 

Among four biofilms, the biofilms forming at 50 mM of glucose and 30°C seemed to 

have weakest structure than other biofilms (lowest thickness and volume; highest 

surface to volume and roughness). This is contradicted to the biomass data when 

determined by the CV staining (Figure 20), in which the 50 mM biofilms at 30°C had 

high biomass similar to the 50 mM biofilms at 25°C. This could be due to the 

combined effect from growth conditions, different measurements, and different 

experiments. First, under the conditions of high carbon availability (50 mM) and 

preferable growth temperature (30°C), it can lead to less biofilm formation or 

dispersion of biofilms [56, 183]. Second, the CV stained all biomass of biofilms 

including EPS, live cells, and dead cells whereas  
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Figure 21 P. putida KT2440 biofilms forming in different glucose concentration 

and temperature: (a) 5 mM at 25°C, (b) 50 mM at 25°C, (c) 5 mM at 30°C, and 

(d) 50 mM at 30°C. Green color shows the viability of biofilm cells. The thickness 

of biofilms is shown under and on the right of the top view image. The white bar 

indicates 50 μm in scale. 
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Table 3 Characteristics of P. putida KT2440 biofilms forming in different glucose 

concentration and temperature. 

Biofilm characteristics 
5 mM glucose 50 mM glucose 

25°C 30°C 25°C 30°C 

Thickness (μm) 20.81 ± 3.11 31.50 ± 2.86 23.47 ± 2.93 15.37 ± 0.91 

Biomass volume  

(μm
3
/ μm

2
) 

7.04 ± 4.82 15.76 ± 3.63 17.56 ± 1.85 6.97 ± 1.53 

Surface to volume ratio 

(μm
2
/ μm

3
) 

0.978 ± 

0.292 

0.450 ± 

0.235 

0.428 ± 

0.136 

1.247 ± 

0.369 

Roughness coefficient 0.11 ± 0.07 0.03 ± 0.01 0.07 ± 0.04 0.35 ± 0.20 

 

the COMSTAT software calculated the physical characteristics only from the green 

fluorescent signal of live cells [174]. This could result in more measurement of 

biomass from the CV assay. Also, different surface materials can allow different 

amount of biofilm attachment [110]. For the CV assay, biofilms were grown on the 

polystyrene surface in the 96-well plate whereas for the CLSM observation, biofilms 

were grown on the treated glass surface of Ibidi slide.  

 According to the results, biofilms forming under different glucose 

concentrations and temperatures exhibit different physical characteristics leading to 

different AgNP resistance levels. Therefore, the effect of AgNPs on the biofilms was 

observed in the next experiment. 

4.3.4) Effect of AgNPs on biofilms forming under different glucose 

concentrations and temperatures 

 The mature biofilms were exposed to 5 and 20 mg/l of AgNPs for 24 h before 

determining the effect of AgNPs by reduction in cell number (Figure 22). The adverse 

effect of AgNPs increased with AgNP concentration in every biofilm sample. The 

AgNP resistance of biofilms is related to both biomass amount (Figure 20) and 

physical characteristics (Table 3). At 25°C, biofilms forming at higher glucose 

concentrations exhibited higher AgNP resistance, which is shown by the change from 
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3-log reduction in 5 mM biofilms to less than 1-log reduction in 50 mM biofilms. This 

is because biofilms produced more biomass amount in higher glucose concentration. 

Similarly, when the temperature was increased from 25 to 30°C in 5 mM biofilms, the 

biofilms produced more amount of biomass, resulting in higher AgNP resistance than 

at 25°C (from 3 log reduction at 25°C to 1 log reduction at 30°C).  

 When the total amounts of two biofilms were similar, the AgNP resistance 

depended on the structure or physical characteristics of biofilms. For example, the 

biofilms forming in 50 mM of glucose at 25 and 30°C showed similar amount of 

biomass (Figure 20) but different AgNP resistance (Figure 4.10; less than 1-log 

reduction at 25°C and 2-log reduction at 30°C). Compared to 50 mM biofilms at 

25°C, the 50 mM biofilms at 30°C showed lower thickness, lower volume, higher 

surface to volume ratio, and higher roughness. This trend of physical characteristics 

was observed for the biofilms with less AgNP resistance when comparing any pair of 

biofilms, suggesting the relationship between the physical characteristics and the 

AgNP resistance of biofilms (Table 3 and Figure 22). Biofilms with less thickness and 

volume may allow more diffusion of AgNPs into biofilms [184]. The surface to 

volume ratio and roughness coefficient were negatively related to the biofilm 

resistance, which is similar to the study by Xue et al. [180]. More roughness of 

biofilms provides more area for AgNP biosorption whereas high surface to volume 

ratio means more surface area for biosorption or less biomass volume for AgNP 

diffusion, all of which result in more effect of AgNPs on biofilms [35, 36]. 
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Figure 22 Effect of AgNPs on biofilms forming under different glucose 

concentrations and temperatures. The concentrations of AgNPs were 5 and 20 

mg/l. The exposure time was 24 h. The effect is shown as the reduction in cell 

number after 24 h exposure on y-axis. The means and standard deviations are 

based on 3 different biofilm samples. 
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 As the thickness, volume, surface to volume ratio, and roughness of biofilms 

are related to their AgNP resistance, changing these parameters could result in 

reduced AgNP resistance of biofilms. In the next experiment, EPS of biofilms 

forming in 5 and 50 mM of glucose and at 25 and 30°C were partly removed to 

change the structure of the biofilms before determination of the effect of AgNPs on 

biofilms. 

4.3.5) Physical characteristics and AgNP resistance of biofilms 

 As shown in Chapter 3, when the biomass of biofilms was partly removed by 

EDTA treatment, the AgNP resistance of biofilms decreased, which could be from 

less EPS to protect cells from AgNPs.  In other words, the biofilms that have their 

EPS partly removed could have their physical characteristics changed, leading to 

reduction in AgNP resistance. In this experiment, the biofilms forming in different 

glucose concentrations and temperatures were treated with 0.25% EDTA to strip some 

of the EPS and change the structure of the biofilms (Figure 23). The biomass of 

biofilms decreased after EDTA treatment compared to the control samples, which 

were treated by DI (Figure 24). Not only was the biomass of all biofilms reduced after 

EDTA treatment, but also the structures of biofilms were significantly altered (Table 

4, with all p values < 0.05 except for the 50 mM biofilms at 30°C; see Table A-6, 

Appendix for all statistical differences). After EPS stripping, biofilms lost some of 

their thickness and biomass volume while their surface to volume ratio and roughness 

were increased. This shows that EDTA treatment could change the structure of 

biofilms, which might be due to the breaking of the link between EPS molecules 

[185]. 
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Figure 23 P. putida KT2440 biofilms before and after EDTA treatment. Green 

color shows the viability of biofilm cells. The thickness of biofilms is shown 

under and on the right of the top view image. The white bar indicates 50 μm in 

scale. 
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Figure 24 Biomass reduction by EDTA treatment of biofilms forming under 

different glucose concentrations and temperatures. The biomass is based on the 

CV assay and shown as A600 on y-axis. The means and standard deviations are 

based on 3 different biofilm samples. 

 

Table 4 Change of biofilm characteristics by EDTA treatment 

Biofilm characteristics 
5 mM glucose 50 mM glucose 

Before After Before After 

25°C     

Thickness (μm) 31.74 ± 0.39 22.17 ± 2.68 34.60 ± 0.69 23.48 ± 1.19 

Biomass volume  

(μm
3
/ μm

2
) 

22.30 ± 1.37 9.59 ± 3.82 28.25 ± 0.23 9.59 ± 3.95 

Surface to volume ratio 

(μm
2
/ μm

3
) 

0.191  

± 0.018 

0.623  

± 0.155 

0.302  

± 0.004 

0.632  

± 0.078 

Roughness coefficient 
0.042  

± 0.002 

0.108  

± 0.039 

0.040  

± 0.005 

0.117  

± 0.029 

30°C     

Thickness (μm) 35.25 ± 2.58 28.17 ± 3.54 30.27 ± 1.24 26.38 ± 1.45 

Biomass volume  

(μm
3
/ μm

2
) 

27.46 ± 0.78 18.67 ± 2.92 25.74 ± 6.87 19.91 ± 1.67 

Surface to volume ratio 

(μm
2
/ μm

3
) 

0.195  

± 0.005 

0.351  

± 0.043 

0.254  

± 0.090 

0.244  

± 0.053 

Roughness coefficient 
0.037  

± 0.009 

0.067  

± 0.009 

0.046  

± 0.008 

0.038  

± 0.014 
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 The EPS-stripped (0.25% EDTA treated) and control (0% of EDTA treated) 

biofilms were exposed to 20 mg/l of AgNPs, and the reduction in cell number was 

measured (Figure 25). Surprisingly, not all EPS-stripped biofilms showed reduction in 

the AgNP resistance. At 50 mM of glucose, the EPS-stripped biofilms show similar or 

equal resistance to the control biofilms at both 25 and 30°C (3-log reduction in both 

EPS-stripped and control biofilms). This may be explained by several reasons. First, 

biofilms at 50 mM of glucose had high biomass (Figure 20). The EPS-stripping 

process might not remove enough biomass or change the structure for the AgNP 

resistance to decrease. Second, the control biofilms treated by DI also lost some of 

their biomass (Figure 24) and probably their structure, giving less difference between 

the effects of AgNPs on the EPS-stripped and control biofilms. Lastly, there could be 

an error for relating the change in physical characteristics (Table 4) to the change in 

AgNP resistance of biofilms (Figure 25). As described earlier, the biofilms were 

grown in Ibidi glass surface for microscopic observation while they were grown in 

polystyrene surface for exposure experiments. This might provide the different 

attachment and characteristics of biofilms between the two experiments. 

 



 

  

87 

 

Figure 25 Effect of AgNPs on biofilms forming under different glucose 

concentrations and temperatures after the EPS-stripping by EDTA treatment. 

Biofilms were exposed to 20 mg/l of AgNPs for 24 h. The effect is shown on y-axis 

as the reduction in cell number. The cell number for the biofilm samples at 5 

mM of glucose and 25°C could not be observed after 3 h of exposure (no colony), 

and the bar is not shown on the figure. 
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 From the results, it is highly possible that physical characteristics are related to 

the AgNP resistance of biofilms. By having better structure including more thickness, 

more biomass volume, less surface to volume ratio, and less roughness, biofilms are 

more resistant to AgNPs by various mechanisms (Figure 26). Less surface area and 

roughness allowed less adsorption of AgNPs on biofilms [35, 180]. High thickness 

and biomass volume limit the AgNP diffusion into biofilms [184]. Due to various 

chemical components and charges of EPS, AgNPs will likely agglomerate on surface 

or in biomass of biofilms [186]. Also, the EPS components can interact or adsorb on 

the surface of AgNPs [133, 136, 179]. All of these processes lead to reduction in the 

effect of AgNPs on biofilms. 

 

Figure 26 Mechanisms of AgNP resistance in biofilms due to the physical 

characteristics 
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4.4) Summary 

Under diverse environmental conditions, mature biofilms can have different 

characteristics leading to the question whether they will have the same resistance to 

AgNPs. In this part, the AgNP resistance of P. putida KT2440 biofilms was 

determined by focusing on the effect of physical characteristics, which are thickness, 

biomass volume, surface to volume ratio, and roughness. Mature biofilms forming in 

different carbon sources (glucose, glutamic acid, and citrate), glucose concentrations 

(5 and 50 mM), and temperatures (25 and 30°C) showed different physical 

characteristics, which were related to the AgNP resistance of biofilms. The biofilms 

with lower thickness, lower volume, higher surface to volume ratio, and higher 

roughness coefficient were more resistant to AgNPs. While the surface/volume ratio 

and roughness coefficient were similar among three biofilms in three carbon sources, 

the thickness and biomass volume of glucose and glutamic acid biofilms were higher 

than citrate biofilms. Comparably, the AgNP resistance of biofilms forming in 

glucose (< 1 order of magnitude in cell number reduction) was similar to glutamic 

acid (around 1 order of magnitude in cell number reduction), which was higher than 

citrate (2 orders of magnitude in cell number reduction). Higher glucose 

concentrations and temperatures seemed to increase the thickness and biomass 

volume of biofilms while decreasing the surface to volume ratio and roughness 

coefficient, which increased the AgNP resistance of biofilms. At 25°C, biofilms 

forming at higher glucose concentrations exhibited higher AgNP resistance (3-log 

reduction in 5 mM and less than 1-log reduction in 50 mM). Similarly, when the 

temperature was increased in 5 mM biofilms, the biofilms had higher AgNP 

resistance (3 log reduction at 25°C and 1 log reduction at 30°C). When some of the 
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EPS was stripped of the biofilms (0.25% EDTA treatment), the thickness and biomass 

volume decreased while the surface to volume ratio and roughness increased. This 

leads to the reduction in AgNP resistance. According to the results, it is shown that 

physical characteristics can contribute to the AgNP resistance of biofilms. In 

environment where different growth conditions are found, the biofilm resistance to 

AgNPs can vary although they are mature, which should be taken into account for 

evaluating the impact of AgNPs on biofilms. 
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Chapter 5  

Silver Nanoparticle Properties Influencing Toxicity to Biofilms 

5.1) Introduction 

 AgNPs have been commonly used in consumer products. There are concerns 

of AgNP release and its impact on the environment [187, 188]. AgNPs released from 

products can travel to natural water systems where they can harm environmental 

bacteria [166, 189]. The strong antibacterial activity of AgNPs including cell wall and 

membrane damage, DNA and protein damage, and oxidative stress, can affect natural 

beneficial bacteria such as elemental cycle regulators and contaminant degraders 

leading to deterioration of natural water systems [19, 22, 86, 92, 190, 191]. However, 

environmental bacteria generally form biofilms, which are more resistant to AgNPs 

than free cells [35, 37]. Therefore, understanding the biofilm resistance to AgNPs is 

important to determine the impact of AgNPs on environmental bacteria. 

 The biofilm resistance to AgNPs may depend on the physical protection by 

EPS production, the slow growth rate of bacteria inside biofilms, and the 

hydrophobicity of cells [38, 52, 88, 136]. The previous chapters show that stage of 

maturity and physical characteristics of biofilms play a role in the AgNP resistance of 

biofilms. Biofilms develop high AgNP resistance when they are in more mature 

stages. Also, the biofilms with lower thickness, lower volume, higher surface to 

volume ratio, and higher roughness were more resistant to AgNPs. Therefore, both of 

stages and physical characteristics must be considered when determining the effect of 

AgNPs on environmental biofilms. 
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 Under the environmental conditions that biofilms are mature and have better 

characteristics for protection, it does not mean low impact of AgNPs on biofilms. 

AgNPs that persist in the environment gradually increase their toxicity by various 

mechanisms due to their properties. Because AgNPs slowly release Ag
+
, and many 

studies found that Ag
+
 is more toxic than AgNPs; therefore, dissolution of Ag

+
 from 

AgNPs is an important mechanism of toxicity [26, 192-194]. The effect of AgNPs 

increased when the fraction of Ag
+
 is higher, and the toxicity from Ag

+
 release can be 

equal to or even higher than AgNPs [29, 82]. Smaller AgNPs are more toxic because 

they are able to penetrate deeper into biofilms, resist to agglomeration, and release 

more reactive species [25, 36, 99]. Apart from the size, the toxicity is also dependent 

on the surface charge of AgNPs [195]. In the case of AgNPs, AgNPs with high 

negative charge are more stable and dispersed while AgNPs with high positive charge 

are attracted to bacterial cells, both of which increase the toxicity of AgNPs [24, 25].  

 In this chapter, the research objective is to determine the biofilm resistance to 

AgNPs with different properties. AgNPs were synthesized by varying BH4
-
/Ag

+
 ratio 

and characterized for different Ag
+
 release, particle size, and surface charge. Biofilms 

were grown in different glucose concentrations and temperatures according to the 

previous chapter to obtain biofilms with different physical characteristics. Finally, the 

effect of different AgNPs on biofilms was observed.  

5.2) Methodology 

5.2.1) Synthesis of AgNPs with different properties 

 AgNPs were synthesized and characterized for size, zeta potential, and Ag
+
 

according to the method described in section 3.2.1. To obtain AgNPs with different 

properties, the concentration of AgNO3 was fixed (0.25 mM) while the concentration 
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of NaBH4 was varied [22]. The BH4
-
/Ag

+
 ratios used in the synthesis were at 1, 0.5, 

and 0.1 based on the NaBH4 concentrations of 10, 5, and 1 mM.  

5.2.2) Culture preparation and biofilm experiments 

 P. putida KT2440 was used and the preparation of the culture was done in the 

same way as described in section 3.2.2. The biofilm formation was conducted in the 

96-well plate according to section 4.2.3. 

5.2.3) Effect of Ag
+
 release on biofilms 

 The effect of Ag
+
 release on biofilms was determined from the 96-well plate 

experiments described in section 4.2.8. The amounts of Ag
+
 release were taken from 

the results of the experiment determining Ag
+
 release in section 3.2.1. The effect of 

Ag
+
 on biofilms was determined by using AgNO3 (in 0.06% PVA) at the 

concentration equal to the release.  

5.2.4) Effect of AgNPs with different properties on planktonic cells 

 The culture of P. putida KT2440 was grown in 50 mM of glucose in M9 

media at 30°C to the stationary phase. The cells were harvested and re-suspended in 

0.85% NaCl (OD540 ≈ 0.2). The AgNPs solution was added to the cell suspension to 

the final concentrations of 5 and 20 mg/l, and the mixture was shaken at 150 rpm and 

30°C. At 0, 3, and 6 h of exposure time, the effect of AgNPs was determined by 

taking 100 μl of the solution and analyzing the cell number by the drop plate method 

(section 4.2.6). 

5.2.5) Effect of AgNPs with different properties on biofilms with different 

physical characteristics 

 Biofilms with different physical characteristics were grown from two glucose 

concentrations (5 and 50 mM) and temperatures (25 and 30°C) as presented in 
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Chapter 4. The biofilms were exposed to AgNPs with different properties, and the 

effect of AgNPs on biofilms was determined from the 96-well plate experiments as 

described in section 4.2.8. 

5.2.6) Confocal laser scanning microscopy 

 The effect of AgNPs was also observed using CLSM. Biofilms were cultivated 

in a chambered coverslip (μ-Slide 8 well, Ibidi) before exposure to AgNPs with 

different properties. Biofilm staining and microscopic observation were performed as 

described in section 4.2.9. 

5.2.7) Statistical analysis 

 In every experiment, the standard deviation of the triplicate data was 

calculated and presented as error bars. The statistical differences between two 

interested data groups of AgNP properties (average size, percentage of Ag
+
, and zeta 

potential) were analyzed as described in section 3.2.9. The statistical differences 

between the effects of AgNPs on two interested biofilms were also analyzed. 

5.3) Results and discussion 

5.3.1) Effect of Ag
+
 release on P. putida biofilms 

 Ag
+
 release is one of the important mechanisms of antimicrobial toxicity of 

AgNPs, and many studies found that Ag
+
 is more toxic to bacteria than AgNPs [29, 

193, 196, 197]. As a result, it is important to determine whether the toxicity in this 

study is from AgNPs or Ag
+
 release, which will lead to a better understanding on how 

biofilms resist AgNPs. According to the 6-well plate experiment in Chapter 3, the 

synthesized AgNPs used in previous experiments released around 5% of Ag
+
, and it 

was increased to 7 and 10% after 24 and 48 h of exposure time, respectively. 

Therefore, the experiment was conducted to determine the toxicity from Ag
+
 release 
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by using AgNO3 at the concentrations equal to the minimum and maximum levels of 

Ag
+
 release.  

 Biofilms forming in 5 and 50 mM of glucose at 25 and 30°C were exposed to 

AgNO3 equal to 5% and 10% of AgNPs (Figure 27). Two concentrations of AgNPs 

were 5 and 20 mg/l, resulting in 0.25 and 1 mg/l of AgNO3 for 5% release, and 0.5 

and 2 mg/l of AgNO3 for 10% release, respectively. At 5 mg/l of total Ag (Figure 

27(a)), both AgNPs and released Ag
+
 showed low to no toxicity to biofilms (less than 

1-log reduction or no reduction in cell number), but the toxicity increased when the 

total Ag concentration was increased to 20 mg/l (Figure 27(b)). Similar toxicity was 

observed between AgNPs and 10% released Ag
+
 in the biofilms at 5 mM and 50 mM 

of glucose at 30°C (1 to 2-log reduction). However, for the biofilms at 5 mM and 

25°C, the toxicity from AgNPs (3 to 4-log reduction) was much higher than that from 

released Ag
+
 (less than 1-log reduction). From these results, it can be inferred that the 

toxicity of AgNPs in this study should be mostly from the nanosized AgNPs, 

combining with some toxicity from the released Ag
+
. 

 The released Ag
+
 although small contributed to the AgNP toxicity. Therefore, 

when AgNPs can release more Ag
+
, the toxicity should be higher. In the next 

experiment, different AgNPs were synthesized and tested for their toxicity whether 

they are related to the Ag
+
 release.   
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Figure 27 Effect of AgNPs and Ag
+
 release on biofilms growing in different 

conditions. Biofilms were exposed to AgNPs and AgNO3 for 24 h. Two 

concentrations of total Ag were used: (a) 5 mg/l; and (b) 20 mg/l. The effect is 

shown as reduction in cell number on y-axis. The means and standard deviations 

are based on 3 different biofilm samples. 
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5.3.2) Properties of AgNPs and toxicity to planktonic cells 

 Table 5 shows the properties three different AgNPs synthesized from the BH4
-

/Ag
+
 ratios of 1, 0.5, and 0.1, which are listed as AgNPs#1, AgNPs#2, and AgNPs#3, 

respectively. AgNPs#1 are the same AgNPs used in previous chapters. The UV-vis 

spectra with similar peaks at 395 to 400 nm (Figure 28) suggest the formation of 

AgNPs. The sizes of the AgNPs were similar between AgNPs#1 (47 nm) and 

AgNPs#3 (42 nm), which were slightly smaller than AgNPs#2 (67 nm). Three AgNPs 

released different amounts of Ag
+
, which were 5.3% for AgNPs#1, 7.7% for 

AgNPs#2, and 9.1% for AgNPs#3. For the zeta potential or surface charge, all AgNPs 

exhibited nearly neutral charge. However, the highly negative and positive charges 

were observed in AgNPs#3 (the distribution curve for zeta potential is provided in 

Figure A-4, Appendix), which resulted in the average neutral charge. The mechanisms 

for the formation of two types of surface charge are now known in this study. 

However, it is speculated to be from BH4
-
 used in the synthesis. Because the BH4

-
 

amount applied to reduce Ag
+
 was fairly low (1 mM compared to 10 mM in 

AgNPs#1), the incomplete reaction may cause AgNPs#3 to be different from other 

AgNPs [22].   
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Table 5 Properties of AgNPs 

Properties AgNPs#1 AgNPs#2 AgNPs#3 

Molar ratio of BH4
-
/Ag

+
 1 0.5 0.1 

Average size (nm) 47 ± 4 67 ± 2 42 ± 2 

Surface plasmon peak (nm) 395 400 400 

Percentage of Ag
+
 (%) 5.33 ± 0.01 7.73 ± 0.07 9.10 ± 0.06 

Zeta potential (mV) -1.4 ± 0.2 -5.5 ± 0.7 -2.4 ± 0.3* 

*According to the data from the zeta potential distribution curve (Figure A-4, 

Appendix), the measurement of intensity showed that around 70% of the particles 

were highly negative charged (-60 to -95 mV) while around 30% were highly positive 

(+140 mV). 

 

 

 

 

 

Figure 28 UV-vis spectra of AgNPs synthesized from different molar ratios of  

BH4
-
/Ag

+
. The Ag

+
 shows almost no absorbance in the wavelength range tested. 
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 The free cells of P. putida KT2440 were exposed to 5 and 20 mg/l of three 

AgNPs, and the toxicity was determined by reduction in cell number (Figure 29). The 

cells were also exposed to AgNO3 for comparison of the toxicity between Ag
+
 and 

AgNPs. At 5 mg/l of total Ag, the cell number was reduced after 6 h of exposure to 

AgNPs and Ag
+
 (1 to 2-log reduction in cell number). AgNPs#3 showed highest 

toxicity while AgNPs#1, AgNPs#2, and Ag
+
 showed similar toxicity. When the Ag 

concentration was increased to 20 mg/l, the toxicity of AgNPs#1, AgNPs#2, and Ag
+
 

increased similarly (2 to 3-log reduction in cell number) whereas AgNPs#3 could 

completely kill the cells at 6 h, showing the highest toxicity among three AgNPs. 

 The highest toxicity in AgNPs#3 could be contributed by the Ag
+
 release. 

AgNPs#3 released 9% of Ag
+
 compared to 5% release from AgNPs#1. However, 

AgNPs#2 also show almost 8% release but the toxicity is similar to AgNPs#1 and 

AgNO3, in which the amount of Ag
+
 can be considered as 100% release. Beer et al. 

[82] also observed high toxicity of AgNPs when the released Ag
+
 was more than 5% 

of total Ag. As described in the previous section, Ag
+
 release in this study contributed 

to the toxicity of AgNPs but should not be the main mechanism of the toxicity. 

Therefore, the higher toxicity of AgNPs#3 should not be only from the Ag
+
 release. 

Another possible mechanism of toxicity is the charge of AgNPs. AgNPs#3 is the only 

one that exhibits the highly positive and negative charges. The positively-charged 

AgNPs could be more attracted to the negatively-charged bacterial membrane, leading 

to more toxicity of AgNPs [24]. Even though the negatively-charged AgNPs may be 

less attracted to bacteria, they can still show high toxicity due to high stability and low 

aggregation,  
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Figure 29 Toxicity of different AgNPs to planktonic cells at the concentrations 

of: (a) 5 mg/l; and (b) 20 mg/l. Planktonic cells in stationary phase were grown in 

50 mM of glucose before the cells were harvested for the exposure. The effect is 

shown as reduction in cell number on y-axis. The means and standard deviations 

are based on 3 different samples. 
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Which is from the repulsive force between the charges [25, 86, 100]. Therefore, 

AgNPs#3 that consists of two types of charges showed more toxicity than AgNPs#1 

and AgNPs#2, which have nearly neutral charge. 

 The results show that Ag
+
 release and surface charge of AgNPs are important 

to the toxicity of AgNPs. This leads to the question whether these properties of 

AgNPs can affect the toxicity to biofilms. Therefore, the effect of different AgNPs on 

biofilms was determined in the next experiment.  

5.3.3) Effect of AgNPs with different properties on P. putida biofilms 

 From the data in Chapter 4, biofilms with higher biomass and favorable 

physical characteristics (more thickness and volume; less surface/volume ratio and 

roughness) are more resistant to AgNPs. However, if there are more Ag
+
 release and 

more negative or positive charges, the effect of AgNPs on biofilms tends to increased. 

In this experiment, Biofilms forming at different glucose concentrations (5 and 50 

mM) and temperatures (25 and 30°C) were exposed to three AgNPs from the previous 

experiment, and the effect was determined by live/dead staining observed under 

CLSM (Figure 30) and reduction in cell number (Figure 31). The CLSM images show 

more live cells (green) in the biofilms exposed AgNPs#1 than other AgNPs (Figure 

30). This was supported by the reductions in cell number data (Figure 31), which 

show the lowest effect on biofilms by AgNPs#1 (1 to 2-log reduction versus 3-log 

reduction by AgNPs#2 and AgNPs#3). The effect of AgNPs on biofilms also 

increased when the concentration was increased from 5 to 20 mg/l. 
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Figure 30 Biofilms after exposed to different AgNPs for 24 h. The concentration 

of AgNPs was 20 mg/l. Green and red colors show the live and dead cells, 

respectively. The bar indicates 25 μm in scale. 
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Figure 31 Effect of different AgNPs on biofilms forming under different glucose 

concentration (5 and 50 mM) and temperature (25 and 30°C). The exposure time 

was 24 h. The effect is shown as reduction in cell number on y-axis. The means 

and standard deviations are based on 3 different biofilm samples. 
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 The AgNPs#3 still showed highest toxicity to biofilms similar to the results in 

planktonic cells (Figure 29). However, the toxicity of AgNPs#3 to biofilms was only 

slightly higher than that of AgNPs#2, which is different from the toxicity to 

planktonic cells where AgNPs#3 was much more toxic than AgNPs#2. This might be 

due to the difference in the exposure time between planktonic and biofilm 

experiments. Because biofilms showed higher AgNP resistance than planktonic cells 

[37], the exposure time for biofilms was increased to 24 h, which may be long enough 

for AgNPs#2 to produce greater effect than that observed in planktonic cells.  

 The different toxicity of AgNPs is also supported by the Ag
+
 release data. 

After 24 h exposure of biofilms to AgNPs, the released Ag
+
 increased from 8 to 13% 

in AgNPs#2, and from 9 to 12% in AgNPs#3 whereas it only increased from 5 to 7% 

in AgNPs#1. Therefore, the higher Ag
+
 amount in AgNPs#2 and AgNPs#3 possibly 

increased the effect of AgNPs on biofilms. González et al. [145] found more 

accumulation of Ag
+
 than AgNPs in biofilms, which may explain the increased effect 

of AgNPs with higher Ag
+
 release. Other mechanisms may also contribute to the 

effect on biofilms. Choi et al. [22] suggested that the effect of AgNPs is correlated 

with the fraction of AgNPs smaller than 5 nm. Also, the amount of ROS generated 

from AgNPs can increase the toxicity [23, 63, 101]. Unfortunately, both of these 

properties of AgNPs were not measured in this experiment, so it is still inconclusive 

whether they contributed to the effect observed in this study. 

 In Chapter 4, it was found that biofilms growing in 5 and 50 mM of glucose 

and at 25 and 30°C showed different resistance to AgNPs due to their biomass and 

physical characteristics. However, when they were exposed to AgNPs#3, which had 

more Ag
+
 release and highly positive and negative charges, they showed similar 
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AgNP resistance regardless of their growing conditions. Also, the resistance to 

AgNPs#3 was much lower than the resistance to AgNPs#1 used in the previous 

chapters. This shows that the effect of AgNPs on biofilms can be increased if AgNPs 

are able to release more Ag
+
 and are highly deviated from neutral charge. The 

mechanisms of increased toxicity in AgNPs with more Ag
+
 release and less neutral 

charges are proposed in Figure 32. AgNPs with highly positive charges are subject to 

more adsorption onto biofilms with negative charges of EPS [36]. Both negatively- 

and positively-charged AgNPs are more stable and can release more Ag
+
 [16].  

 

Figure 32 Mechanisms of toxicity of different AgNPs to biofilms 
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5.4) Summary 

 The degree of AgNP toxicity to biofilms can depend on the Ag
+
 dissolution 

from AgNPs and surface charge of AgNPs. The toxicity from Ag
+
 release was 

determined by exposing biofilms to AgNO3 at the concentrations equal to the 

minimum (5%) and maximum levels (10%) of release. The released Ag
+
 showed 

some toxicity to biofilms (less than 1-log reduction) even though it was less than that 

of AgNPs (3 to 4-log reduction). Since the AgNP toxicity is partly from Ag
+
 release, 

the AgNP toxicity should increase when AgNPs can dissolute more Ag
+
. Three 

AgNPs were synthesized to have different Ag
+
 release by using the BH4

-
/Ag

+
 ratio of 

1, 0.5, and 0.1. While having similar sizes, three AgNPs released different amounts of 

Ag
+
 (5.3% for AgNPs#1; 7.7% for AgNPs#2; and 9.1% for AgNPs#3). For the zeta 

potential or surface charge, all AgNPs exhibited nearly neutral charge; however, the 

highly negative (-60 to -95 mV) and positive charges (+140 mV) were observed in 

AgNPs#3, which resulted in the average neutral charge. The effect of AgNPs on 

biofilms was increased when AgNPs have more Ag
+
 release and highly negative or 

positive charges. The AgNPs#3 exhibited highest toxicity to biofilms (3-log 

reduction) whereas AgNPs#1 showed least toxicity (1 to 2-log reduction). From the 

results, the properties of AgNPs and the factors affecting them must be carefully 

considered when assessing the toxicity of AgNPs to environment. Even though the 

effect of AgNPs on environmental biofilms appears to be low due to the biofilm 

resistance, it can gradually increase due to the stability of AgNPs and increased Ag
+
 

release. 
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Chapter 6 

Conclusions, Implications, and Suggestions for Future Research 

6.1) Conclusions 

 The goal of this research is to elucidate the effect of AgNPs on bacteria in the 

environment. In order to achieve this goal, it is important to understand the 

mechanisms of AgNP resistance in biofilms, because they are abundant in the 

environment and likely to be affected by AgNPs. By using P. putida KT2440 as a 

model of environmental biofilms, the obtained results contribute to the understandings 

of AgNP resistance in biofilms by adding the importance of biofilm stage and 

physical characteristics. Biofilms need to be in mature stage to resist AgNPs as they 

can produce enough EPS for protection from the adverse effect of AgNPs. However, a 

presence of mature biofilms is not a guarantee for high AgNP resistance. Under 

various growth conditions, mature biofilms can have different structures or physical 

characteristics, which leads to different levels of AgNP resistance. High AgNP 

resistance can be found in biofilms with high thickness, high biomass volume, low 

surface to volume ratio, and low roughness. Furthermore, even though biofilms 

already exhibit AgNP resistance through the mature stage and physical characteristics, 

the adverse effect of AgNPs is still possible if AgNPs have high Ag
+
 release and 

highly negative or positive charges. In conclusion, biofilm maturity, physical 

characteristics, and AgNP properties must be considered together when evaluating the 

impact of AgNPs on environmental biofilms. 
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6.2) Environmental implications 

 The findings from the research have important implications in environmental 

management for both wastewater treatment systems and natural water systems. In 

wastewater treatment plants, different effects of AgNPs are expected at different 

phases of operation. AgNPs will be less toxic in steady-state systems with mature 

biofilms, but systems during start-up, when biofilms are becoming established, will be 

vulnerable to AgNPs. Biofilms with high biomass, thickness, and volume in the 

system are less vulnerable to AgNPs and may be able to remove AgNPs by 

biosorption. 

 In different environmental systems, there are different conditions provided for 

biofilm formation. Therefore, biofilms may not only have different stages of maturity 

but also have different characteristics, which lead to different AgNP resistance. When 

biofilms have more thickness and biomass volume, the AgNP resistance should be 

high, which means less adverse effect of AgNPs. Regardless of the thickness and 

volume of biofilms, AgNPs with more stability and Ag
+
 release may exhibit severe 

toxicity in certain environmental conditions such as oligotrophic, where there are less 

environmental constituents for AgNP transformation to reduce the impact. 

6.3) Suggestions for future research 

 It should be noted that this study only focused on the effect of AgNPs on 

single-species biofilms grown in batch conditions. In natural and engineered systems, 

various species of bacteria are present as a community under the dynamic conditions. 

It is possible that the stage of maturity and characteristics of biofilms will be different 

from the results in this study, leading to different effects of AgNPs on biofilms. 

Therefore, the continuous conditions and multi-species biofilms should be considered 
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for further studies in order to better understand the effect of AgNPs on biofilms at 

different stages of maturity and biofilms with different characteristics. 

 Moreover, this research uses only artificial conditions such as batch conditions 

and enriched media, which may not represent the environmental conditions. The 

future research should consider environmental conditions to study the biofilm stage 

and characteristics, and their AgNP resistance. The presence of other constituents in 

natural water or wastewater systems such as S
2-

 could be augmented to simulate the 

actual conditions that biofilms are exposed to AgNPs. 
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Figure A-1 CDC reactor and its compartments: (1) Stirrer; (2) Glass reactor;  

(3) Top compartment of the reactor; (4) Top compartment holding eight 

polystyrene rods and air inlets; (5) Baffle attached with a magnetic bar; and (6) 

Rod containing three polystyrene coupons. 
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Figure A-2 The processed images of biofilms forming in different carbon sources 

obtained from COMSTAT software. More red intensity shows more biomass of 

biofilms. 

 
Figure A-3 The processed images of biofilms forming in different carbon 

concentrations and temperatures obtained from COMSTAT software. More red 

intensity shows more biomass of biofilms. 
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Figure A-4 Zeta potential distributions: (a) AgNPs#1; (b) AgNPs#2; and (c) 

AgNPs#3. The AgNPs were synthesized by using the molar ratio of BH4
-
/Ag

+
 at 

0.1. Two peaks of the zeta potentials show highly negative and positive charges in 

the AgNP solution. 

(a) 

(b) 

(c) 
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Table A-1 The statistical differences (p value) of total carbohydrate and total 

protein between biofilms forming in glucose, glutamic acid, and citrate analyzed 

by the multiple t-test. 

 Glucose 

vs. glutamic acid 

Glucose 

vs. citrate 

Glutamic acid 

vs. citrate 

Total carbohydrate             0.079             0.179             0.304 

Total protein             0.003*             0.001*             0.004* 

*p value less than 0.05 = statistical difference 

 

 

 

Table A-2 FTIR spectrum and possible functional groups in EPS of biofilms 

forming in glucose, glutamic acid, and citrate. The spectrum is shown as a 

wavelength number (cm
-1

).  

Functional group Glucose Glutamic acid Citrate 

O–H (carboxylic acids) 3289 3287 3287 

C–H (alkane) 

2958 2955 2957 

2927 2926 2926 

2875 2873 2875 

2857 2856 2856 

* 2372 2365 2365 

C=O (carbonyl) 
1657 1657 1657 

1651 1652 1651 

N–H (amine) 1538 1538 1538 

* 

1452 1453 1454 

1395 1390 1367 

1239 1270 1269 

1078 1240 1242 

991 1079 1083 

917 987 986 

865  855 

*The spectra that could not be identified were left as blank. The spectra less than 1500  

cm
-1

 are defined as fingerprint area, which is caused by complex deformation of 

molecules. 

 



 

  

130 

Table A-3 Statistical differences (p value) of physical characteristics between 

biofilms forming in glucose, glutamic acid, and citrate analyzed by the multiple t-

test. 

Characteristics 

Glucose 

vs. glutamic 

acid 

Glucose 

vs. citrate 

Glutamic acid 

vs. citrate 

Thickness (μm)          0.006*       0.0003*             0.019* 

Biomass volume (μm
3
/ μm

2
)          0.192        0.011*         0.100 

Surface to volume ratio (μm
3
/ μm

2)
          0.952        0.262         0.483 

Roughness coefficient          0.002*           0.527            0.935    

*p value less than 0.05 = statistical difference 

 

Table A-4 Statistical differences (p value) of physical characteristics between 

biofilms forming 5 and 50 mM of glucose analyzed by the multiple t-test.  

Characteristics 
25°C 30°C 

5 mM vs. 50 mM 5 mM vs. 50 mM 

Thickness (μm)            0.342              0.0007* 

Biomass volume (μm
3
/ μm

2
)            0.024*                0.018* 

Surface to volume ratio (μm
3
/ μm

2)
            0.042*                0.034* 

Roughness coefficient            0.439                 0.050  

*p value less than 0.05 = statistical difference 

 

Table A-5 Statistical differences (p value) of physical characteristics between 

biofilms forming in 25 and 30°C analyzed by the multiple t-test. 

Characteristics 
5 mM 50 mM 

25°C vs. 30°C 25°C vs. 30°C 

Thickness (μm)                0.012*                0.010* 

Biomass volume (μm
3
/ μm

2
)                0.067                0.001* 

Surface to volume ratio (μm
3
/ μm

2)
                0.071                0.023* 

Roughness coefficient                0.122                   0.076  

*p value less than 0.05 = statistical difference 
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Table A-6 Statistical differences (p value) of physical characteristics of biofilms 

before and after 0.25% EDTA treatment analyzed by the multiple t-test. 

Characteristics 

Before vs. after EDTA treatment 

5 mM;  

25°C 

5 mM;  

30°C 

50 mM;  

25°C 

50 mM;  

30°C 

Thickness (μm)       0.004*        0.049*      0.0002*         0.024 

Biomass volume  

(μm
3
/ μm

2
) 

      0.006*        0.007*       0.001*         0.226 

Surface to volume ratio  

(μm
3
/ μm

2)
 

      0.009*        0.003*       0.002*         0.876 

Roughness coefficient       0.043*        0.015*       0.011*         0.439 

*p value less than 0.05 = statistical difference 
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