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ABSTRACT 

 

Silver nanoparticles (Ag NPs) are one of the most widely used nanoparticles, most 

notably serving as an antimicrobial agent for sanitization and medical purposes. Despite 

of their widespread use, little was known about the environmental effect of silver 

nanoparticles. This research focused on the impact of AgNPs on planktonic (e.g., free 

swimming) and biofilm bacteria that are relevant to wastewater treatment and the natural 

environment. Nitrifying bacteria and E. coli were used as model microorganisms because 

they are essential in nitrification processes and a good water quality indicator in the 

environment, respectively.  Ag NPs were prepared in the lab and fully characterized by 

analyzing their optical property, size distribution, and composition (Ag
+
/Ag NPs). 

Several microbial toxicity tests (autotrophic respirometry, GFP-fluorescence microtiter 

assay, and oxygen based microrespirometry) were developed and applied individually 

depending on the microbial growth conditions. The research results demonstrated that the 

toxicity of Ag NPs was dependent on nanosilver particle sizes and related to of the 

concentration of intracellular reactive oxygen species (ROS). However, other 

metallic/oxide particles such as TiO2 nanoparticles showed lower toxicity than Ag NPs to 

the microorganisms with higher ROS accumulation, indicating that ROS was not a good 

chemical marker to determine the toxicity of metallic nanoparticles. To control the 

toxicity by metallic nanoparticles such as Ag NPs, sulfide anion effectively reduced the 



nanotoxicity because of the formation of stable AgxSy complex as a result of nanosilver 

dissolution and silver-sulfide complexation.  

E. coli biofilm cells were more resistance to the toxicity of Ag NPs than the planktonic 

cells. To determine the relationship between the toxicity and the fate of nanosilver in 

biofilms, the spatial distribution of Ag NPs in biofilms was analyzed using E. coli 

expressing green fluorescent protein (GFP) and the indigenous red fluorescence of 

aggregated silver particles. The results suggested that biofilms might confer resistance to 

nanosilver through particle aggregation and retarded Ag
+
/Ag NPs diffusion. 
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1 Introduction  

 

1.1  Silver Nanoparticles 

 

Silver nanoparticles (nanosilver, nano-Ag, Ag NPs) are small-sized particles with at least 

one dimension less than 100 nm. Due to their small size, nanoparticles have large surface 

area with high-dense atoms. A 9-nm nanosilver contains about 24,000 silver atoms 

(Kulinowski, 2008). Nanoparticles are a bridge between bulk materials and 

atoms/molecules (Nel et al., 2006). Nanoparticles have size-dependent physicochemical 

properties while bulk material has generally constant property. Optical, electromagnetic and 

catalytic properties are also observed to increase in nanoparticles (Kelly et al., 2003; 

Wenseleers et al., 2002). Therefore, nanoparticles are used in many consumer products for 

commercial applications. 

Silver nanoparticles have a broad range of applications in consumer products such as socks, 

wound dressing, toothpaste, air filters, food storage containers, and cosmetics because of 

their strong antimicrobial property (Maynard and Michelson, 2006). Silver nanoparticles 

are also used to kill bacteria in the clothes at low temperature in a so-called nanosilver 

washing machine (www.samsung.com). Nanosilver socks are claimed to remove odor by 

killing organic acid-producing bacteria. They are also applied in industry for selective 

coating for solar energy absorption (Cole and Halas, 2006; Rand et al., 2004), catalysis in 

chemical reactions (Zhai et al., 2006), surface-enhanced Raman scattering for imaging 



 2 

(Yamamoto and Watarai, 2006), and antimicrobial sterilization (Pal et al., 2007; Sambhy et 

al., 2006; Savage and Diallo, 2005). 

 

1.2 Toxicity of Silver nanoparticles 

As nanotechnology enhanced products rapidly increase in the market, the risk of Ag NPs 

released into sewage systems and eventually to rivers, streams, and lakes is therefore of 

concern. Modeling results indicate that up to 15% of total silver in the form of Ag
+
 ions or 

Ag NPs might be released from the nanosilver based biocidal plastic and textile into water 

(Blaser et al., 2008). Recent studies confirm that Ag NPs are easily released from 

nanosilver coated socks during the washing process (Benn and Westerhoff, 2008). If they 

are not well managed or disposed of appropriately, the increasing use of nanosilver 

products could affect wastewater operation because of the increased load of silver in 

wastewater. 

The presence of different toxicants including nanoparticles may result in additive toxicity 

(sum of individual toxicity), synergistic toxicity (higher than simple sum of individual 

toxicity), and antagonistic toxicity (lower than sum of each toxicity) (Newman and Unger, 

2003). Thus, the toxicity from a mixture of nanoparticles released from consumer products 

or industry also has to be considered to protect the environment. Evidence also shows that 

the toxicity of AgNPs is related to the release of silver ions or the nanoparticles themselves. 
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1.2.1 Silver Ion 

Free silver ion (Ag
+
) is highly toxic to a wide variety of organisms including bacteria. 

Metal toxicity to planktonic species such as algae (Lee et al., 2005) and bacteria (Hu et al., 

2002; 2003) is often governed by the concentrations of aqueous free metal species (i.e., 

Ag
+
). The inhibitory effect of Ag

+
 is believed to be due to its sorption to the negatively 

charged bacterial cell wall, deactivating cellular enzymes, disrupting membrane 

permeability, and ultimately leading to cell lysis and death (Ratte, 1999; Sambhy et al., 

2006). The aqueous concentrations of Ag
+
 are typically low in wastewater treatment 

systems or in the natural environment because of its strong complexation with various 

ligands such as chloride (Ksp = 10
−9.75

), sulfide (Ksp = 10
−49

), thiosulfate, and dissolved 

organic carbon (Shafer et al., 1998; Wang, 2003). As a result, silver toxicity to 

microorganisms is generally not observed.  

 

1.2.2 Silver Nanoparticles 

While the fate and toxicity of silver ions are well studied, little is known about the adverse 

effects of Ag NPs on wastewater treatment and the environment. Unfortunately, the 

antimicrobial property of nanosilver does not kill only bad or infectious microorganisms. 

The nanoparticles released from various consumer products into the environment can be 

also highly toxic to benign microorganisms (Alvarez, 2006; Grassian et al., 2007; Hyung et 

al., 2007; Limbach et al., 2008). It is demonstrated that nanosilver has a potential to disrupt 

soil microbial communities (Noredal et al., 2007). Alsodifferent toxic effects of various 



 4 

sized silver nanoparticles (Table 1) suggest that further studies on the environmental 

implications of nanoparticles are needed. Since nanoparticles have substantially different 

physiochemical properties from those of bulk materials of the same composition,  different 

toxicity mechanisms of nanoparticles may apply to biological systems (Nel et al., 2006). 

More research is required to investigate nanoparticle properties such as size, shape, 

dissolution/aggregation, surface coating, and solubility that may affect the specific 

physicochemical and transport properties, which could exert significantly different impact 

on microbial growth (Nel et al., 2006). 

Silver in the form of nanoparticles could be more reactive with its increased catalytic 

properties and become more toxic than the bulk counterpart. Furthermore, toxicity is 

presumed to be size- and shape dependent (Pal et al., 2007), because small size 

nanoparticles (e.g., < 10 nm) (Kloepfer et al., 2005; Morones et al., 2005) may pass through 

cell membranes and the accumulation of nanoparticles inside the cell can lead to cell 

malfunction and eventually death of the organism.  
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Table 1. The nanosilver inhibitory effect on different organisms.   

Target cell 
Average 

size 
Toxicity Investigated toxic mode 

E.coli (Sondi and 

Salopek-Sondi, 

2004) 

12 nm 100 % inhibition at 50-60 

mg/L Ag 

 

Formation of pits in cell wall 

E.coli (Morones et 

al., 2005) 

1-10 nm No growth at 75 mg/L Ag 

 

Direct interaction of 1-10 nm 

nanosilver with the bacteria 

E.coli (Cho et al., 

2005) 

 

10 nm 10 mg/L Ag MIC
1
, 100 % 

inhibition at 100 mg/L Ag  

Disrupted cell walls\ 

S. aureus (Cho et 

al., 2005) 

 5 mg/L Ag MIC
1
, 100 % 

inhibition at 50 mg/L Ag 

E.coli (Lok et al., 

2006) 

9 nm Bacterial proliferation 

inhibition at 0.4 nM 

 

Envelope protein precursors 

accumulation 

Proton motive force dissipation 

Outer membrane destabilization 

Plasma membrane potential collapse  

Intracellular ATP deplete 

E.coli (Pal et al., 

2007) 

39 nm   No growth at 0.5 mg/L Ag 

 

Shape-dependent interaction 

E.coli  

St. aureus  

yeast  

(Kim et al., 2007) 

14 nm 3.3 nM MIC
1
 

33 nM MIC
1
 

6.6 nM MIC
1
 

Free radical generation 

HIV-1 virus 

(Elechiguerra et 

al., 2005) 

1-10 nm Binding with the gp120 

subunit of the viral 

envelope glycoprotein at 

100 mg/L Ag 

Size dependent 

nanoparticles exclusively in the 

range of 1–10 nm attached to the 

virus 

BRL 3A rat liver 

cells (Hussain et 

al., 2005) 

15 nm 

100 nm 

Decrease mitochondrial 

function at 5-50 mg/L Ag. 

LDH
3
 leakage 

ROS
4
 increase 

Zebrafish (Lee et 

al., 2007) 

5-16 nm  Deformed Zebrafish was 

maximized at 0.19 nM Ag 

(21 mg/L Ag) 

Transported into and out through 

chorion pore canals 

 
1 
Minimum Inhibitory Concentration 

2
 50% inhibition concentration 

3
 Lactate Dehydrogenase  

4
 Reactive Oxygen Species
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1.3 Toxicological Methodology Used in This Study 

Three methods were applied to analyze the toxicity of nanoparticles to planktonic and 

biofilms cells by comparing the bacterial growth rate between nanosilver treated samples 

and controls. The toxicity was inferred from the change of specific oxygen uptake rate of 

nitrifying bacteria (1.3.1), the activity of green protein fluorescence from gene-modified E. 

coli (gfp-tagged E. coli) (1.3.2), and relative oxygen consumption rate of E. coli (1.3.3). 

 

1.3.1 Rate of Autotrophic Bacterial Growth Determined by Extant Respirometry 

Autotrophic nitrifying microbial growth inferred from oxygen uptake rates due to ammonia 

oxidation was measured in duplicate using a batch extant respirometric assay (Hu et al., 

2002). We chose nitrifying bacteria as a model organism for autotrophic bacteria because 

they play an important role in the nutrient removal from wastewater. Nitrification is often a 

rate-determining step because nitrifying bacteria are sensitive to environmental change such 

as pH, temperature, and DO concentration. Many toxic chemicals are reported to inhibit the 

growth of nitrifying bacteria (Blum and Speece, 1991).  

Nitrification is oxidation process and nitrifying bacteria consume oxygen (equation 2). We 

monitored the change of dissolved oxygen (DO) concentration to evaluate autotrophic 

microbial activity of nanoparticles-amended culture.  

𝑁𝐻3 + 𝑂2 → 2𝐻+ + 2𝑒− + 𝐻𝑁𝑂2                 Equation 1 
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Aliquots (60 mL) of nitrifying bacteria were collected from the nitrifying reactor operated 

at a target solids retention time of 20 d and a hydraulic retention time of 1 d. MOPS [3-(N-

morpholino) propanesulfonic acid, pH adjusted to 7.5] at a final concentration of 20 mM 

was added to maintain relatively constant pH of 7.5 during ammonium oxidation. The 

nitrifying bacterial suspensions were amended with nanoparticles or bulk materials of 

known concentration during the toxicity test. Each toxicity test at the known final 

nanoparticle concentration was conducted using respirometric bottles with no headspace. 

Every batch respirometric test was accompanied by a positive control (e.g., untreated 

nitrifying bacteria only) at room temperature (25  2 C). The nitrifying bacteria 

suspensions were aerated with pure oxygen gas before aliquots of NH4
+
-N (10 mg/L-N as 

NH4NO3) were injected. Magnetic stirring at ca. 100 rpm was provided in the bottles to 

ensure complete mixing. A decrease in the dissolved oxygen (DO) level in the 

respirometric vessel was measured by a DO probe (YSI model 5300A, Yellow Springs, OH) 

and continuously monitored at 4 Hz by an interfaced personal computer (Figure 2). The 

inhibition of autotrophic microbial growth was inferred from the difference between the 

measured specific oxygen uptake rate in the absence and presence of the Ag species like 

equation (3) (Hu et al., 2002).  

100(%), 



control

treatedcontrol

OUR

OUROUR
Inhibtion  Equation 2  
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Figure 1. Respirometry assay to measure nitrification activity for nanotoxicity study. 

(a) The respirometry bottle (b) DO concentration is measured by a DO probe in a 

closed respirometry bottle and recorded by interfaced PC. (c) The difference of 

oxygen uptake rate (the slope in the graph) between the control and the treated 

nitrifying culture indicates the inhibition of toxicants. The arrow pointed is the 

ammonium (10 mg-N/L) injection time through a sidestream injection port of the 

bottle using a microsyringe. 

  

 

a b 

c 
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1.3.2 Rate of Heterotrophic Growth Determined by Automated Microtiter Assay 

E. coli PHL628 was used as a model planktonic heterotroph in nanosilver toxicity 

study.  This strain tagged with a green fluorescence protein (GFP) was a derivative of the E. 

coli K12 that forms biofilms as a consequence of the over-expression of curli (Junker et al., 

2006). The test strain was grown overnight on a mechanical shaker (200 rpm) at room 

temperature in two different mediums, nutrient broth (BBL™, Diagnostic Systems, 

Framingham, MA) and LB (Luria-Bertani, Fisher Scientific, Pittsburgh, PA) medium, 

chosen depends on need of cell amounts. LB medium has rich nutrients (Table. 2), and the 

bacterial growth was faster with higher biomass concentrations compared to other growth 

media. 

 

Table 2. Luria-Bertani v.s. Nutrient broth 

 LB Nutrient broth 

Total carbohydrate (mg/L) 860 226 

Planktonic cell concentration after 24 hrs 

(CFU/mL) 

1.3 (± 0.2) × 10
12

 8.7 (±0.1) × 10
10 

Biomass concentration after 24 hrs (CFU/peg
*
) 3 (±1) × 10

7
 3.6 (±1.5) × 10

8 

*
in MBEC

TM
 High-throughput (HTP) assay (MBEC BioProduct, Alberta, Canada) 

 

 

To evaluate the inhibitory effects of Ag species on heterotrophic growth, E. coli PHL628-

gfp was grown in nutrient broth (BBL) at room temperature overnight. For the microtiter 

fluorescence assay, aliquots of the fresh medium (190 μL) were pipetted into eight parallel 

wells of a 96-well microplate, and aliquots (10 μL) of overnight E. coli cells were 
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inoculated  in each well. Aliquots of the Ag NP suspension, Ag
+
 or AgCl colloidal solution 

were added individually to each well to reach predetermined Ag concentrations. The cells 

were exposed to ambient air and mixed intermittently to support their growth on the plate. 

A program was made to incubate the samples with vigorous mixing for 10 s per hour before 

the fluorescence intensities (535 nm) excited at 485 nm were recorded automatically every 

hour for 24 h. The plate was pre-equilibrated at room temperature (25  2 C) for 0.5 h and 

the fluorescence (in relative fluorescence unit, RFU) of microbial suspensions was 

measured with a fluorescence microreader (VICTOR
3
, PerkinElmer, Shelton, CT).   

The time-dependent microbial growth associated with organic substrate oxidation in the 96-

microwells was simulated using an exponential growth model: 

teXX 
0 Equation 3 

 

where X and X0 are final and initial biomass concentrations, respectively, as reflected by 

the fluorescence intensity. The parameters of the specific microbial growth rate, , were 

determined via least-squares error (LSE) analysis using the SOLVER routine in Microsoft 

Excel.  

 

1.3.3 Rate of Bacterial Growth Inferred from Oxygen Based Microrespirometry  

This method based on the fact that oxygen quenches the fluorescence of the fluorophore 

like luminescent transition-metal complexes (e.g. Ru(II)-complexes) (Chan et al., 2000). 
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This phosphorescent oxygen-sensing probe can use to detect the change of dissolved 

oxygen concentration as a result of bacterial respiration so that the activity of aerobic 

bacteria is derived (O'Mahony et al., 2005; O'Mahony and Papkovsky, 2006). This simple 

method allows sensitive (down up to single cell) and fast measurement (within 5 hours in 

our results, Figure 4) of the total number of aerobic bacteria. Detail information is 

presented in the Chapter 6. 

Figure 3 shows the reaction and kinetics between oxygen (quencher, Q) and fluorophore 

(dye, D). The fluorescence is increased as a result of oxygen consumption by aerobic 

bacteria. A calibration curve is established by recording the time to reach the maximum 

fluorescence (no oxygen) as a function of initial number of aerobic bacteria. Based on the 

calibration curve, we can induce the activity of bacteria in the sample.  
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Figure 2. Reaction and kinetics between oxygen-sensing probes and oxygen in oxygen 

based microrespirometric assay. 

After collision quenching, the fluorescence intensity is reduced. The rate of decrease is 

dependent on quencher (O2) concentration.  
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Figure 3. A schematic of microtiter based nanotoxicity study of biofilm resistance to 

nanosilver. 

The microrespirometric assay is particularly useful in biofilm/nanotoxicity study. Biofilm 

was cultivated for one day on the barrier wall in 96-well microplates. After rinsing twice 

with fresh medium, each well was filled with fresh nutrient broth, oxygen probe, and 

nanosilver with a predetermined concentration. Heavy oil was used to cover the surface to 

prevent liquid evaporation or oxygen transfer. Fluorescence was measured automatically 

every 5 mins using a microreader. The time to reach the half of maximum fluorescence 

shows the abundance of active bacteria in the culture. 
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1.4 Mode of Antimicrobial Action of Silver Nanoparticles 

The mechanisms by which silver nanoparticles kill microorganisms are largely unknown 

and the mode of antimicrobial action by nanosilver is still not fully understood. Possible 

mechanisms by which silver nanoparticles inhibit microbial growth include particle 

attachment to or penetration of the cell membranes accompanied with slow release of Ag
+
, 

causing the changes of membrane permeability and redox cycle in the cytosol, intracellular 

radical accumulation, and dissipation of the proton motive force for ATP synthesis (Lok et 

al., 2006; Morones et al., 2005; Nel et al., 2006; Sondi and Salopek-Sondi, 2004). Recent 

studies suggested that ROS generation by Ag nanoparticles or Ag
+
 ions is responsible for 

the strong bactericidal activity (Inoue et al., 2002; Kim et al., 2007), although a quantitative 

estimation was not carried out.  

 

1.4.1 Silver Ion Release 

Dissolution of nanosilver particles results in a slow and continuous release of silver ions. In 

one study, after one hour washing of nanosilver socks with ultrapure water, about 70 ~ 90 % 

of the total silver is released as silver ions (Benn and Westerhoff, 2008). Modeling study 

estimates 30 % of nanosilver consumer products could be released as silver ions (Mueller 

and Nowack, 2008). Several studies of nanosilver toxicity have been addressed because of 

the release of silver ions (Choi et al., 2008; Navarro et al., 2008).   



 15 

The toxicitiy of heavy metals like silver ions are related to reactive oxygen species (ROS) 

(Jung et al., 2008; Yamanaka et al., 2005). The intracellular concentrations of reactive 

oxygen species such as singlet oxygen (
1
O2), superoxide (O2

-
), hydrogen peroxide (H2O2), 

and hydroxyl radical (OH·) are generally very low in normal live organisms. Under 

oxidative stress conditions (e.g., exposure to hyperoxia or toxicants), the ROS are increased 

more than the cell recovery ability, causing lipid peroxidation (Sayes et al., 2005), cellular 

metabolic malfunction and cell membrane disruption (Limbach et al., 2007; Long et al., 

2006; Wiesner et al., 2006). 

The reactive oxygen species are generated constantly through exogenous (extracellular) and 

endogenous (intracellular) processes as part of aerobic life on the earth (Kohn and Nelson, 

2007). While singlet oxygen is often generated following absorption of energy (light), other 

ROS are formed at the one-electron steps in oxygen reduction (Stumm and Morgan, 1996)  

OHOHOHOHOO HeeHee

2

2.

22

2.

22 2  
 

              
Equation 4 

 

Exogenously, nanoparticles of TiO2 and ZnO with large surface areas and highly reactive 

catalytic sites can produce photocatalytic ROS in the presence of near-UV light (Adams et 

al., 2006; Cho et al., 2004). Even without UV light irradiation, nanoparticles of transition 

metal oxides were capable of generating ROS monitored through fluorescence 

measurements (Limbach et al., 2007), and Ag nanoparticles were able to produce ROS 

detected by electron spin resonance spectroscopy (Kim et al., 2007). 
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Endogenous ROS are produced inside the cells. Normally cells are able to reduce oxygen to 

water through their electron transport chains and protect themselves from ROS damage 

through the use of enzymes such as superoxide dismutases (SOD, to convert superoxide to 

hydrogen peroxide) and catalases (to convert hydrogen peroxide to water and oxygen) 

(Farber, 1994; White, 2000). Under unfavorable environment such as hypoxia or in the 

presence of toxins, oxidation stress occurs and endogenous ROS accumulation can damage 

cellular constituents and disrupt cell functions.  

 

1.4.2 Cell Internalization of Nanoparticles 

Although the mechanisms of toxicity remain to be elucidated, nano-size particles can 

penetrate into the bacterial cells (Morones et al., 2005; Sondi and Salopek-Sondi, 2004). 

Evidence from scanning transmission electron microscopy also shows that smaller particles 

(< 10 nm) may enter the cell directly to inhibit microbial growth (Morones et al., 2005). 

Metallic/oxide nanoparticles has been proposed to efficiently enter the eukaryotic cells by a 

Trojan-horse type mechanism to provoke the transport of high levels of nanoparticles into 

the cells (Limbach et al., 2007). The nanoparticles rapidly enter the cells and successively 

dissolve, releasing damaging metal ions within the cell, which may react with enzymes or 

proteins in the cytoplasm to inactivate the cell metabolism (Moore, 2006).  

Figure 1 shows different toxic mode of TiO2 and Ag nanoparticles. Silver and titanium 

oxide are most used in consumer products. Silver nanoparticles release silver ions to induce 
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ROS or directly enter the cells if the particles size is small (dual mode). Cell-internalized 

particles may disrupt cell mechanism but how small nanoparticles inhibit in the metabolism 

of the cell is largely unknown. Semiconductor nanoparticles (e.g. TiO2, ZnO) are activated 

by UVA emission, which induces extracellular reactive oxygen species (ROS) as found in 

toxicity caused by other heavy metal ions. We therefore would like to investigate how 

different nanoparticles with possibly different mode of action affect bacterial growth 

(Chapter 5).  

 

 

Figure 4. A schematic of the different mode of action of TiO2 and Ag nanoparticles against 

microorganism.  

The toxicity of nanoparticles is related to the physical and chemical characteristics of 

nanoparticles. Silver nanoparticles (Ag NPs) may provide dual modes of toxic action, i.e. 

by releaseing ionic Ag
+
 and by penetrating of small size particles inside the cell. The 

semiconductor material, TiO2 nanoparticles produce reactive oxygen speices (ROS) under 

the light (UVA).  
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1.5 Fate and Toxicity of Silver Nanoparticles in Wastewater Treatment 

Nanosilver released in wastewater can be present as nanoparticles (Blaser et al., 2008), but 

it is likely dissolved and finally converted into Ag
+
 ions (Benn and Westerhoff, 2008), 

complexed with ligands, agglomerated (Limbach et al., 2005; Zhang et al., 2008). While 

the fate of nanoparticles in water is largely unknown, studies indicated that metallic oxide 

nanoparticles such as TiO2 and ZnO tend to be rapidly aggregated after discharged into 

water and remain stable for a long time (Zhang et al., 2008). The aggregation of 

nanoparticles is dependent upon the pH (affecting the point of zero charge (pHzpc) of the 

nanoparticles), ionic strength, organic species, and natural porous surfaces 

(DunphyGuzman et al., 2006). It is reported that silver nanoparticles are easily accumulated 

in activated sludge (Benn and Westerhoff, 2008).  

The fate of nanoparticles depends on particle properties and environmental conditions. 

Information on the composition and properties of engineered nanoparticles, such as size 

distribution, shape and particularly surface area, solubility, surface charge and other surface 

chemical properties, is essential to understand their potential ecotoxicological impact. 

 

1.6 Fate and Toxicity of Silver Nanoparticles in Biofilms 

Biofilms is commonly observed in the environment. Microbial cells in aquatic ecosystems 

often live in densely clustered and surface-attached communities known as biofilms to 

protect themselves from environmental changes (Harrison et al., 2007). Extracellular 
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polymeric substances (EPS) produced by the cells contribute to biofilm formation (Tsuneda 

et al., 2003). Biofilms are resistant to toxic chemicals such as heavy metals (Harrison et al., 

2005; Harrison et al., 2005; Teitzel and Parsek, 2003) and antimicrobial agents (Elkins et 

al., 1999; Mah and O'Toole, 2001). The resistance can be explained by several mechanisms 

such as increased persister cells (Keren et al., 2004), quorum sensing systems (Miller and 

Bassler, 2001), biosorption (Qureshi et al., 2001), gene expression response (Lenz et al., 

2008), and efflux systems (Teitzel and Parsek, 2003). Limited mass diffusive transport 

within biofilms also contributes to antimicrobial resistance of biofilms (Stewart and 

Franklin, 2008).  

Whether biofilm is susceptible to inhibition by nanoparticles is largely unknown. The study 

of biofilm resistance to nanoparticles is important because their environmental impact is 

directly linked to the public health (e.g., biofilm associated infection and dental diseases) 

and the environment (e.g. wastewater treatment and ecosystem conservation). 

Nanoparticles tend to aggregate easily and, therefore, the transport of Ag NPs in biofilms 

may be restricted, thereby limiting their effectiveness as an antimicrobial agent. 

Physiological heterogeneity (Stewart and Franklin, 2008) in biofilms (oxygen, substrate, 

and by- product concentration gradient, pH range, EPS composition, etc.) may further 

influence aggregation, dissolution and diffusive transport of nanosilver.  

As a part of this Ph.D research, we show how nanoparticles inhibit biofilm cell growth 

(nanoparticles action against microorganisms) and how the change of biological growth 

conditions affects the fate and toxicity of nanoparticles (microbial effect on nanoparticles). 
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To this end, we investigated the spatial distribution of nanoparticles in biofilms by taking 

adventage of the green fluorescence of GFP protein and the indigenous red florescence of 

aggregated nanosilver to know how deep nanoparticles penetrate inside the biofilms 

(Chapter 6). 

 

1.7 Hypotheses and Research Overview 

This Ph.D. thesis research focuses on the inhibitory effect of silver nanoparticles on 

planktonic (free swimming) and biofilm cells that are important in wastewater treatment 

plants. We chose nitrifying bacteria and E. coli as model organisms to examine the toxicity 

of nanoparticles to bacteria. We evaluated nano-toxicity to ammonium oxidation by 

nitrifying bacteria using extant respirometry. E. coli cells labeled with green fluorescence 

protein and oxygen based microrespirometry were also used for high throughput toxicity 

screen. This research aims to answer following questions:  

a) Is nanosilver toxic? Is it more toxic than silver ion?  

b) Why is nanosilver toxic to bacteria? 

c) Is the nanosilver toxicity related to reactive oxygen species (ROS) that can be used 

as a chemical marker for nanotoxicity? 

d) Do different metal/metal oxide nanoparticles have different toxicity? 

e) How to reduce or control the toxicity of nanosilver againt beneficial organisms? 

f) What are the interactions between bacteria and nanoparticles? 
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g) What is the difference of nano-microbial interactions between planktonic and 

biofilm cells? 

To answer these questions, we have mainly five hypotheses in the following: 

Hypothesis 1: Silver nanoparticles are toxic to planktonic and biofilm bacteria that is 

important to wastewater treatment.  

Hypothesis 2: Small size nanoparticles are more toxic than large size nanoparticles.  

Hypothesis 3: Reactive oxygen species generated extracellularly or intracellularly are 

related to nano-toxicity. 

Hypothesis 4: Metal/metal oxide nanoparticles have different inhibitory mechanisms 

which depend on the chemical (e.g. microbial affinity, chemical coating) and physical 

(e.g. size, semi conductivity) properties.  

Hypothesis 5: Biofilm cells are more resistant than planktonic cells to nanosilver. The 

retardation of transport limits nanoparticles to transport inside the biofilm. 

 

In chapter 2, the toxicity of silver nanoparticles was tested using nitrifying bacteria as 

autotrophs and E. coli as a model heterotrophic organism. Chapter 3 demonstrates that 

nanosilver toxicity is dependent on its size and related to reactive oxygen species (ROS) 

accumulation in the cells. The toxicity of nanosilver can be remediated by chemical 

complexation, especially with sulfide salts as described in chapter 4. In chapter 5, compared 
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with different metal oxide nanoparticles, a dual modes (ionic Ag
+
 and penetration of small 

nanoparticles inside the cell) of antimicrobial action is proposed, which helps answer the 

question: Is ROS a good biomarker to show nano-toxicity? Finally, we compared the 

toxicity of silver nanoparticles between planktonic and biofilm cells and examined the 

microbial interaction with nanoparticles in chapter 6.  
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2 The Inhibitory Effects of Silver Nanoparticles, Silver 

Ions, and Silver Chloride Colloids on Microbial 

Growth
1
  

 

2.1 Abstract 

Emerging nanomaterials are of great concern to wastewater treatment utilities and the 

environment. The inhibitory effects of silver nanoparticles (Ag NPs) and other important 

Ag species on microbial growth were evaluated using extant respirometry and an automatic 

microtiter fluorescence assay. Using autotrophic nitrifying organisms from a well-

controlled continuously operated bioreactor, the inhibitions by Ag NPs (average size = 14 

± 6 nm), Ag
+
 ions (AgNO3) and AgCl colloids (average size = 0.25 m) at 1 mg/L Ag 

were 86 ± 3%, 42 ± 7%, and 46 ± 4%, respectively, whereas the inhibition on 

heterotrophic growth followed the order: Ag
+
 > AgCl colloid > Ag NP at 0.5 mg/L  Ag. No 

compromise on cell membrane integrity was observed under the treatment of test Ag 

species by using a LIVE/DEAD Baclight bacterial viability assay. However, electron 

micrographs demonstrated that Ag NPs attached to the microbial cells, probably causing 

cell wall pitting. The results suggest that nitrifying bacteria are especially susceptible to 

inhibition by Ag NPs, and the accumulation of Ag NPs could have detrimental effects on 

the microorganisms in wastewater treatment. 

                                                 
1
 Water Research, 2008, 42, 3066-3074. 
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2.2 Objectives 

Little work has been done to evaluate the inhibition of microbial growth by different Ag 

species, especially Ag NPs in wastewater treatment systems where such information is 

valuable for operation planning and control. Both autotrophic and heterotrophic 

microorganisms are important in wastewater treatment. While heterotrophs are responsible 

for organic and nutrient removal, autotrophs are responsible for nitrification that is 

considered as the controlling step in biological nitrogen removal because of the slow 

growth rate of nitrifiers and their sensitivity to temperature, pH, dissolved oxygen 

concentration, and toxic chemicals (Blum and Speece, 1991; Hu et al., 2002). Consequently, 

the objective of this chapter was to evaluate the impact of Ag species such as Ag NPs, Ag
+
 

ions and AgCl colloids on heterotrophic and autotrophic growth.  

In this research work, Ag NPs and AgCl colloids with larger sizes were synthesized in the 

laboratory and characterized by UV-vis spectroscopy and electron microscopy. The 

inhibitory effects on the autotrophic and heterotrophic growth were determined by a short-

term extant respirometric assay and an automatic microtiter assay, respectively. 

Environmental scanning electron microscopy (ESEM) was applied as a complementary 

technique to examine the microbial/nanoparticle interactions. The mode of action of 

nanosilver toxicity was finally discussed based on the results of membrane integrity using a 

LIVE/DEAD Baclight bacterial viability kit.  
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2.3 Materials and Methods 

Silver materials 

Silver Nanoparticles 

Silver nanoparticles (Figure 5) were synthesized by reducing silver nitrate with sodium 

borohydrate (NaBH4, Sigma, St. Louis, MO) and adding polyvinyl alcohol (PVA, Sigma, St. 

Louis, MO) as the capping agent to control the growth of nanocrystals and agglomeration 

of nanoparticles. To dissolve polyvinyl alcohol, a solution containing 0.06% (wt) PVA was 

heated to 100 ºC and cooled down to room temperature before use. Silver particles were 

prepared by rapidly injecting 0.5 mL of 10 mM NaBH4 into the 20 mL PVA solution 

containing 0.25 mM silver nitrate at room temperature. After 5 minutes of stirring, the 

reaction mixture was stored at 4 ºC before use.   
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Figure 5. Silver nanoparticles suspensions made from the reduction of silver ion by 

borohydride in polyvinyl alcohols. 

Different colors of prepared nanosilver suspensions indicate various silver nanoparticle 

composition. Extra silver ions in suspension shows yellow color and the complete silver ion 

reduction results in the color change to brown. Dark brown color nanosilver suspension had 

relatively high toxicity due to its large portion of small sized particles (Chapter 3) 

 

Silver Ions  

A silver nitrate standard solution (14 mM, Fisher Scientific, Pittsburgh, PA) was used as a 

source of Ag
+
 ions. To reduce the complex with silver ion, we avoided the impurity of 

anion like chloride and sulfate. 

 

Silver Chloride Colloids 

Aliquots of 100 mg/L AgCl colloids were prepared freshly by vigorous mixing (700 rpm) 1 

mL of 14 mM silver nitrate standard solution and 1mL of 28 mM sodium chloride with 18 

mL of distilled water. Twice as much sodium chloride as silver nitrate was added to ensure 



 27 

complete complexation with no residual Ag
+
 ions in the colloidal solution (confirmed by 

Ag
+
 measurements with an ion selective electrode).  

 

Microbial cultures 

Autotrophic Bacteria 

The mixed and enriched nitrifying bacteria were cultivated in a continuously stirred tank 

reactor (14L, Figure 6) operated at solids retention time (SRT) of 20 d and hydraulic 

retention time (HRT) of 1 d using seed from a local nitrifying activated sludge plant in 

Missouri, USA. The reactor was fed with an inorganic medium containing ammonium (8.3 

mM, NH4NO3) as the sole energy source and requisite macro- and micronutrients (Table 3). 

Low concentrations of anions such as chloride and sulfate were present in the reactor to 

minimize their complexation potential with Ag
+
 ions. Sodium carbonate (0.5 M) was 

intermittently added to maintain the reactor pH at 7.5  0.1 and fulfilled both carbon and 

alkalinity requirements. The typical effluent concentrations of NH4
+
-N (< 1 mg/L), NO2

-
-N 

(< 1 mg/L) and NO3
-
-N (~ 440 mg/L) indicated complete nitrification (APPENDIX A). 

After a few months of operation, mixed liquor was periodically withdrawn from the 

nitrifying reactor for batch respirometric studies.  
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Table 3. Composition of the growth nutrients in reactor influent 

 

Compound 
Concentrations in reactor influent 

mg/L Cations (mM) Anions (mM) 

Mg(NO3)2 61 0.41Mg
2+

 0.82NO3
−
 

Ca(NO3)2 41 0.25Ca
2+

 0.25NO3
−
 

NaNO3 879 10.34Na
+
 10.34NO3

−
 

NH4NO3 667 8.33NH4
+a

 8.33NO3
−
 

K2HPO4 3.9 0.04K
+
 0.02HPO4

−
 

FeCl2·4H2O 2 0.01Fe
2+

 0.02Cl
−b

 

MnSO4·H2O 3.4 0.02 Mn
2+

 0.02SO4
2−c

 

(NH4)6Mo7O24·4H2O 1.2 0.006NH4
+a

 0.001Mo7O24
6−

 

CuSO4 0.8 0.01Cu
2+

 0.01SO4
2−c

 

Zn(NO3)2·6H2O 1.8 0.01Zn
2+

 0.02NO3
−
 

Ni(NO3)2·6H2O 0.3 0.001Ni
2+

 0.002NO3
−
 

a
 Total NH4

+
=8.336 mM.

 b
 Total Cl

−
=0.02 mM. 

c
 Total SO4

2−
=0.03 mM. 

 

 

 

Figure 6. The nitrifying bioreactor used to prepare autotrophic nitrifying bacteria. 

The inorganic medium was fed to the reactor by pumping at a 4.8 mL/min flow rate. The 

solution pH was maintained at around 7.5 using a pH controller by adding 0.5 M NaCO3 

when the pH was below 7.3.  
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Heterotrophic Bacteria 

The test heterotrophic bacterium was Escherichia coli PHL628-gfp, a gift from Dr. 

Anthony Hay at Cornell University. This strain tagged with a green fluorescence protein 

(GFP) was a derivative of the Escherichia coli K12 that forms biofilms as a consequence of 

the over-expression of curli (Junker et al., 2006). The test strain was grown overnight on a 

mechanical shaker (200 rpm) at room temperature in a nutrient rich medium (BBL 

containing 5g/L Gelysate
TM

 peptone and 3g/L beef extract, pH 6.9 ± 0.2).  

 

Measurement of Silver Toxicity  

The nitrifying bacterial suspensions were amended with Ag NPs, Ag
+
 ions and AgCl 

colloids individually at the final concentration range of 0.1-1 mg /L Ag.  We measured 

oxygen uptake rate (OUR) of nitrifying bacterial culture amended with each concentration 

of silver and calculated inhibition as percentage according to equation (1). See detail 

information in 1.3.1. 

 

Silver Species Characterization 

Aliquots of the prepared Ag NP suspensions were periodically scanned from 250 to 700 nm 

to obtain absorption spectra using a UV-vis spectrophotometer (Cary 50, Varian, CA). 

Additional aliquots were used to determine the stability of the Ag NPs by measuring the 
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concentrations of Ag
+
 ions in the Ag NP suspensions on a regular basis using a silver 

ion/sulfide selective electrode (Denver instrument, Denver, CO). 

The sizes of Ag NPs and AgCl colloids were characterized by a FEI Quanta 600F 

environmental scanning electron microscope (resolution: 3 nm at 30 kv, FEI Company, OR) 

equipped with a Scanning Transmission Electron Microscopy (STEM) detector. The Ag NP 

suspension was added to standard carbon-coated TEM grid. Images of the samples were 

taken at an accelerating voltage of 30 keV. 

 

Microbial/Nanoparticle Interaction   

The microbial/nanoparticle interaction was visualized using the FEI Quanta 600F SEM in 

the environmental (ESEM) mode that allows organic samples to be examined without 

applying a conductive coating prior to imaging. The enriched nitrifying culture amended 

with commercially available Ag NPs (advertised particle size = 10 nm, Nanostructured & 

Amorphous Materials, Inc., Houston, TX) was placed in an Al cup on a cold stage (10 °C) 

and imaged at about 7  Torr and 80% relative humidity. In order to obtain higher resolution 

images, bacteria amended with our own Ag NPs were examined under high-vacuum 

conditions utilizing a back-scattered electron (BSE) detector. The nanoparticle samples 

synthesized in our laboratory were prepared using a standard protocol described above, 

critically point dried and coated with ~10 nm of Pt.  
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Live/Dead Bacterial Viability Assays  

Experiments were carried out in the presence and absence of nanoparticles to determine the 

cell viability of heterotrophic (E. coli PHL628 without GFP tagged) and autotrophic 

cultures by using a LIVE/DEAD Baclight bacterial viability kit (Molecular Probes, 

Eugene, OR) (Hu et al., 2003). Viable and dead cells were detected by differential staining 

with a mixture of a green fluorochrome, SYTO 9 (stains all cells, live or dead), and a red 

fluorochrome, propidium iodide (stains only bacteria with damaged membranes). A 

reduction in the SYTO 9 fluorescent emission results when both dyes are present in the cell. 

Dead cells subject to 75% ethanol killing for 1 h were provided as a positive control. To 

reduce background fluorescence, the microbial suspension was washed with 0.85% NaNO3 

after centrifuging at 10,000 g for 15min. After aliquots of microbial suspensions and stain 

solution were added to each well of a 96-well microplate, the plate was incubated at room 

temperature in the dark for 15 min, and the relative fluorescence intensity was measured by 

the VICTOR fluorescence microreader. Enumeration of stained cells was facilitated by 

excitation at 485 nm and detection at 642 nm (red) and 535 nm (green), for propidium 

iodide and SYTO 9, respectively.  
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2.4 Results and Discussion 

 

 

Figure 7. UV–vis absorption spectra of an Ag NP suspension. 

Absorbance was recorded immediately after chemical reduction (solid line) and after 1 

week storage (dash line) at room temperature. 

 

Characterization of Ag Nanoparticles and Agcl Colloids 

The absorption spectrum (Figure 7) of dark brown Ag NPs prepared by chemical reduction 

showed a surface plasmon absorption band with a maximum of about 400 nm, a 

characteristic peak of Ag NPs (Kong and Jang, 2006; Petit et al., 1993), indicating the 

presence of Ag NPs in the solution. Due to the excitation of plasma resonances or interband 
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transitions, some metallic nanoparticle dispersions exhibit unique bands/peaks (Creighton 

and Eadont, 1991). The broadness of the peak is a good indicator of the size of 

nanoparticles. As the particle size increases, the peak becomes narrower with a decreased 

bandwidth and an increased band intensity (Kong and Jang, 2006; Petit et al., 1993). 

Furthermore, there is an inverse linear relationship between the full width at half-maximum 

(FWHM) and the diameter of particles (Petit et al., 1993):  

D
FWHM

230
50 Equation 5 

 

where both FWHM and the particle diameter (D) are in nanometers. The size of the Ag NPs 

was estimated as approximately 16 nm based on Equation 5. This result is consistent with 

the STEM results, which showed a size distribution between 10 and 40 nm (Figure 8) of the 

Ag NPs with an average of 14  6 nm. 
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Figure 8. STEM image of Ag NPs and nanosilver particle size distribution. 

The image of silver nanoparticles was taken by STEM (a) and their particle size distribution 

(b). The average particle size was 14nm. Bar size: 500nm. 

 

A shoulder at approximately 425 nm was noticed in UV-vis absorption spectra, indicating a 

broad distribution of particle sizes and shapes in the solution because of crystallization, as 

was confirmed by STEM imaging. The position and the number of peaks in the absorption 

spectra are dependent on the shape of the particles: for an ellipsoidal particle there are two 

peaks whereas for spherical silver particles there is only one peak centered at about 400 nm 

(Creighton and Eadont, 1991; Petit et al., 1993).  

The concentrations of Ag
+
 ions were measured simultaneously to evaluate the stability of 

Ag NPs in the solution. The beginning Ag
+
 concentration to make the Ag NP suspensions 

was 27 mg/L (0.25 mM). At the completion of the reaction, the residual Ag
+
 concentration 

was measured at 0.6 ± 0.1 mg/L. The Ag
+
 concentration remained largely unchanged at the 
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end of one day of resting at room temperature. Afterward, the Ag
+
 concentrations increased 

gradually (data not shown), as also indicated from the changes of solution color.  

During a week of Ag
+
 monitoring at room temperature, the color of Ag NP suspensions 

changed from dark brown to yellow, presumably due to oxidative dissolution of the Ag NPs 

(Equation 6).  

 

  OHAgOHOAg 4424 22 Equation 6 

 

The color change associated with particle dissolution and the presence of multiple UV-vis 

absorption bands indicate the existence of Ag NPs of various shapes and sizes, as was 

confirmed by STEM imaging (Figure 8). To minimize the interference of dynamic changes 

of Ag NPs , we used the freshly prepared Ag NP suspensions that were stored shortly (a 

few days) at 4 C before use, during which no significant changes of Ag
+
 concentrations 

were observed in the suspension (Figure 9). 

Silver chloride colloids (100 mg /L Ag) were prepared with an average size of about 0.25 

m. The particle sizes ranged from 0.1 to 2 m. A constant low Ag
+
 concentration was 

detected because of the overdose of chloride. The fraction of Ag
+
 was measured to be less 

than 0.1% of the total Ag in the AgCl colloidal solution. 
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Figure 9. Silver ion release from silver nanoparticles. 

Error bars indicate the range of duplicate data. 

 

 

 

Effect of Ag Species on Autotrophic Growth 

An extant respirometric technique was developed to determine biokinetic parameters from 

small pulses of substrate (e.g., NH4
+
) while minimizing changes in the microbial 

physiological state (Chandran and Smets, 2000; Hu et al., 2002). Figure 10 shows a 

representative respirograph of ammonia oxidation after an aliquot of ammonium was 

injected at ~100 s in the enriched nitrifying microbial suspension. The lack of change in 

dissolved oxygen illustrates nitrification inhibition in the presence of Ag NPs. There was no 

significant pH change before and after the test because of the addition of MOPS. 
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Figure 10. A respirometric test to determine the effect of silver nanoparticles on 

nitrification.  

Nitrification inhibition inferred from the decrease of specific oxygen uptake rate (slope of 

curve A) in the presence of Ag NPs, as compared with control (curve B) after an aliquot of 

ammonium nitrate was injected individually at approximately 100 s. 
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Figure 11. Inhibition of ammonium oxidation by different silver materials. 

Inhibition of NH4
+ 

oxidation as a function of the concentrations of silver in the form of 

silver nanoparticle, silver ion, and silver chloride. Error bars indicate one standard 

deviation. 

 

 

As shown in Figure 11, at 1 mg/L Ag in the nitrifying suspension, the inhibitions by Ag 

NPs, Ag
+ 

ions, and AgCl colloids were 86 ± 3%, 42 ± 7%, and 46 ± 4%, respectively. Of 

all the Ag species tested, Ag NPs presented the highest inhibition on autotrophic growth. 

Interestingly, the freshly prepared AgCl colloids with an average size of 0.25 m also 

inhibited nitrification. At the same level of Ag dose, there was no statistical difference (p > 

0.05) of inhibition between AgCl colloids and Ag
+
 ions. At this small size, silver chloride 

colloids appeared to reduce the bacterial growth as effectively as Ag
+
.  
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Effect of Ag Species on Heterotrophic Growth 

Consistent with the results from autotrophic growth study, silver nanoparticles inhibited E. 

coli growth. While no inhibition was observed at Ag NP concentrations below 1.0 M (0.1 

mg/L), the heterotrophic growth rate was reduced significantly by 55% as the Ag NP 

concentrations increased to 4.2 M (0.6 mg/L) (Table 4). The IC50 of inhibition by the Ag 

NP suspension, or the half maximal inhibitory concentration, was estimated to be 4.0 M (n 

= 8). Surprisingly, silver ion was the most toxic species to inhibit heterotrophic growth. At 

4.2 M  Ag (~0.5 mg/L Ag), the inhibitions on the growth of E. coli PHL628-gfp were 55 

± 8%, 100%, and 66 ± 6% by Ag NPs, Ag
+
 ions and AgCl colloids, respectively. E. coli 

treated with 1 mg/L Ag (or 9.3 M) in the forms of Ag NPs, Ag
+ 

ions, or AgCl did not 

exhibit signs of growth (data not shown).  The inhibition on heterotrophic growth appeared 

to be more severe from the long-term microtiter fluorescence assays, as we reported earlier 

that inhibition on microbial growth with longer period of metal exposure tends to be more 

significant  (Cho et al., 2004).  
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Table 4. The specific growth rates and the degrees of inhibition by various silver species at 

different silver concentrations. 

  Nano-Ag Ag
+
 AgCl colloid 

Concentration  Inhibition 

(%) 

 Inhibition 

(%) 

 Inhibition 

(%) (M) (d
-1

) (d
-1

) (d
-1

) 

1.4 0.40(±0.03) 17(±5) 0.41(±0.02) 11(±4) 0.43(±0.01) 7(±4) 

2.8 0.34(±0.03) 30(±6) 0.14(±0.03) 69(±6) 0.35(±0.02) 24(±5) 

4.2 0.22(±0.04) 55(±8) 0 100 0.16(±0.03) 66(±6) 

 

 

 

 

Figure 12.E. coli bacterial growth inhibition by nanosilver. 

Effect of silver nanoparticle concentrations (, 0 M; ●, 1.4 M; ○, 2.8 M; ■, 4.2 M; □, 

9.3 M) on the growth of E. coli PHL628-gfp as measured by relative fluorescence.  
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A slight lag phase of E. coli growth (~ 1.5 h) was observed during the automatic microtiter 

assays (Figure 12). Stationary phase was reached after incubation of the heterotrophic strain 

for approximately 12 h at room temperature (25  2°C). Upon the addition of Ag NPs in the 

microbial suspension, a slight decrease of fluorescence efficiency (i.e., fluorescence 

quenching) with increasing Ag NP concentrations was observed. In the case of AgCl 

colloids, the quenching effect was less significant (data not shown). The results are 

consistent with the existing experimental data (Sabatini et al., 2007; Yamaguchi et al., 

2007), indicating that the overlap between the GFP-tagged microbial fluorescence and the 

plasmon absorption of Ag nanoparticles may slightly cause the quenching of the excited-

state of GFP molecules on the Ag nanoparticles.  

 

 

Microscopic Observation of Microbial/Nanoparticle Interaction 

The microbial-nanoparticle interaction was visualized by environmental scanning electron 

microscopy, a specialized technique capable of imaging hydrous samples without the need 

of pretreatment for conductive coating (Priester et al., 2007; Redwood et al., 2005). 

Commercially available Ag NPs (Nanostructured & Amorphous Materials, Inc., advertised 

powder size of 10 nm) aggregated in water and the nitrifying microbial suspension. It 

appeared that the particles were embedded in microbial extracellular polymeric substances 

(Figure 13). The true size (from 200 nm to a few m) of Ag NPs in water suspension was 
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significantly different from the claimed size of commercial nanopowders, consistent with 

the results reported by others (Adams et al., 2006). 

 

 

Figure 13. ESEM image of commercially available nanoparticles in the presence of 

nitrifying culture. 

Silver nanoparticles adsorbed to the enriched nitrifying culture on a copper grid using 

ESEM. Arrows show aggregated Ag NPs that attached to microbial cells or embedded in 

microbial extracellular polymeric substances. Bar size: 100 m. 

 

Higher resolution electron micrographs were obtained using backscattered electron mode. 

After mixing a freshly prepared Ag NP suspension with the nitrifying cultures, it appeared 

that Ag NPs were adsorbed to the microbial surfaces, probably causing cell wall pitting 

(Figure 14). Additional work is underway to take higher resolution images in order to better 

understand the microbial-nanoparticle interactions. 
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Figure 14. Silver nanoparticles attached to the cell membrane of nitrifying bacteria. 

Silver nanoparticles adsorbed to the enriched nitrifying culture using a high-speed BSE 

detector. Arrows show spherical or hexagon types of Ag NPs that attached to the microbial 

cells, probably causing cell wall pitting. Bar size: 500 nm. 
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Cell Membrane Integrity Inferred from Live/Dead Assays 

The fluorescence intensities of the stained microbial cells at 535 nm (green) and 642 nm 

(red) represent live and dead cells, respectively. The green/red fluorescence ratio, obtained 

by dividing the green and red intensities, was applied to compare the difference among 

various treatments by Ag species. At 1 mg/L Ag, the ratio obtained from the microbial 

suspensions treated with Ag NPs showed no significant difference compared to controls (P 

> 0.05), indicating that there is no evidence of cell membrane leakage caused by Ag NPs. 

Similar results were observed in samples treated with Ag
+
 ions or AgCl colloids (Figure 15).  

 

Figure 15. The percentage of cells with/without membrane damage after treatment with 

silver materials.  

A positive control was treated with 70% ethanol. The blank bars indicate the percentage of 

live cells in the samples and the dotted bars show the percentage of membrane-damaged 

cells. 
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Inhibition Comparison and Mode of Antimicrobial Action   

Among the Ag species tested, the freshly prepared Ag NPs presented the highest inhibition 

to autotrophic nitrifying microorganisms. In contrast, silver ion appeared to be the most 

toxic to heterotrophic growth. Different experimental assays chosen for the autotrophic 

nitrifying bacteria and heterotrophic E. coli cells made it difficult to compare the toxicity of 

Ag nanoparticles to the two bacterial species. The difference of toxicity may be attributed 

to different growth conditions and cell properties. Also we found in following works that 

silver nanoparticles aggregated in rich medium like nutrient broth and the toxicity of 

nanparticles may decrease due to its size-dependent toxicity.  

The nitrifying bacteria were completely mixed in the respirometric bottles, aerated with 

pure oxygen and their activities were monitored by oxygen uptake rate measurements. 

Conversely, the E. coli cells were mixed intermittently in microwells, aerated with ambient 

air and their activities were inferred from fluorescence measured over a prolonged period of 

time (~1 d). Because they have a faster growth rate than nitrifying bacteria, E. coli cells 

may have stronger oxidizing/reducing power and interact with Ag species to form cell-

particle aggregates (Kahraman et al., 2007; Sondi and Salopek-Sondi, 2004), as visible 

from Figure 13 and 14, or produce extracellular or intracellular Ag NPs (Efrima and Bronk, 

1998), causing more complex growth problems. Nitrifying bacteria have remarkably 

complex internal membrane systems where ammonia monooxygenase (AMO, responsible 

for ammonia oxidation to produce hydroxylamine, NH2OH) is located, whereas 

hydroxylamine oxidoreductase (HMO) is located in the periplasm (Madigan et al., 2000). 
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Therefore, we speculate that Ag NPs may have a direct impact on nitrifying cell 

membranes where key ammonia oxidation enzymes are located. The use of PVA during the 

synthesis of Ag NPs to control the nanoparticles size could affect the antibacterial activity 

by the coverage of PVA on Ag NPs to prevent the direct contact with bacteria. Due to the 

significant dilution (1:25 or higher) of the Ag NP suspension and solvent competition in 

cell cultures, the effect of PVA on nanosilver toxicity, however, would be minimal.  

The mode of antimicrobial action by Ag NPs could be the inhibition of the microbial 

processes on the cell surface and in the cell. Previous research demonstrated that Ag NPs 

attach to the surface of cell membrane, causing the change of membrane permeability, 

dissipation of the ATP pool and proton motive force, and finally cell death (Lok et al., 2006; 

Morones et al., 2005; Sondi and Salopek-Sondi, 2004). The results from our bacterial 

viability tests indicated that there is no evidence of the cell membrane leakage caused by 

any Ag species at 1 mg/L Ag. The size of the Ag NPs used in this study was 14 ± 6 nm. 

These particles would be too large to diffuse into the cell, as only the smaller particles 

mainly in the range of 1–10 nm could enter the cell based on indirect microscopic 

evidences (Morones et al., 2005). Electrophoresis studies indicated no direct effect of Ag 

NPs on intracellular DNA or protein expression (Gogoi et al., 2006). 

Bulk silver toxicity is generally governed by the total concentration of labile dissolved 

intracellular Ag species (Lee et al., 2005). In the cell, silver ions may deactivate cellular 

enzymes and DNA by reacting with electron-donating groups such as thiol (-SH) groups 

and generate reactive oxygen species (Matsumura et al., 2003; Sambhy et al., 2006). 
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Because of its cationic nature and its strong association with various ligands in natural 

waters, the toxicity of Ag
+
 ions depends largely on the strength and amount of the ligands 

present (Ratte, 1999). The freshly prepared AgCl colloids can be viewed as one of the 

labile species with respect to their small size and low stability constant (log K1= 3.3) in 

solution (Stumm and Morgan, 1996). Depending on their size and bioavailability, the 

inhibition caused by AgCl colloids can be as significant as that of Ag
+
 ions.  

 

Silver Nanoparticle Dissolution   

The time-dependent increases of Ag
+
 concentrations and associated color changes of the Ag 

NP suspension demonstrated the complexity of various processes such as oxidation, 

crystallization, dissolution and aggregation involved in microbial-nanoparticle interactions. 

Previous research showed that Ag NPs were susceptible to oxidation by oxygen, and the 

partially oxidized particles appeared more toxic than the freshly prepared nanoparticles 

(Lok et al., 2007). Others found, however, that the concentration of Ag
+
 decreased by 80% 

after 24 hours, possibly due to Ag
o
 cluster formation (Morones et al., 2005). When the Ag 

NPs were added into a liquid medium, the antimicrobial effectiveness appeared to decrease 

when compared to that on the agar plates, presumably because of microbial-induced 

coagulation of nanoparticles (Sondi and Salopek-Sondi, 2004). Experiments involving 

synthetic zinc sulfide nanoparticles and representative amino acids also indicated a driving 

role of microbially derived extracellular proteins in rapid nanoparticle aggregation (Moreau 

et al., 2007).  
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Environmental Application and Implication    

The numerous engineered nanomaterials with different sizes, shapes, compositions and 

coatings require high-throughput benchmarked protocols to screen for potential hazards in 

the environment (Maynard and Michelson, 2006). The developed extant respirometric assay 

and the automatic microtiter assay employed in this research are suitable for toxicity 

assessment of nanomanterials to microorganisms. The bacteria selected for each assay, 

however, are generally not exchangeable between the two assays. Because of the intrinsic 

slow growth of autotrophic nitrifying bacteria and their high oxygen uptake (4.3 mg O2/mg 

of NH4
+
-N oxidized to nitrate) (Grady et al., 1999), the enriched nitrifying cultures are 

particularly useful in respirometric assays, but were not successful in the cell enumeration-

based microtiter assay in this study. In contrast, E. coli cells were easily determined with 

the automatic microtiter assay because of their fast growth rate, but failed to produce 

meaningful oxygen profiles from the extant respiorometric assay because of the low 

biomass concentrations from overnight batch cultivation and their low oxygen uptake 

constants (~0.5 mg O2/mg COD removed) (Grady et al., 1999). 

The results of nanosilver toxicity to environmentally sensitive nitrifying microorganisms 

suggest that stringent regulations of Ag NPs entering wastewater treatment plants are 

necessary. Nitrifying microorganisms involved in nitrification are critical to biological 

nutrient removal in modern wastewater treatment. Research is underway to evaluate the 

fate and impact of Ag NPs in wastewater treatment systems.  

 



 49 

3 Size and ROS-Dependent Nanosilver Toxicity to 

Nitrifying Bacteria
2
 

 

3.1 Abstract 

The intrinsic slow growth of nitrifying bacteria and their high sensitivity to environmental 

perturbations often result in bacterial growth inhibition by toxins. Emerging nanomaterials 

are of great concern to the environment. This work sought to provide insights in the 

mechanism of nitrification inhibition by Ag nanoparticles. Nanoparticles with an average 

size range of 9 to 21 nm were synthesized by varying the molar ratios of BH4
-
 /Ag

+ 
in the 

solution. The resulting reactive oxygen species (ROS) generation was quantified in the 

presence and absence of the bacteria while the degree of nitrification inhibition was 

determined by extant respirometry. By examining the correlation between nanoparticle size 

distribution, photocatalytic ROS generation, intracellular ROS accumulation, and 

nitrification inhibition, we observed that inhibition by Ag nanoparticles correlated well with 

the intracellular ROS concentrations, but not the photocatalytic ROS fractions. Furthermore, 

the degree of inhibition correlated with the relative abundance of Ag nanoparticles smaller 

than 5 nm in the solution. It appeared that these size nanoparticles could be more toxic to 

bacteria than any other fractions of nanoparticles or their counterpart bulk species.  

 

                                                 
2
 Environmental Science and Technology, 2008, 42, 4583-4588. 
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3.2 Objectives 

The objective of this chapter was to quantitatively determine the size and ROS dependent 

nanosilver toxicity to microorganisms. Ag nanoparticles of different sizes were synthesized 

to evaluate their size effect on microbial growth. We also measured the photocatalytic and 

intracellular ROS concentrations from silver exposure to determine their correlations with 

nanosilver toxicity. Nitrifying bacteria were chosen as model microbes because they are 

sensitive to a number of environmental conditions such as pH, dissolved oxygen 

concentration, and temperature, and are therefore susceptible to inhibition (Hu et al., 2003). 

A quantitative description of the nanoparticle sizes and ROS production that affect 

nanosilver toxicity will ultimately contribute to a mechanistic understanding of nanosilver 

toxicity for appropriate use and disposal of the nanotechnology-enhanced products in the 

environment.  

 

3.3 Materials and Methods 

General Experimental Design 

Aliquots of nanosilver solutions of different sizes and concentrations were spiked in 

enriched nitrifying cultures for microbial growth inhibition tests. Aliquots of the same 

nanosilver samples were used for UV/Vis characterization and size distribution analysis by 

transmission electron microscopy. ROS formation following exposure to Ag nanoparticles 

was determined in the presence and absence of nitrifying cultures. For comparison purposes, 
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silver ions and AgCl colloids (average size = 0.25 m) were used as reference materials. 

The results of nanoparticle sizes and ROS measurements were correlated with the degrees 

of inhibition by Ag nanoparticles, AgCl colloids, and Ag
+ 

ions.  

 

Nitrifying Culture 

Nitrification involving the oxidation of ammonium ions to nitrates by nitrifying bacteria is 

commonly observed in municipal wastewater treatment plants and ecosystems. Detailed 

information about the operation of the nitrifying reactor was presented in chapter 2. The 

cell suspensions were periodically withdrawn from the nitrifying reactor for ROS 

measurements and inhibition tests. 

 

Silver Nanoparticles and Silver Bulk Species   

Silver nanoparticles were made from 0.25 mM AgNO3 (EM Science) by adding different 

concentrations (0.025, 0.05, 0.09, 0.15, 0.3 mM) of sodium borohydride (NaBH4, Sigma) 

with polyvinyl alcohol (PVA) as a capping agent. Sodium borohydride was added into a 

0.06% (wt) PVA solution, and silver nitrate was then rapidly injected at room temperature. 

The freshly prepared nanoparticle solutions were used for size characterization and growth 

inhibition studies.  
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Silver nitrate (Fisher Scientific) was used to provide free Ag
+
 ions in the solution. Silver 

chloride colloids were prepared by vigorous mixing (700 rpm) 1 mL of a 14 mM silver 

nitrate standard solution and 1mL of a 28 mM sodium chloride solution with 18 mL of 

distilled water.  

 

Nanoparticle Characterization 

Aliquots of the prepared nanosilver solutions were periodically scanned from 250 to 700 

nm to check the characteristic surface plasmon absorption band of Ag nanoparticles at 

approximately 400 nm using a UV-Vis spectrophotometer (Cary 50, Varian, CA). The 

concentrations of Ag nanoparticles in the solution were inferred from the difference 

between the measured concentrations of Ag
+
 ions using a silver ion/sulfide selective 

electrode (Denver instrument, CO) and the total Ag
+
 ions added initially. Transmission 

electron microscopy (TEM, JEOL 1400) was utilized to identify the nanoparticles and 

determine their size distribution. The nanosilver solution was added to a standard carbon-

coated TEM grid and images of the samples were taken at an accelerating voltage of 100 

keV. The histograms of nanosilver size distribution were generated from TEM images 

using ImageJ, a free, Java-based image processing package available at 

http://rsb.info.nih.gov/ij/. 

 

 

http://rsb.info.nih.gov/ij/
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Intracellular ROS Determination 

Intracellular ROS concentrations were determined using an established fluorescence assay 

with modification (Limbach et al., 2007). Aliquots of nitrifying cultures were removed 

from the bioreactor and centrifuged at  10,000 rpm for 15 min. The pellet was then 

resuspended in a loading buffer solution containing 10 M H2DCFDA 

(dichlorodihydrofluorescein diacetate, Invitrogen, OR, USA), 20 mM MOPS, 1 mM 

NH4NO3, trace metals, and 4 mg/L K2HPO4 to mimic normal growth and incubated at room 

temperature for 30 min. After the loading buffer solution containing H2DCFDA was 

removed via centrifugation, the pellet cells were inoculated with prewarmed growth 

medium, amended with nanosilver (average size: 15 nm) or silver bulk species at 

predetermined concentrations, and plated into 96-well plates. The fluorescence of the cells 

from each well was measured using a microreader (VICTOR
3
, PerkinElmer, CT, USA) 

with 485 nm excitation and 535 nm emission filter. Fluorescence data were taken 

automatically after 30 min incubation. Hydrogen peroxide (30%, Fisher Scientific) was 

used as a standard for ROS measurements (see Figure 16), and intracellular ROS 

concentrations due to silver exposure were determined in H2O2 unit. 
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Figure 16. An intracellular ROS standard curve. 

The percentage increase of fluorescence due to H2DCFDA oxidation after 30 min exposure 

to hydrogen peroxide (H2O2) of various concentrations in the presence of nitrifying bacteria. 

The line of linear regression is also shown (R
2
 = 0.92). Error bars indicate one standard 

deviation (n =8). 

 

 

Photocatalytic ROS Determination 

Photocatalytic ROS was measured using APF [3‟-(p-aminophenyl) fluorescein], a new 

ROS indicator with greater specificity (mainly sensitive to OCl
- 

and OH
.
) and higher 

resistance to light-induced oxidation than H2DCFDA according to the vender‟s protocol 

(Invitrogen, OR, USA). The APF was added at a final concentration of 5 M to a series of 

Ag nanoparticle (average size: 15 nm) or silver bulk solutions of various concentrations (C 

= 0.05 to 1 mg/L Ag) and plated into a 96-well plate. Initial fluorescence of the solution in 

each well was measured using the microreader with 485 nm excitation and 535 nm 

emission filter described above. The 96-well microplate was placed on the lab bench under 
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the room light for 30 min and the fluorescence was measured again. The percentage of 

fluorescence increase was calculated by comparing the fluorescence before and after light 

illumination as described previously (Wang and Joseph, 1999). Hypochlorite (6% NaOCl
-

 ̧

Fisher Scientific) was used as a ROS standard for photocatalytic ROS measurements 

(Figure 17).  

 

  

Figure 17. A photocatalytic ROS standard curve.  

The percentage increase of fluorescence after 30 min exposure to hypochlorite (OCl
- 

as 

NaOCl) in DI water. The line of linear regression is also shown (R
2
 = 0.94). Error bars 

indicate one standard deviation. 
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3.4 Results and Discussion 

Size-Dependent Nanosilver Toxicity 

Silver nanoparticles with an average size range of 9 to 21 nm were synthesized by varying 

the molar ratios (R) of BH4
-
/Ag

+
 due to the changes of NaBH4 concentrations (Table 5). 

The synthesized Ag nanoparticles had different average sizes (Figure 18a), size 

distributions (Figure 19), and UV-Visible spectra (Figure 18a). As the concentrations of 

NaBH4 increased, the fraction of Ag nanoparticles of sizes less than 5 nm was reduced, 

reaching a minimum at R = 0.6 and became increased as more NaBH4 was added (Figure 

18A). At R = 0.1, the relative abundance of the nanoparticles less than 5 nm was the highest 

among the prepared nanosilver solutions while the concentration of Ag nanoparticles was 

low due to incomplete reaction. Because of excess of Ag
+
 ions in the solution, red shifts in 

the maximum plasmon peak occurred (Henglein, 1998) when R was less than 0.2. Most 

added Ag
+
 ions were reduced to Ag nanoparticles at R equal to 0.36 or above, possibly 

because PVA functioned both as a reducing agent and a capping agent (Porel et al., 2005).  
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Table 5.  The properties of silver nanoparticles made by varying sodium borohydride 

concentrations and their corresponding toxicity to nitrifying bacteria 

NaBH4 (mM) 0.025 0.05 0.09 0.15 0.3 

Molar ratio of BH4
-
/Ag

+
  

(AgNO3, 0.25 mM) 
0.1 0.2 0.36 0.6 1.2 

Average particle size, (nm) 9 ± 5 15 ± 9 14 ± 6 12 ± 4 21 ± 14 

Ag nanoparticle concentration 

(mg/L) 
3 (± 2.4) 14 (± 0.6) 25 (± 2.3) 26 (± 0.3) 24 (± 2.1) 

Surface plasmon peak (nm) 400 400 395 395 395 

Degree of inhibition  

at 0.5 mg/L Ag  

53 % 

(± 4.2) 

63 % 

(± 8.6) 

6 % 

(± 9.8) 

17 % 

(± 5.2) 

23 % 

(± 4.0) 
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Figure 18. An average size and UV-visible spectra of nanopartiels made with various 

ratios of BH4
-
/Ag

+ 

 (a) The change of average size (right arrow) and relative abundance of Ag nanoparticles 

(left arrow) by varying molar ratio of sodium borohydride to silver nitrate.  (b) UV-

visible spectra of silver nanoparticles solutions by varying molar ratios (see values on the 

figure) of sodium borohydride to silver nitrate. 
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Figure 19.  Size distribution of Ag nanoparticles made by varying molar ratio of sodium 

borohydride to silver nitrate. 
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A plot of the degree of nitrification inhibition as a function of the fraction of 

nanoparticles of defined sizes in the solution showed that the degree of inhibition 

correlated with the relative abundance of Ag nanoparticles smaller than 5 nm (R
2 

= 0.74) 

(Figure 20).  There was no correlation between the inhibition and the average 

nanoparticle size (Figure 21). Furthermore, there was poor relationship between the 

degrees of inhibition and the Ag
+
 ion concentrations in the solution (Figure 22). 

Previously we demonstrated that Ag nanoparticles were more toxic to nitrifying bacteria 

than Ag
+
 ions at constant concentrations (Chapter 2). Hence, the high degree of inhibition 

at low BH4
-
/Ag

+
 ratios cannot be attributed to the presence of Ag

+
 ions only. We 

suggested that the Ag nanoparticles of sizes less than 5 nm were responsible for 

inhibiting microbial growth and could be more toxic to bacteria than their counterpart 

species. 

 

  

Figure 20. Relationship between the degree of inhibition and the percentage of Ag 

nanoparticles with sizes less than 5 nm. 
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Figure 21. The degree of inhibition as function of average silver nanoparticles size.  

Error bars indicate one standard deviation. 

 

 

Figure 22. The relationship between inhibition and residual Ag
+
 concentration present in 

the parent nanosilver suspensions.  

Note that approximately 30-fold or more dilution was made to determine the inhibition in 

the biomass suspensions. Error bars indicate one standard deviation. 
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Toxicity Related to Intracellular ROS Concentration  

Exposure of Ag nanoparticles of 15 nm average size at incremental concentrations onto 

preincubated nitrifying cultures resulted in an overall increase in intracellular ROS 

concentrations (Figure 23a). It appeared that at the same silver concentrations, AgCl 

colloids generated at least an equivalent amount of ROS compared to that by Ag 

nanoparticles. In contrast, Ag

 ions generated less intracellular ROS than that by Ag 

nanoparticles (Figure 16a). The degree of inhibition by Ag nanoparticles was strongly 

correlated with intracellular ROS concentration (R
2 

= 0.86) using a saturation type model 

(Figure 24). Similarly, the degrees of inhibition were correlated with intracellular ROS 

levels induced by Ag
+
 ions or AgCl colloids (R

2 
= 0.70-0.89). Taken all silver species 

together, however, there was a poor correlation between the degrees of nitrification 

inhibition and intracellular ROS concentrations (R
2 

= 0.54) by a saturation-type model. It 

appeared that although there was correlation between the degrees of nitrification 

inhibition and the intracellular ROS concentrations induced by Ag nanoparticles or bulk 

species, the pattern of correlation was species specific. 
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Figure 23. Increase of ROS concentrations caused by silver exposure. 

The increase of intracellular ROS (a) and photocatalytic ROS concentrations (b) as 

function of the concentration of Ag nanoparticle (■), AgCl colloid (▲), and Ag
+
(●).   
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Figure 24. Silver toxicity as a function of intracellular ROS concentration. 

The degree of nitrification inhibition as function of the intracellular ROS (in hydrogen 

peroxide unit) concentration after 30 min exposure of nitrifying bacteria to Ag 

nanoparticle (■), AgCl colloid (▲), and Ag
+
(●).  The best-fit lines are also shown using a 

saturation-type model. 
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Toxicity Related to Photocatalytic ROS Concentration 

ROS generation in cells may proceed through exogenous (extracellular) and endogenous 

(intracellular) processes. We therefore measured the ROS concentrations induced by Ag 

nanoparticles, AgCl colloids, and Ag
+ 

ions in the absence of nitrifying cultures. Since 

without light there was no ROS generation in Ag nanoparticle solution or bulk solutions 

(data not shown), the concentrations of photocatalytic ROS was measured after 30 min 

natural light illumination in the lab. It appeared that photocatalytic ROS increased rapidly 

in the presence of 0.1 mg/L Ag but gradually decreased as the Ag nanoparticle 

concentrations increased (Figure 23b). A similar trend applied for AgCl colloids. The 

pattern of photocatalytic ROS generation by Ag
+
 ions, however, appeared differently. 

ROS only increased significantly when silver concentrations were above 0.4 mg/L. Poor 

correlation (R
 2

 = 0.53-0.72) was noticed between the observed inhibition and the 

photocatalytic ROS concentrations by a saturation-type model (Figure 25). Therefore, 

photocatalytic ROS concentrations were not good predictors of the growth inhibition by 

Ag nanoparticles. 
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Figure 25. Silver toxicity as a function of photocatalytic ROS concentration. 

The degree of nitrification inhibition as function of the photocatalytic ROS (in 

hypochlorite unit) concentration after 30 min exposure of Ag nanoparticle (■), Ag
+
 (●), 

and AgCl colloid (▲) to nature light. Error bars indicate one standard deviation (n=8). 
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Discussion 

The results of ROS measurements showed that Ag nanoparticles, AgCl colloids, and Ag
+
 

ions all induced intracellular ROS generation and accumulation, and the degrees of 

inhibition correlated well with their individual intracellular ROS concentrations. Previous 

studies in a variety of cell types suggested that ROS generation might damage cell DNA 

and induce apoptosis (programmed cell death) with no visible membrane damage (Farber, 

1994; Inoue et al., 2002; Polyak et al., 1997). Our results from bacterial live/dead assays 

indicated that no cell membrane integrity was compromised at 1 mg Ag/L for all of the 

silver species tested. This suggested that the toxicity of Ag nanoparticles could be 

partially related to intracellular ROS mediated cell death process. At the same level of 

intracellular ROS, however, silver nanoparticles appeared to be more toxic than Ag
+
 ions 

(Figure 24), suggesting their modes of antimicrobial action might be different as 

described earlier.  

The results also demonstrated that there was poor correlation between the observed 

inhibition and photocatalytic ROS concentrations induced by Ag nanoparticles or Ag 

bulk species. According to some, photocatalytic ROS generated by light can induce 

intracellular ROS in the cell: the photocatalytic ROS generation by TiO2 nanoparticles 

under sunlight illumination was positively correlated with antibacterial activity (Cho et 

al., 2004; Wei et al., 1994). Nanoparticles such as TiO2, SiO2, and ZnO are photo-

sensitive to promote ROS generation (Adams et al., 2006). Because of their transition 

metal characteristics, they can be catalytically so active (Limbach et al., 2007) that under 

dark condition microbial inhibition was observed (Adams et al., 2006). Our study, 

however, showed that Ag nanoparticles did not generate ROS in the absence of light. 
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Silver nanoparticles produced photocatalytic ROS under natural light, but the 

photocatalytic ROS generation had no relationship (or more precisely negative 

correlation) with the intracellular ROS concentrations. Therefore, there was no direct 

correlation of photocatalytic ROS with nitrification inhibition.  

Both Ag nanoparticles and AgCl colloids generated almost the same amount of 

photocatalytic and intracelluar ROS at the same silver concentrations (Figure 23). 

However, inhibition results showed that Ag nanoparticles were more toxic than AgCl 

colloids (Figure 11). Sizes of the particles therefore may play an important role in silver 

toxicity. Smaller size nanoparticles with higher surface areas could interference cell 

membrane function by directly reacting with cell membrane to allow a large portion of 

silver atoms to attack or enter into the cells (Elechiguerra et al., 2005; Nel et al., 2006). 

Our results demonstrated that the degree of inhibition correlated well with the relative 

abundance of Ag nanoparticles smaller than 5 nm, but not with the other particle size 

fractions (e.g., 10, 15, 20 nm, R
2
 = 0.04 –0.39), suggesting that these smaller size 

nanoparticles could be more toxic to bacteria than any other fractions of the nanoparticles. 

This result is consistent with recent findings that Ag nanoparticles of 1-10 nm sizes 

interacted strongly with HIV-1 after attached to the virus (Elechiguerra et al., 2005; Nel 

et al., 2006), and the average size of Ag nanoparticles penetrating into an E. coli 

membrane was 5(± 2) nm even though the average particles size of added nanoparticles 

was 21(± 18) nm (Elechiguerra et al., 2005). Particles must be sufficiently small to pass 

through transmembrane porins (typical internal pore size in nm) for transport across cell 

membranes (Madigan et al., 2005) to damage cellular constituents and metabolism. 

Hence, the results confirmed that the antimicrobial effect of nanosilver is size dependent. 
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4 Role of Sulfide and Ligand Strength in Controlling 

Nanosilver Toxicity
3
 

 

4.1 Abstract 

Nanosilver has been used broadly in nanotechnology enhanced consumer products 

because of its strong antimicrobial properties. Silver nanoparticles (AgNPs) released 

from these products will likely enter wastewater collection and treatment systems. This 

research evaluated the role of sulfide and ligand strength in controlling nanosilver 

toxicity to nitrifying bacteria that are important in wastewater treatment. The nanosilver 

toxicity in the absence and presence of ligands (SO4
2-

, S
2-

, Cl
-
, PO4

3-
, and EDTA

-
) 

commonly present in wastewater was determined from the oxygen uptake rate 

measurements. Sulfide appeared to be the only ligand to effectively reduce nanosilver 

toxicity. By adding a small aliquot of sulfide that was stoichiometrically complexed with 

AgNPs, the nanosilver toxicity to nitrifying organisms was reduced by 80%. Scanning 

electron microscopy coupled with energy dispersive X-ray analysis indicated that AgNPs 

were highly reactive with sulfide to form new AgxSy complexes or precipitates. These 

complexes were not oxidized after a prolonged period of aeration (18 hrs). This 

information is useful for wastewater treatment design and operation to reduce nanosilver 

toxicity via sulfide complexation.  While the biotic ligand model was successful in 

predicting the toxicity of Ag
+
 ions, it could not accurately predict the toxicity of 

AgNPs.  Nevertheless, it could be one of the many tools useful in predicting and 

controlling nanosilver toxicity to wastewater microorganisms. 

                                                 
3
 Water Research. 2009, 43, 1879-1886. 
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4.2 Objectives 

Figure 26 presents a scheme of proposed fate of silver nanoparticles in wastewater and 

wastewater treatment plants (WWTPs). Silver nanoparticles may continuously change 

their forms/sizes in the sewer pipe and the WWTPs through oxidative, dissolution and 

chemical complexation. Sulfide concentrations as high as 6 mg/L in free ion form may be 

present in the sewer pipe (Nielsen et al., 2008). Nanosilver and its dissolved ions may 

complex with sulfide in the pipe to reduce its toxicity. The main objective of this research 

work is to study the impact of ligands and ligand strength on nanosilver toxicity to 

nitrifying bacteria, which are critical to nutrient removal from wastewater. 

 

 

 

Figure 26. An environmental fate model of silver nanoparticles in wastewater treatment.  

Nanoparticles tend to aggregate and settle before entering WWTP. When nanosilver 

enters a wastewater treatment system, it may be oxidized to silver ion (Ag
+
) that may 

further complex with various ligands (anions) presented in wastewater.   
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The two-step nitrification process consists of ammonia oxidation to nitrite (NH4
+
→ 

NH2OH →NO2
-
) by ammonia oxidizing bacteria (AOB) and nitrite oxidation to nitrate 

(NO2
-
→NO3

-
) by nitrite oxidizing bacteria (NOB). AOB are especially sensitive to 

toxicants (Radniecki et al., 2008; Radniecki and Ely, 2008) and may therefore serve as a 

good indicator of toxicity or normal operation in wastewater treatment. The stability of 

silver sulfide complexes made from Ag NPs was evaluated by extant respirometry, and 

detailed compositions of the complexes were determined by Scanning Electron 

Microscopy/Energy Dispersive Spectroscopy (SEM-EDS). These new findings may help 

better understand the nano-bio interactions between bacteria and Ag NPs, and provide 

new information on how to control and/or eliminate nanosilver toxicity in wastewater 

treatment plants.  

 

4.3 Materials and methods 

Inhibition of Enzymatic Activity Involved in Nitrification by Silver Nanoparticles  

There are at least three critical enzymes involved in nitrification processes: ammonia 

monooxygenase (AMO), hydroxylamine oxidoreductase (HAO), and nitrite
 

oxidoreductase (NOR). To differentiate the degree of inhibition on these enzymes, 

aliquots of ammonium (NH4NO3), hydroxylamine (NH2OH∙H2SO4), and nitrite (NaNO2), 

each at a final concentration of 10 mg/L N (0.7 mM), were added to the individual 

respirometric bottles at around 300 s after initiation of data acquisition. Due to 

nitrification a decrease in the dissolved oxygen (DO) level in the closed respirometric 

vessel was measured by a DO probe (stability: ±1% of full scale, YSI model 5300A, 
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Yellow Springs, OH) and continuously monitored at 4 Hz by an interfaced personal 

computer. The oxygen uptake rate was calculated based on a linear aggression analysis 

because a zero-order reaction was observed for a long time at 10 mg/L N in the closed 

respirometric bottles. The inhibition was calculated by relative oxygen uptake rate (OUR) 

as described in equation (1) explicitly for AMO, HAO and NOR involved in reduced 

nitrogen oxidation. Every batch of respirometric test was accompanied by a positive 

control (e.g., untreated nitrifying biomass only) and experiments were performed in 

duplicate. 

 

Effect of Ligands on Nanosilver Toxicity 

The experiments of ligand impact on silver toxicity were performed in two different 

methods, i.e., via a one-time addition of the freshly prepared Ag-ligand complexes and 

via sequential addition of a specific ligand followed by Ag NPs to the enriched nitrifying 

culture. Since no difference on nanosilver toxicity measurements was found between the 

two methods, the result of the later method was reported. Briefly, each ligand (anion) 

such as Cl
-
, SO4

2-
, PO4

3-
, EDTA

4-
, and S

2- 
in sodium form was added at a final 

concentration of 10 M to the 60 mL nitrifying culture followed by the addition of 9 M 

Ag NPs in final concentration to ensure complete complexation. After the nitrifying 

culture amended with Ag NPs and/or ligands were transferred to the respirometric vessels, 

the extant respirometric assay was performed as described above to determine the 

nanotoxicity in the presence and absence of ligands. For major ligands, such as Cl
-
 and 

PO4
3-

, present in wastewater (Burks and Minnis, 1994), the nanosilver toxicity was 
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determined at several predetermined concentrations (0-100 mg/L or 2.8 mM Cl; 0-10 

mg/L or 0.3 mM P) to reflect their concentrations in typical wastewater.   

 

Effect of Sulfide on Nanosilver Toxicity and Nitrification Inhibition 

To determine the effect of sulfide on silver toxicity, the toxicity of Ag NPs and Ag
+
 ions 

(9 M Ag) was measured at predetermined sulfide concentrations (0, 0.15, 0.25, 0.5, 1, 

1.5, 2 mg/L or 0-62 M) using extant respirometry. Since sulfide (true species including 

H2S/HS
-
 at neutral pH) oxidation (S

2-
 → SO4

2-
) consumes oxygen, ammonium (10 mg/L 

N) was injected after the completion of sulfide oxidation as evidence of very slow oxygen 

decrease due to endogenous respiration. To delineate the inhibition by sulfide itself (Joye 

and Hollibaugh, 1995), a broader range of sulfide concentrations (0-15 mg/L or 0-0.5 

mM) was evaluated.  

 

Stability of Silver Sulfide Complexes under Prolonged Aeration 

Sulfide is a prevalent anion under anaerobic conditions, but it can be oxidized to sulfate 

under aerobic conditions (Janssen et al., 1998). This raises a question, “Will AgxSy (e.g., 

AgS
-
, AgHS, AgHS2

2-
, AgH2S2

-
, Ag2S) made from Ag NPs and sulfide be oxidized in 

aerobic wastewater treatment?” To evaluate the stability of the AgxSy complexes under 

aerobic conditions, an aliquot of freshly prepared AgxSy or, for comparison, Na2S was 

added to nitrifying cultures in respirometric bottles at a final concentration of 0.6 mM 

sulfide. Silver sulfide was made from Ag NPs of average size of 15 nm by adding a 
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stoichiometric amount of sulfide. The DO concentrations in respirometric vessels were 

automatically recorded as described earlier for 8 or 18 hours. 

 

Silver/Nanosilver Toxicity Predicted from Biotic Ligand Model 

MINEQL+4.6 software (Schecher and McAvoy, 2001), a chemical equilibrium modeling 

system, was employed to calculate concentrations of silver species at pH 7.5. Before 

simulation, the cell concentrations in chemical oxygen demand (1.42 g COD/g VSS) 

were converted into mole units (C5H7O2N, 113 g/mol). The Ag-cell binding constant was 

obtained from the best fit to the experimental data of nanosilver toxicity in the presence 

of sulfide. It was assumed that S represents about 1% of cell dry weight (Tchobanoglous 

et al., 2003) and the ratio of concentration of Ag
+
 ions to sulfide functional groups of the 

cell is 1:1 to form {Ag-SH}, which is positively correlated with inhibition.  

 

SEM-EDS 

To locate Ag NPs attached to nitrifying cells and determine the possible formation of 

AgxSy complexes in the presence of sulfide, the nitrifying culture amended with 1 mg/L 

(9 M) Ag NPs in the absence and presence of sulfide (10 M). Treated bacterial 

samples were dropped onto a specimen stub, air-dried and coated with carbon. Images of 

the samples were taken at an accelerating voltage of between 7 and 10 kV under a high 

vacuum mode. To locate Ag NPs or AgxSy complexes, a back-scattered electron (BSE) 

detector coupled with a secondary electron (SE) detector were applied. Energy dispersive 

X-ray spectroscopy (EDS), an integrated feature of SEM, was performed to identify the 
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elemental composition of the specimen. The NORAN System Six (Thermo Scientific, 

Waltham, MA) was used for X-ray microanalysis of the collected EDS data.  

 

4.4 Results  

Nanosilver toxicity to enzymes involved in nitrification  

Three critical enzymes (AMO, HAO, NOR) involved in nitrification showed different 

responses to Ag NPs and Ag
+
 ions (Figure 27). Ammonia monooxygenase was most 

sensitive to silver regardless of Ag NPs or Ag
+
 ions (AMO>NOR>HAO). For that reason, 

we used ammonium as a substrate in the rest of inhibitory tests. „Inhibition‟ is derived 

from the change of AMO-related oxygen uptake rates before and after exposure to 

toxicants.  

 

Figure 27. The toxicity of Ag NPs to enzymes related to nitrification.  
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Sensitivity of enzymes exposed to 1 mg/L (9 M) Ag in the form of Ag NPs (open 

column) and Ag
+
 ions (dotted column) at a nitrifying biomass concentration of 540 mg/L 

(3.3 mM) COD. Error bars indicate data ranges of duplicate or triplicate samples. These 

enzymes include ammonia monooxygenase (AMO), hydroxylamine oxidoreductase 

(HAO) involved in ammonia oxidation and nitrite oxidoreductase (NOR) involved in 

nitrite oxidation. (N.D = not detected. HAO was not inhibited by Ag
+
 ions at 1 mg/L).  

 

Effect of Ligands on Nanosilver Toxicity 

In this study, at 1 mg/L (9 M) Ag, nanosilver inhibited nitrification by 100 % while 

silver ions decreased microbial activity by 83(±1) % at a nitrifying biomass concentration 

of 1.3 mM or 210 mg/L COD (Figure 28). The results are consistent with our previous 

findings that Ag NPs can be more toxic than the bulk forms of silver. 

 

Figure 28. The reduced toxicity of silver nanoparticles in the presence of various ligands. 

The effect of various ligands on reducing inhibition caused by Ag NPs (open column) 

and Ag
+
 ions (dotted column) at 1 mg/L (9 M) Ag at a nitrifying biomass concentration 
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of 210 mg/L (1.3 mM) COD. Error bars indicate data ranges of duplicate or triplicate 

samples. Each ligand was added at a final concentration of 10 M.  

 

 

With the addition of ligands at a final concentration of 10 M, the toxicity decreased 

regardless of the forms of silver (Ag NPs or Ag
+
 ions). Sulfide was the only ligand to 

effectively reduce nanosilver toxicity (by approximately 80%), knowing that sulfide has 

the highest stability constant (Table 6) to form Ag-ligand complexes. Except for the weak 

ligand like SO4
2-

, it appeared that ligands such as Cl
-
, PO4

3-
, EDTA, and S

2-
 reduced 

silver toxicity more effectively in the nitrifying cultures exposed to Ag NPs than if the 

cultures were exposed to Ag
+
 ions (ANOVA, P = 0.006 at 95 % confidence level) (Figure 

28). 

 

 

Table 6. Comparison of silver toxicity between the experimental results and the predicted 

values using the BLM model. 

Silver-ligand 

complex 

Stability constant, 

log K* 

Experimental data of 

toxicity, (%) 

Toxicity estimated 

by the BLM model 

(%) 

Ag2SO4 4.8 76.9 ~ 77.6 83 

AgCl (s) 9.8 75.4 ~ 80.8 83 

Ag{EDTA} 8.1 72 ~ 73 83 

Ag3PO4 17.6 76 ~ 80 83 

Ag2S 50.1 34 ~ 38  35 

*(Schecher and McAvoy, 2001; Stumm and Morgan, 1996) 
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The biotic ligand model (BLM) was applied to estimate the binding constant for Ag-SH 

complexes between Ag
+
 and cellular S-containing functional groups (e.g, -SH), {Ag-SH}, 

by best fitting to experimental toxicity data in the presence of sulfide. The binding 

constant (log K) for {Ag-SH} was estimated to be 26.5 using MINEQL+4.6 and the 

following simulation information: 9 M total silver, 10 M total sulfide, 1.3 mM total 

cell, and pH 7.5. Similar Ag-BLM based studies have been reported using fish (Bertram 

and Playle, 2005; Janes and Playle, 1995; Zhou et al., 2005) and daphnids (Bianchini et 

al., 2005; Bury et al., 2002). Currently we are not aware of any bacteria-based Ag-BLM. 

The predicted toxicity values by Ag
+
 ions were close to the observed ones in the presence 

of SO4
2-

, Cl
-
, PO4

3-
, and EDTA (Table 6). 

To evaluate the effect of ligand concentrations on nanosilver toxicity, chloride and 

phosphate concentrations were changed from 0 to 100 mg/L (2.8 mM) Cl
-
 and from 0 to 

10 mg/L (0.3 mM) P, respectively, to reflect their concentrations in real wastewater. 

These phosphate concentrations appeared to have little impact on silver toxicity (Figure 

29a). However, increasing Cl
- 
concentrations slightly reduce nanosilver toxicity (up to 

20%) and decrease the toxicity caused by Ag
+
 ions by up to 63% (Figure 29b).  
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Figure 29. Effect of chloride and phosphate concentrations on nanosilver toxicity. 

Effect of chloride (a) and phosphate (b) concentrations on inhibition caused by Ag NPs 

(filled circles) or Ag 
+
 ions (open circles) at 1 mg/L Ag and a nitrifying biomass 

concentration of 540 mg/L COD. Error bars indicate data ranges of duplicate or triplicate 

samples. Where no error bars are shown, these were within the dimensions of the 

symbols. 
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Role of sulfide in controlling nanosilver toxicity  

Addition of a small aliquot of sulfide (at a final concentration of 0.15 mg/L (5 M) S
2-

) 

reduced nanosilver toxicity dramatically (Figure 30). Nanosilver toxicity was reduced 

from 86 (± 3) % to 15 (± 4) % in the presence of 0.5 mg/L (15 M) sulfide. Further 

increase of sulfide concentrations tended to increase the toxicity gradually (Figure 30). 

Such increases became remarkable at sulfide concentrations above 1 mg/L and were 

attributed to free available sulfide (H2S/HS
-
) to inhibit bacterial activities (Figure 30). 

The effective concentrations of sulfide causing 50% inhibition (EC50) were estimated to 

be 2.0 mg/L (62 M).  

For comparison, the toxicity by silver ions was decreased from 62 (± 6) % to 15 (± 3) % 

in the presence of 0.5 mg/L sulfide. However, if more than 0.5 mg/L sulfide was added, 

the inhibition increased rapidly (Figure 30), indicating that there is a very narrow window 

to reduce toxicity caused by bulk silver species.   
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Figure 30. Effect of sulfide concentrations on nanosilver toxicity. 

Effect of sulfide concentration on inhibition caused by Ag NPs (line with filled circles) or 

by Ag
+
 ions (line with open circles). Inhibition by sulfide itself was also shown (dotted 

line with open triangular). Error bars indicate data ranges of duplicate or triplicate 

samples.  
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Stability of silver sulfide complexes 

There was little decrease of oxygen at the beginning of respirometric measurements due 

to lack of substrate (ammonium) oxidation and low endogenous respiration (Figure 31). 

After injection of sodium sulfide in the respriometric vessel, oxygen concentrations 

decreased immediately due to sulfide oxidation followed by prolonged slow decrease. 

When the freshly prepared AgxSy complexes were injected in the respirometric vessel, 

however, very little decrease in oxygen concentrations, likely due to microbial 

endogenous respiration, were observed in 8 hours (Figure 31), indicating that silver 

sulfide was stable under aerobic conditions and would unlikely be oxidized in activated 

sludge wastewater treatment processes. An extended respirometric measurement to last 

more than 18 hours was conducted and similar results were observed (data not shown).  

 

Figure 31. Stability of silver sulfide complexes inferred from respirometric measurements.  

Sodium sulfide and the freshly made silver sulfide complexes from Ag NPs were injected 

individually at a final concentration of 0.6 mM at approximately 1 hr after the initiation 

of data acquisition. Oxygen concentrations decreased rapidly after sodium sulfide 

injection followed by a slow decrease that was attributed to microbial endogenous 

respiration.  

S
2-

 injection 

AgxSy injection 
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Location and identification of nanosilver by SEM-EDS 

Scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) 

was effective in locating and identifying Ag NPs and AgxSy complexes adsorbed to 

nitrifying cultures. In the presence of Ag NPs only, the bright spots showed that 

nanoparticles were embedded in nitrifying cell flocs (Figure 32). EDS elemental analysis 

confirmed further that these bright spots were Ag NPs. When sulfide was added to the 

same nitrifying cultures prior to nanosilver exposure, however, these bright spots largely 

disappeared. The combined uses of secondary electron detector and back-scattered 

electron detector allowed us to locate the formation of new AgxSy complexes or 

precipitates (Figure 33), the elemental composition of which was validated by EDS 

showing high S peaks and multiple Ag peaks.  
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Figure 32. SEM-EDS analysis of silver nanoparticles in the presence of a nitrifying 

culture. 

SEM image of Ag NPs (arrow-pointed bright spots) embedded in nitrifying bacterial 

flocs using back-scattered electron microscopy (a). The EDS analysis showed detailed 

elemental compositions to confirm that the particles (arrow-pointing) were silver-rich (b). 
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Figure 33. SEM-EDS results of silver nanoparticles in sulfide-amended nitrifying culture. 

SEM image of silver sulfide complexes attached to nitrifying bacteria using a secondary 

electron detector (a) and a back-scattered electron detector (b). EDS analysis of elemental 

compositions indicated the region (arrow pointing) with a high sulfide peak likely due to 

the formation of new silver sulfide complexes/precipitates after the sequential addition of 

sulfide and Ag NPs at a final concentration of 10 M S
2-

 and 9 M Ag NPs, respectively 

(c). 
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4.5 Discussion 

We presented, for the first time, quantitative respirometric data to determine the role of 

sulfide in controlling nanosilver toxicity. By adding a small aliquot of sulfide that forms 

complexes with Ag NPs, the nanosilver toxicity to nitrifying organisms was reduced 

dramatically (Figure 30). Scanning electron microscopy coupled with EDS analysis 

indicated that Ag NPs were highly reactive with sulfide to form new AgxSy complexes 

(Figure 31). This further indicates that the surface of Ag NPs (oxidized to Ag
+
) has 

reacted rapidly with sulfide ions producing AgxSy species on the nanoparticles thereby 

preventing or greatly slowing down further AgNP oxidation (and toxicity).  

The sulfide complexes appeared to be stable under aerobic conditions (Figure 31), 

indicating that silver complexes may undergo rapid exchange with other ligands, but with 

S-ligands as a final thermodynamic sink. Metal sulfide complexes are resistant to 

oxidation and dissociation, as reported before (Rozan et al., 2000). Thus, the negative 

impact of Ag NPs on beneficial microorganisms in wastewater treatment may be 

minimized by sulfide complexation. The concentrations of sulfide in a sewer line could 

reach up to 6 mg/L (0.2 mM) (Nielsen et al., 2008). Nanosilver present in wastewater 

could therefore react with sulfide, as the reaction is thermodynamically favorable from 

equation 7 (Stumm and Morgan, 1996).  

 

molkJGeSAgSAg /5.126,22 0

2

2  
   Equation 7 

 

A caution should be made that free S
2-

 would not be readily available in wastewater. It's 

more likely that metal ions including Ag
+
 would sorb to sulfide-containing particles in 
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wastewater (Shafer et al., 1998; Wang, 2003).  Based on sulfide concentrations in sewage, 

engineers and wastewater operators may consider a new pretreatment module/method 

involving sulfide compounds in front of wastewater facilities to retain toxic metallic 

nanomaterials such as Ag NPs.  

Other common ligands present in wastewater such as SO4
2-

, Cl
-
, PO4

3-
, and EDTA were 

less effective than sulfide in controlling or reducing nanosilver toxicity, largely because 

of their lower stability constants to form Ag-ligand complexes or precipitates (Table 6). 

Interestingly, chloride appeared to be less effective in reducing nanosilver toxicity, but it 

was capable of reducing the toxicity by Ag
+
 ions (Figure 29, again indicating that the 

surface of Ag NPs reacted rapidly with chloride ions producing AgCly species on the 

nanoparticles, thereby slowing down further AgNP oxidation and toxicity. Remedial 

strategies to remove nanosilver toxicity should therefore be handed differently than when 

we deal with the toxicity from bulk silver species.  

While there is continuous debate on the mechanism of AgNP toxicity to bacteria, possible 

mechanisms of microbial growth inhibition by Ag NPs include particle attachment to cell 

membranes or directly entering the cell (Morones et al., 2005), causing the changes of 

membrane permeability and redox cycle in the cytosol, interference with the cellular S-

containing compounds, intracellular radical accumulation, and dissipation of the proton 

motive force for ATP synthesis (Nel et al., 2006; Sondi and Salopek-Sondi, 2004). For 

comparison, the inhibitory effect of Ag
+
 is believed to be due to its sorption to the 

negatively charged bacterial cell wall, deactivating cellular enzymes, disrupting 

membrane permeability, and ultimately leading to cell lysis and death (Ratte, 1999; 

Sambhy et al., 2006). The mechanism of toxicity alleviation by ligands upon directly 
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interacting with Ag NPs is more complex. It may include, but not limited to, (1) 

dissolution and oxidation of Ag NPs to Ag
+
 ions, followed by ligand complexation; (2) 

particle surface modification or coating; and (3) particle aggregation.  

The biotic ligand model was successfully applied to calculate the binding constant 

between Ag
+
 ions and nitrifying cells. The predicted silver toxicity values in the presence 

of various ligands were close to the experimental data (Table 6). However, the BLM 

model could not help explain why Ag NPs were more toxic than Ag
+
 ions, while the 

addition of ligands such as S
2-

, Cl
-
, PO4

3-
 and EDTA appeared to reduce toxicity by Ag 

NPs more effectively than by Ag
+
 ions (Figure 28). For that reason, the binding constant 

between Ag NPs and bacterial S-containing functional groups was not calculated using 

the BLM model. Nevertheless, the similarity of toxicity data and their attenuation trends 

between Ag NPs and Ag
+
 ions suggested that the BLM and other factors should be 

considered to predict and control nanosilver toxicity. 

The results showed that ammonia monooxygenase was the most sensitive enzyme 

subjected to silver poisoning (Figure 27). Knowing that AMO is a membrane-bounded 

enzyme (Chain et al., 2003) and HAO is located in periplasm, we speculated that 

uncharged Ag NPs of smaller size (e.g., < 5 nm) might enter the cells (Sondi and 

Salopek-Sondi, 2004; Verma et al., 2008) to generate more reactive oxygen species (ROS) 

than Ag
+ 

ions or interfere with the cellular S-containing compounds in the respiratory 

path (Holt and Bard, 2005), thus rendering higher toxicity to nitrifying organisms.  
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5 Role of Reactive Oxygen Species in Determining 

Nitrification Inhibition by Metallic/Oxide 

Nanoparticles
4
 

 

5.1 Abstract 

The toxicity of several metallic/oxide nanoparticles (TiO2, CuO, ZnO and Ag) to 

nitrifying bacteria was evaluated individually or in combination in batch studies. The 

mixture inhibition of nanoparticles was the sum of individual inhibition with no 

synergistic or antagonistic interaction observed among the nanoparticles studied. 

Although there was no inhibitory effect of TiO2 nanoparticles under ambient light or dark 

conditions, nitrification inhibition was significantly increased when TiO2 nanoparticles 

were exposed to ultraviolet (UV) for 30 minutes. Under UV exposure, both TiO2 

nanoparticles and bulk TiO2 generated the same amount of reactive oxygen species (ROS) 

in the cell although TiO2 nanoparticles were more toxic than the bulk counterpart. While 

the inhibition was well correlated to intracellular ROS concentration, the ROS 

correlations were different for the different forms of TiO2 or for the different 

nanoparticles (e.g., Ag vs. TiO2). ROS is therefore not a good chemical marker to 

indicate the toxicity of nanoparticles.  

                                                 
4
 Journal of Environmental Engineering, 2009, in press. 
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5.2 Objectives 

Among the metallic/oxide nanomaterials, titanium dioxide (TiO2) nanoparticles are one 

of the most used nanoparticles in consumer products such as cosmetics or paints (Mueller 

and Nowack, 2008). A recent modeling study proposed the higher risk quotients of the 

nano-TiO2  than nano-Ag or carbon nanotubes (Mueller and Nowack, 2008). TiO2 is a 

photocatalyst and semiconductor having an energy band gap of 3.2 eV (365 nm) 

(Kormann et al., 1988). While there are three crystal forms of titanium dioxide (anatase, 

rutile, and brookite), anatase-TiO2 is more efficient than rutile-TiO2 to serve as a 

photocatalyst although rutile is more stable. This photocatalytic property makes TiO2 

wildly used for water disinfection (McCullagh et al., 2007), organic pollutant removal 

(Karunakaran and Dhanalakshmi, 2008), and solar cell manufacturing (Chou et al., 2008). 

With their particularly small size, TiO2 nanoparticles have improved electrochemical 

properties compared to bulk TiO2 (Jang et al., 2006; Wang et al., 2008).  

Nano-TiO2 was reported to be less toxic than other semiconductors, such as nano-ZnO 

and nano-CuO, to aquatic organisms (Adams et al., 2006; Heinlaan et al., 2008). 

However, after sunlight exposure, the toxicity of nano-TiO2 increased by more than two-

fold, presumably due to its role in promoting reactive oxygen species (ROS) generation 

(Adams et al., 2006). Indeed, a ultraviolet (UV) A (315 nm ~ 400 nm) irradiation system 

combined with TiO2 could efficiently inactivate microorganisms due to ROS generation 

(Hamamoto et al., 2007). This raises an important question, “Can ROS be a potentially 

predictive chemical marker of nanotoxicity?”  
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The main objective of this work was to evaluate the role of ROS in determining 

nanotoxicity. In this study, we tested nitrification inhibition by several metallic/oxide 

nanoparticles (Ag, CuO, ZnO, and TiO2) to evaluate whether the measured intracellular 

ROS can be served as a predictive indicator of toxicity. Nitrification involving ammonia 

oxidation by nitrifying bacteria is sensitive to a number of environmental factors such as 

pH, dissolved oxygen concentration, and temperature, and is therefore susceptible to 

inhibition in wastewater treatment (Hu et al., 2002). Furthermore, we measured the 

toxicity of a mixture of these nanoparticles to nitrifying bacteria to examine any 

synergistic interactions of selected nanoparticles and to indicate whether each 

nanomaterial has the same mode of antimicrobial action. The results underscore the need 

for further research on oxidative stress via ROS formation, the role of nanomaterials in 

cell membrane disruption, and cytotoxicity mechanisms of metallic/oxide nanoparticles. 

 

5.3 Materials and Methods 

Nanoparticles 

All metal oxide nanoparticles with purity of more than 99% (Nanostructured & 

Amorphous Materials Inc, Los Alamos, NM) were purchased in powder form and used 

without further modification. Detailed particle size information is listed in Table 7. 

Anatase type TiO2 was used because of its high photocatalytic efficiency (Bojinova et al., 

2007). For comparison, a bulk TiO2 crystal (Fisher Scientific, anhydrous amorphous 

powder)  with an average particle size above 0.5 m (obtained from Stokes‟ Law) was 

also used. All suspensions of the commercial nanoparticles were sonicated (Fisher 
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Scientific, Model 100 Sonic Dismembrator) in the deionized water (conductivity, 18Ω) 

for ca. 25 minutes before the analysis of real particle size distribution or the batch 

microbial-based respirometric test was initiated. A suspension of silver nanoparticle with 

an average size of 15 nm was prepared in the lab following a previous work, which was 

freshly made before every test. For particle characterization, Transmission Electron 

Microscopy (TEM, JEOL 1400) was applied under an acceleration voltage of 100 keV 

for real particle size distribution measurement. The nanoparticle suspension was added to 

a standard carbon-coated TEM grid for imaging and the size analysis was performed 

using ImageJ, a free, Java-based image-processing package available at 

http://rsb.info.nih.gov/ij/.  

 

 

Table 7. Selected metallic/oxide nanoparticles used in nitrification inhibition study 

Nanoparticles Source 

Advertised 

particle 

size (nm) 

Average size in 

water and size 

range (nm) 

Band gap energy 

(eV) 

TiO2 

(anatase) 

Nanostructured & 

Amorphous 

Materials Inc. 

 

5 370 

(150 ~ 2,600) 

3.2 

(Kormann et al., 1988) 

Ag Lab-synthesized N/A 15 

(2~45) 

N/A 

CuO Nanostructured & 

Amorphous 

Materials Inc. 

 

30-55 1500 

(250 ~ 4,200) 

1.5 

(Ghijsen et al., 1988) 

ZnO Nanostructured & 

Amorphous 

Materials Inc. 

20 1600 

(40 ~ 10,000) 

3.3 

(Srikant and Clarke, 1998)  

 

 

  

http://rsb.info.nih.gov/ij/
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T-RFLP Analysis of Nitrifying Bacterial Community 

Molecular studies in the lab using terminal restriction fragment length polymorphism (T-

RFLP) indicate that the enriched nitrifying bacteria mainly consist of Nitrosospira 

(ammonia-oxidizing bacteria, AOB), Nitrobacter (nitrite-oxidizing bacteria, NOB), 

Nitrospira (NOB) (see final fragments in APPENDIX B). Regular measurement of NH4
+
, 

NO2
-
-N, NO3

-
-N, and COD (chemical oxygen demand) from the effluent indicated 

complete nitrification with typical effluent concentrations of NH4
+
-N and NO2

-
-N less 

than 1 mg/L and NO3
-
-N around 380 mg/L. The nitrifying cultures were periodically 

withdrawn from the reactor for ROS measurements and inhibition tests.  

We used 3 mL of the nitrifying bacteria culture to isolated DNA using Ultraclean soil 

DNA isolation kit (MoBio Laboratories, Carlsbad, CA), following the manufacturer‟s 

protocol. We eluted DNA from the kits column membrane with 50 L DNA grade water 

(Fisher Scientific, Fairlawn, NJ). We confirmed the intact DNA on 1% agarose gel 

electrophoresis. 
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Figure 34. A schematic diagram of terminal restriction fragment length polymorphism 

(T-RFLP) to analyze nitrifying bacterial community structure. 

Extracted DNAs are amplified by PCR using nitrifier-specific primers labeled with a dye 

(6-FAM). PCR products were digested using restriction enzyme (MspI) and each final 

fragment indicates each species.  

 

 

We applied T-RFLP (Figure 34) targeting 16S rRNA genes for AOB and NOB. We used 

nested PCR using universal primers 11f and 1492r to amplify initial DNA stocks, because 

a low initial concentration of DNA from nitrifiers could result in a poor T-RFLP 

electropherograms (Siripong and Rittmann, 2007). Table 8 summarized the primers we 

used in amplifying the 16S rRNA gene, their sequences, and their specificities. All 

primers (Table 8) were systhesized by Interated DNA technologies (IDT, Skokie, IL) and 

Eub338f included phophoramidite dye 6-FAM at the 5‟ end. 
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Table 8. PCR primes for T-RFLP analysis of nitrifying bacterial community structure 

Primer Sequence (5′–3′) Specificity 

11f GTTTGATCCTGGCTCAG Bacteria 16S rRNA gene 

1492r TACCTTGTTACGACT T Bacteria 16S rRNA gene 

Eub338f*  ACTCCTACGGGAGGCAGC Bacteria 16S rRNA gene 

Nso1225r CGCCATTGTATTACGTGTGA β-Proteobacteria AOB 16S rRNA gene 

NIT3r CCTGTGCTCCATGCTCCG Nitrobacter 16S rRNA gene 

Ntspa685r CGGGAATTCCGCGCTC Nitrospira 16S rRNA gene 

 

Using a DNA thermocycles (Effendorf, Westbury, NJ), we amplified environmental 

DNA based on the 16S rRNA using a total volume of 50 L in 0.2-ml Eppendorf tubes. 

The reaction solution contained Taq 2× PCR master mix (Qiagen, Valencia, CA), 20 

pmol of each primer, and 1 L of template extracted DNA (universal amplification 

product for the nitrifier-specific amplification). After the first round of universal 

amplification of the 16S rRNA gene, we purified PCR products using the QIAquick
®

 

purification kit (Qiagen, Valencia, CA) to eliminate the universal primers so that they 

would not interfere with the next round of amplification. The thermal profile used for the 

universal amplification was: 5 min at 95 °C; 35 cycles of 30 s at 95 °C, 30 s at 55 °C, and 

45 s at 72 °C; and a final elongation for 10 min at 72 °C. The thermal profile used for the 

nitrifier-specific amplification was: 5 min at 95 °C; 35 cycles of 90 s at 95 °C, 30 s at 

60 °C, and 90 s at 72 °C; and a final elongation for 10 min at 72 °C. Finally, we purified 

PCR products and digested 16S rRNA-gene amplicons with MspI restriction 

endonuclease (Promega, Madison, WI) at 37 °C for 3 h.  

Digested PCR products, along with Genescan 600 LIZ size standard (Applied Biosystems, 

Foster City, CA), were run through an ABI 3730 DNA Analyzer (Applied Biosystems, 
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Foster City, CA) in the DNA core at the University of Missouri. We analyzed the peak 

results using Peak Scanner Software v1.0 (Applied Biosystems, Foster City, CA) and 

compared fragment sizes to expected fragment sizes (Table 9). 

Table 9. Expected terminal fragment (TF) sizes and their corresponding AOB and NOB 

groups. 

Nitrifier group TF size (bp) 

Group 1 Nitrosomonas europaea/eutropha lineage 164–166, 276 

Group 2 Nitrosomonas oligotropha lineage 276 

Group 3 Nitrosomonas cryotolerans lineage 276 

Group 4 Nitrosomonas marina lineage 166 

Group 5 Nitrosomonas communis lineage 276 

Group 6 Nitrosospira lineage 105–107 

Nitrobacter species 141 

Nitrospira species 265–267, 277 (134, 194, 333) 

 

 

Acute UVA Exposure  

To evaluate the toxicity of metallic/oxide nanoparticles under ultraviolet exposure, an 

ultraviolet A (UVA) lamp (Blak-Ray Lamp Model UVL-56, 365 nm, 750 W/cm2 at 

15cm) was used as the light source. Before transferring the nitrifying bacterial suspension 

(with or without treatment of nanoparticles) to respirometric bottles, the enriched 

bacterial culture was exposed to UVA light at fixed distance (i.e., 15 cm) for a 

predetermined period of time. Figure 1 shows that nitrification inhibition increased 

linearly as the UV exposure time increased. The rest of experiments were therefore 

conducted at a fixed exposure time of 30 minutes, at which the value of half maximal 

inhibitory concentration (IC50) is roughly located (Figure 35). The culture was treated 
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with Ag nanoparticles, TiO2 nanoparticles or TiO2 bulk materials and then exposed to 

UVA for 30 mins before the inhibition tests or ROS measurements were performed.  

 

 
Figure 35. Nitrification inhibition by UV light.  

The inhibition increased linearly with the UV exposure time. Error bars indicate one 

standard deviation of triplicate samples. 

 

 

Reactive Oxygen Species Measurement 

Intracellular ROS concentrations were measured with a fluorescence-based method using 

H2DCFDA (dichlorodihydrofluorescein diacetate, Invitrogen, OR, USA), a cell-permeant 

indicator for ROS. After centrifuging aliquots of bacterial samples at 10,000 rpm for 15 

mins, the supernatant was removed and the pellets was incubated in a loading buffer (10 

M H2DCFDA, 20 mM MOPS, 1 mM NH4NO3, trace metals, and 4 mg/L K2HPO4) at 

room temperature for 30 mins. After removing the loading buffer, cells were re-

suspended with prewarmed growth medium (loading buffer without H2DCFDA) and 
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treated with nanoparticles. Aliquots of the culture (200 L) were distributed in each 96-

well microplate and the fluorescence was automatically measured using a microreader 

(VICTOR
3
, PerkinElmer, CT, USA) with 485 nm excitation and 535 nm emission filters. 

The relative fluorescence increase (%) was calculated from the fluorescence changes 

after 30 min incubation. Hydrogen peroxide (H2O2, Fisher Scientific) was used as a 

standard for ROS measurements. The results of the relative fluorescence increase under 

different treatments were normalized in H2O2 concentration unit. The UVA-induced ROS 

was measured similarly after the bacterial samples were exposed to UV light for 30 mins 

outside the microreader. 

 

5.4 Results and Discussion 

Mixture Toxicity of Nanoparticles  

Nitrification inhibition by metallic/oxide nanoparticles was first determined at 1 mg/L of 

ZnO (12 M), CuO (13 M), TiO2 (13 M), and Ag (9 M), individually. The 

commercial TiO2 nanoparticles did not show any inhibitory effect to nitrification at 1 

mg/L under room light (Figure 36). The inhibition increased in the order of TiO2 < CuO< 

ZnO < Ag. This result is consistent with published data (Adams et al., 2006; Heinlaan et 

al., 2008). Because of known antimicrobial activity of Ag nanoparticles to nitrification, 

the toxicity in a series of mixture containing Ag and other metallic oxide nanoparticles 

was determined, which was predominated by Ag nanoparticles (Figure 36).  The toxicity 

of the mixture such as Ag + CuO, Ag + TiO2, Ag + CuO + TiO2 was roughly the same 

(within one standard deviation) as the sum of the toxicity of individual nanoparticles (t-
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test, α = 0.05). For the mixture of Ag and ZnO, the toxicity of the mixture was lower than 

predicted by concentration addition. The reason of having such an antagonistic effect 

between Ag and ZnO is unknown, which may be related to possible complexation 

between Ag
+
 and Zn(OH)4

2- 
after nanoparticle dissolution.   

Since nanotoxicity is often size dependent (Jiang et al., 2008), the true sizes of 

commercial nanoparticles were measured. The size of commercial nanoparticles in water 

suspension was much bigger than the claimed size (Table 7), consistent with the findings 

published recently (Adams et al., 2006; Heinlaan et al., 2008). The true sizes of 

commercial nanoparticles were all well above 100 nm. When the commercial 

nanoparticles in powder form was added in deionized water, they aggregated rapidly 

because metal oxide particles within the particle size range of 1 nm to 10 μm tend to have 

high aggregation coefficient (s >1) (Zhang et al., 2008). Many commercial nanoparticles 

are modified with surfactants or polymers, which may behave differently from the bulk or 

aggregate form in terms of their dissolution and suspension in water. However, particle 

size may change substantially during dry periods. In this study, the metallic oxide 

nanoparticles (ZnO, TiO2, and CuO) were all in powder form and used as manufactured, 

without any modifications. There was no relationship between the toxicity and the 

average size of commercial nanoparticles resuspended in water. 
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Figure 36. Individual and mixture toxicity of metal/metal oxide nanoparticles. 

Nitrification inhibition by individual metallic/oxide nanoparticles or a mixture of 

nanoparticles in the absence of UV irradiation. The concentration of each metallic/oxide 

nanoparticles was 1 mg/L. N.D. means not detected.    

 

 

UV Effect on Toxicity of Nanoparticles 

TiO2 nanoparticles did not inhibit nitrification in the absence of UV exposure (Figure 

37a). However, nitrification was almost completely inhibited in the bacterial samples 

treated with 2 mg/L nano-TiO2 and exposed to UVA radiation for 30 mins (Figure 37a). 

The inhibition caused by UVA radiation was only 45.2 % (± 1.9) (Figure 35). The 

combined treatment with nano-TiO2 and UVA increased the toxicity because the mixture 

inhibition (~100%) was much higher than the sum of inhibition by UVA and nano-TiO2 

separately (mixture inhibition > 45.2 % + 0 %). For comparison, the bulk TiO2 had the 

same behavior as commercial TiO2 nanoparticles with slightly lower inhibition (Figure 
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37a). Previous work has shown similar results that nanoparticles are more toxic than the 

bulk counterpart (Heinlaan et al., 2008; Lok et al., 2006). One may expect that photolysis 

(chemical decomposition of organic molecules by photon energy provided) under UV 

exposure causes partly the toxicity. In the presence of semiconducting materials such as 

TiO2, photocatalytic reactions may produce additional toxicity. Although TiO2 itself is 

not toxic to nitrifying bacteria, the toxicity of TiO2 nanoparticles dramatically increased 

under UV exposure. 

In contrast, Ag nanoparticles were highly toxic to nitrifying bacteria regardless of UV 

exposure (Figure 37b). This is not unexpected since nano-Ag is not a semiconductive 

(photocatalytic) nanomaterial. Although photocatalytic ROS might change rapidly under 

the light, photocatalytic ROS concentrations were not a good predictor of nitrification 

inhibition by Ag nanoparticles (Chapter 3). Therefore, the toxicity of Ag nanoparticles 

under UV exposure was simply the sum of individual inhibition by UVA and nano-Ag at 

specific concentrations (Figure 37b).   
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Figure 37. Nitrification inhibition by Ag NPs and TiO2 nanoparticles with/without UVA. 

Nitrification inhibition by nano-TiO2 (a) and nano-Ag (b) in the presence (■,) and 

absence (□, ○) of 30 min UVA exposure. No inhibition by nano-TiO2 in the absence of 

UVA (□) was detected. For comparison, in the presence of UV exposure, the inhibition 

by the bulk TiO2 () was slightly less than that by nano-TiO2 (■). Error bars indicate one 

standard deviation of triplicate samples. 
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ROS Generation and Correlation with Toxicity 

Without UV exposure, no reactive oxygen species were detected in the nitrifying culture 

treated with nano-TiO2 (Figure 38). However, intracellular ROS were produced in the 

bacterial samples after 30 min of UVA exposure and the ROS concentration was linearly 

increased with nano-TiO2 concentration. The ROS concentrations corresponded to 100 ~ 

310 M H2O2 at 0 ~ 2 mg/L nano-TiO2 under UVA exposure. These values were ten 

times higher than the ROS concentrations measured in similar nitrifying culture treated 

with nano-Ag (1 ~ 20 M H2O2) (described in Chapter 3).   

A linear relationship (R
2
 = 0.98) between intracellular ROS concentration and nano-TiO2 

inhibition was observed (Figure 38). At the same TiO2 concentrations, there was no 

statistical difference of intracellular ROS concentration between the bulk and commercial 

nano-TiO2 (ANOVA, P< 0.05, Figure 38). This was not unexpected because the particle 

sizes of the bulk (500nm) and nano TiO2 (~370nm) are close and comparable. However, 

TiO2 nanoparticles were more toxic to nitrifying bacteria than the bulk TiO2 (Figure 37a). 

At the same ROS concentration,   nano-TiO2 inhibited more than bulk TiO2 (ANOVA, 

P< 0.05) (Figure 39). These results suggest that other cytotoxic mechanisms of nano-

TiO2 are present in addition to intracellular ROS accumulation. The toxicity (nitrification 

inhibition) of TiO2 under UV exposure may be related to multiple factors including the 

particle size itself, photolysis under UV (chemical decomposition of organics by photon 

energy provided), ROS from TiO2/UV, and chemical purity of the products. 
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Compared to nano-TiO2, silver nanoparticles generated much less intracellular ROS in 

the bacterial cells. The intracellular ROS in the presence of Ag nanoparticles was more 

than an order of magnitude less than that in the presence of TiO2 under UV exposure 

(Figure 39). However, an order of magnitude less inhibition than TiO2 was not observed. 

Instead, silver nanoparticles show higher degree of inhibition than the nano-TiO2 under 

UV exposure, which indicate that the toxicity (nitrification inhibition) mechanisms of the 

nanoparticles are completely different, depending on the nanoparticles.  

Each nanoparticle has different toxicity mechanisms such as release of toxic dissolved 

metal species (ions), particle invasion, cell function destructions, ROS attack, and surface 

chemistry of membrane damage. The toxicity of metallic/oxide nanoparticles to bacteria 

depends on many physico-chemical properties of the particles, such as a) particle size, b) 

particle stability (e.g., dissolution and aggregation), and c) the binding affinity of original 

metal to cells. It is well known that TiO2 itself is not soluble and thus has little or no 

toxicity (Figure 36). But, under UV radiation, it produces ROS such as hydroxyl radicals, 

which readily attack organic molecules and disinfect microorganisms. Ag nanoparticles 

are not semiconducting nanoparticles. Possible mechanisms of nitrification inhibition by 

nanosilver include particle attachment to cell membranes or directly entering the cell 

(Morones et al., 2005), causing the changes of membrane permeability and redox cycle in 

the cytosol, strong interference with the cellular S-containing compounds, intracellular 

radical accumulation, and dissipation of the proton motive force for ATP (Nel et al., 2006; 

Sondi and Salopek-Sondi, 2004). Therefore, intracellular ROS generation is just one of 

the reasons of the nitrification inhibition. 
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While there is abundant evidence showing that the toxicity of nanoparticles is related to 

the ROS accumulation in the cells (Adams et al., 2006), there is not direct proof that ROS 

causes inhibition. In this study, nano-Ag induced much less intracellular ROS than nano-

TiO2 under UVA under the same degree of inhibition (Figure 39). The ROS accumulation 

was more prominent in nano-TiO2 than in nano-Ag presumably due to the photocatalytic 

properties of TiO2. Even with the same chemical, although the intracellular ROS 

concentrations in both bulk and nano-TiO2 were similar, the commercial nano-TiO2 

appeared to be more toxic (Figure 39). Therefore, the intracellular ROS may be related to 

toxicity of nanoparticles, but it cannot be an indicator showing the degree of inhibition by 

nanoparticles. In other words, ROS cannot be served as a chemical marker for toxicity 

determination.  

In studies of nanotoxicity, the information of particle size is essential. We have shown the 

positive relationship between the fractions of nanosilver particles less than 5 nm and 

nitrification inhibition (Chapter 3). Several papers report that small size particles (< 10 

nm) interact with cell membranes to inhibit cell growth (Elechiguerra et al., 2005; 

Morones et al., 2005). The toxicity of nanosilver was explained by cellular internalization 

of nano-Ag as well as Ag
+
 release (Morones et al., 2005; Navarro et al., 2008). 

Furthermore, the fraction of small size nanoparticles is more important to determine the 

toxicity than the average particle size since smaller particles have a higher capability of 

entering the cells. The commercially available nanomaterials tend to have larger particle 

sizes than their reported values and should be characterized before use. 

The stability of metallic/oxide nanoparticles involving dissolution and aggregation is a 

factor in differentiating the cytotoxicity mechanisms. Nanosilver gradually released silver 
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ions to produce toxicity (Navarro et al., 2008). ZnO and CuO nanoparticles also slowly 

released Zn
2+ 

or Cu
2+

 to inhibit microbial growth (Heinlaan et al., 2008). Dissolved Fe
2+

 

from Fe nanoparticles contributed to E. coli inactivation (Lee et al., 2008). The fact that 

dissolved metal ions contribute to the toxicity of nanoparticles suggests the toxicity may 

be different according to metal ion affinity to cell functional groups (e.g., -SH). Cell 

membranes also function as a ligand for the metal because membranes consist of various 

negative charged functional groups, such as carboxyl or phosphate groups (Campbell et 

al., 2002). The binding affinity to interaction sites of the cells is different with each metal 

ion (Niyogi and Wood, 2004). Silver has generally the high stability constant to form 

metal complexes (Stumm and Morgan, 1996). If the same amount of free ions is present 

from different metallic/oxide nanoparticles, metals (e.g., Ag) with the higher binding 

affinity to sites of action will likely inhibit bacterial growth more effectively.  

 

 
Figure 38. ROS concentration increases as a result of bacterial exposure to nano TiO2. 

Intracellular reactive oxygen species (ROS) generation in cells treated with TiO2 

nanoparticles (■) and bulk TiO2 () under UVA exposure. Without UV exposure, TiO2 

nanoparticles did not induce intracellular ROS (□). Error bars indicate on standard 

deviation of five replicates.  
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Figure 39. Comparision of induced ROS concentrations induced by Ag and TiO2 

nanoparticle exposure.  

The relationship between the inhibition and ROS concentration. The inhibition was 

plotted as a function of ROS from samples treated with TiO2 nanoparticles (■), TiO2 bulk 

suspension () under UV exposure and Ag nanoparticles (). Note: the log-scale in X-

axis. 
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6 Microbial Interactions with Nanosilver in a Bacterial 

Biofilm
5
 

6.1 Abstract 

Biofilms are often more resistant to toxic chemicals such as heavy metals and 

antimicrobial agents than planktonic cells. Nanosilver has a broad range of applications 

with strong antimicrobial activity. However, biofilm susceptibility to nanosilver toxicity 

is not well understood. Here we reported the number of active cells in planktonic or 

biofilm cultures after nanosilver exposure using oxygen quenching fluorescence-based 

microrespirometry, which is less time-consuming and offers a reliable alternative to 

traditional microbiological techniques. We also determined the aggregation behavior 

and the spatial distribution of nanosilver in biofilms using E. coli expressing green 

fluorescent protein and the indigenous red fluorescent nanosilver. At the same bacterial 

concentrations (3×10
8
 CFU/mL), biofilms were four times more resistant to nanosilver 

inhibition than planktonic cells.  Nanosilver was aggregated in the presence of planktonic 

or biofilm cells resulting in an increase of average particle size by a factor of 15 and 40, 

respectively. While nanosilver particles were distributed relatively evenly in a thin (10 

µm) biofilm in aggregate form, they were able to penetrate to approximately 40 m in a 

thick biofilm after 1 hour exposure. These findings suggested that biofilm resistance to 

nanosilver might be at least partially attributed to nanoparticle aggregation and retarded 

silver ion/particle
 
diffusion. 

 

                                                 
5
 Environmental Science and Technology, 2009, in review. 
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6.2 Objectives 

Biofilms are ubiquitous in the environment. Here we investigated the biofilm resistance 

to nanosilver and compared the efficiency of nanosilver as an antimicrobial agent to that 

of silver ion. Cells of Escherichia coli were cultivated using either batch or continuous 

flow systems (drip-flow reactors, figure 40) to grow thin or thick biofilms, respectively. 

To test the toxicity of nanoparticles, we used fluorescence-based oxygen 

microrespirometry in time-resolved fluorescence mode and measured microbial oxygen 

consumption of biofilms that were treated with or without Ag NPs. To understand how 

nanoparticles are transported and spatially distributed in biofilms, we took advantage of 

the fluorescence properties of nanosilver and green fluorescence protein of E. coli. 

 

6.3 Materials and Methods 

Nanoparticles preparation 

Silver nanoparticles were prepared by borohydride reduction of silver (see detail information in 

chapter 3). The freshly prepared nanoparticle suspensions contained roughly 50/50 of Ag+ and 

AgNPs and almost complete AgNPs by adding NaBH4 at the concentrations of 0.14 and 0.7 mM, 

respectively. The nanosilver suspensions having an average particle size of 15 to 21 nm (via TEM 

analysis) were well characterized as described earlier (chapter 3). The results of nanoparticle 

distribution analysis by the TEM were generally consistent with those by dynamic light scanning 

(DLS) (Figure 40). 
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Figure 40. Dynamic light scattering size analysis of two type‟s nanosilver composition.   

The freshly prepared nanoparticle suspensions contained roughly 50/50 of Ag
+
and 

AgNPs (50 % Ag NPs, ♦) and almost complete AgNPs (100 % AgNPs, ■) by adding 

NaBH4 at the concentrations of 0.14 and 0.7 mM into silver nitrate (0.7 mM) in PVA 

solution. The size of particles was shifted toward to a high value and the mean of size 

was increased to 29 nm at 100 % Ag NPs from 25 nm at 50% Ag NPs. 

 

Biofilm and Planktonic Culture Preparation 

To compare toxicity of AgNPs between biofilm and planktonic cells at the same bacterial 

concentrations, biofilm and planktonic cells were prepared before the oxygen 

fluorescence based microrespirometry was applied for microbial activity/toxicity 

determination. For biofilm preparation, a 96-well microplate (sterilized, Thermo 

Scientific) was inoculated with aliquots of overnight culture (O.D. = 0.5 at 600 nm) of E. 

coli PHL628 (a gift from Dr. Anthony Hay at Cornell University) and filled with 200 L 

of nutrient broth (BBL
TM

, Gelysate
TM

 peptone, 5 g/L, beef extracts, 3 g/L). After 

covering with a lid, the microplate containing E. coli cells was incubated without mixing 

at 37 
o
C for 24 hours. We observed that biofilms were established only at the air–liquid 
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interface using crystal violet staining. The microplate prepared this way was used to 

determine the total cell numbers in biofilms so that the same amount of the cells was used 

in planktonic cell study. To this end, the biofilm cells in the microwell were rinsed three 

times with 300 L of saline solution (0.9 %, NaCl) and finally filled with 200 L of 

nutrient broth. The biofilm was disrupted by sonication (Sonic Dismembrator, Fisher 

Scientific, Pittsburgh, PA) in a water bath at 7~8 power for 20 mins. The cell numbers 

were then determined using standard cell cultivation methods (Madigon and Martinko, 

2006).   

 

The stock of planktonic E. coli PHL628 cells was prepared in a 250 mL conical flask 

with 150 rpm shaking at 37
 o

C. Samples of the planktonic cells with the same range of 

O.D. as that of biofilms (i.e., at the same bacterial concentration) in a challenge plate (see 

Microrespirometric Assay) were prepared for silver toxicity comparison between 

planktonic and biofilm cells.  

 

Microrespirometric Assay 

The prepared biofilms were rinsed and cleaned three times with fresh media before 

exposed to nanosilver (or silver ions for comparison purposes). The test samples 

containing AgNPs were prepared by two times serial dilution on a challenge plate. 

Briefly, an aliquot (125 L) of nanosilver stock solution (0.7 mM total Ag) was added 

into 125 L nutrient broth in the first well of the microplate. After pipette mixing, 125 L 

of the mixed liquid was transferred to the next well. An aliquot (125 µL) of nutrient broth 

was filled to each well containing the biofilm to make a final volume of 250 L. This was 
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followed by adding aliquots of oxygen probe (Redlight, Luxcel Biosciences) (10 L/well; 

final concentration, 150 nM) on nanosilver treated planktonic and biofilm cultures (total 

volume = 260 L) and finally sealing the top of each sample with a drop of heavy 

mineral oil supplied by the manufacturer. The heavy oil prevents transfer of ambient 

oxygen and liquid evaporation during experiments. The fluorescence of the cells from 

each well grown statically was measured every 15 minutes by a microreader (VICTOR
3
, 

PerkinElmer) with 340 nm excitation and 642 nm emission filters in time-resolved 

fluorescence mode.  

 

By measuring the time required to reach a threshold level (defined as half of the 

maximum oxygen probe signal) that is directly proportional to cell number based on an 

established calibration curve (O'Mahony and Papkovsky, 2006), we were able to 

calculate the numbers of metabolically active bacterial cells in biofilms (Figure 4). 

 

Crystal Violet Biofilm Assay 

For comparison purposes, biofilm formation and bacterial resistance to nanosilver or 

silver ions were also quantified in 96-well flat-bottomed polystyrene microtiter plates 

using a crystal violet biofilm assay (Flemming et al., 2009; Kim et al., 2009) with slight 

modification. Briefly, overnight E. coli PHL 628 cultures were diluted in nutrient broth to 

a turbidity of 0.05 at 600 nm. Diluted cultures were inoculated into the plates and were 

grown statically at 37°C. After 24 h, the wells were washed three times with saline 

solution (0.9% NaCl) to remove planktonic cells. The washed biofilms were subjected to 

treatment with Ag NPs or silver ions at different concentrations and were sampled at 



113 

 

predetermined time. Total biofilm cells (as indicated by absorbance at 600 nm) were 

measured by using 0.1% crystal violet staining. Absorbance data from six replicate wells 

were averaged to obtain each data point.  

The time-dependent biofilm growth in the 96-microwells was simulated using an 

exponential growth model and the parameters of the specific biofilm growth rate, µ, were 

determined via least-squares error analysis. Three independent cultures were used to 

calculate the mean and standard deviation of µ. 

 

  



114 

 

Biofilm Cultivation for Nanosilver Distribution Study in Biofilms 

Thin Biofilms. For thin biofilm samples, we cultivated E. coli (PHL628-gfp, kanamycin 

resistance gene encoded (Junker et al., 2006)) on a glass-bottom microwell dish (MatTek, 

MA) under batch conditions. The microwell dish was inoculated with 3 mL of six times 

diluted overnight culture. Cells of the E. coli were grown in LB-kanamycin medium and 

incubated statically at room temperature (25 ± 2
 o

C). After one day of incubation, the 

microwell dishes were rinsed with fresh LB medium before use.  

Thick Biofims. For thick biofilms (> 50 m), we used Drip Flow Reactor (Biosurface 

Technologes Co., MT, Figure 41) in a continuous flow system fed with LB (flow rate = 

0.4 mL/min). Filter-sterilized kanamycin (50 mg/L, Acros Organics) was added into LB 

to prevent microbial contamination. Each channel has two small pegs to hold the glass 

coupon in place, a shallow trough that mitigates blockage of the effluent port during 

sloughing events and aids in coupon removal, and an effluent port which allows the 

continuous flow media to exit.  The flow of media is the only acting shear force on the 

biofilm. 

After 5-6 days of growth, the biofilm on the glass slide was rinsed with fresh LB medium 

and exposed to 3 mL (100 L for thin biofilm) of nanosilver (700 M, or silver ion) for 

one hour. Residual nanosilver was removed by washing with LB medium twice. 
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Figure 41. A schematic of Drip Flow Biofilm Reactor. 

 

Biofilms are grown under low shear conditions. Dropping feed helps the growth of thick 

biofilms on the glass with ample air and nutrient supply.  

 

 

Determination of Spatial Distribution of Nanosilver in Biofilms 

We used a two-photon laser-scanning confocal microscope (Zeiss LSM 510 META NLO 

system mounted on an Axiovert 200M inverted microscope) for nanosilver/biofim 

fluorescence imaging. The microscope was equipped with a C-Apochromat 40×/1.2 

water-immersion objective (working distance 280 μm), a femtosecond NIR laser 

(Coherent Chameleon XR) and non-descanned detectors for two-photon imaging, and a 

focus drive motor for depth imaging along the Z axis. GFP was excited at either 488 nm 

(thin biofilms) or 830 nm (two-photon, thick biofilms) and fluorescence emission was 

detected through a 500-550 nm band-pass filter. Nanosilver was excited at 750-770 nm 

(two-photon) and fluorescence emission was detected through a 565-615 nm band-pass 

filter. 
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6.4 Results 

Biofilm resistance  

Minimum bactericidal concentration (MBC) is defined as the lowest concentration of an 

antimicrobial agent that prevents microbial growth. Conventionally, it is the 

concentration that kills at least 99.9% of a planktonic (MBCP) or biofilm (MBCb) 

bacterial population (Harrison et al., 2007). As determined by microrespirometry at the 

same bacterial concentrations, the MBCb and MBCP values of the nanosilver suspension 

containing almost all of AgNPs were about 38 mg/L and 10 mg/L total Ag, respectively 

(Figure 42a). The MBCb and MBCP values of the Ag
+
/nanosilver mixture (50/50 Ag

+
 and 

AgNPs) were 9.5 mg/L and 2.4 mg/L total Ag, respectively (Figure 42b). Similar results 

were observed for Ag
+
 treated planktonic/biofilm samples except higher Ag

+ 
toxicity 

against E. coli bacteria compared to AgNPs (Figure 42c). Hence, MBCb was about 4-fold 

higher than MBCP for nanosilver, suggesting that biofilm cells are less susceptible to 

nanosilver inhibition than planktonic cells.  
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Figure 42. Biofilm resistance to silver nanoparticles and silver ions.  
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Biofilm () and planktonic cell (■) resistance to AgNPs (a), 50/50 Ag
+
and AgNPs (b) and 

Ag
+ 

(c) inferred from the bacterial growth data. Relative active cells (live cells treated 

with silver/live cells without silver) of E. coli after silver treatment were derived from the 

microrespirometric measurements of eight replicates for each treatment. 

 

 

There was a concern that the use of oil in microrespirometric study might reduce both the 

effective nanoparticles and silver ion concentration in the water, thus provoking an 

underestimation of the nanosilver toxicity. Indeed, the use of oil to seal microwells 

shifted the nanosilver particle size distribution slightly toward the higher values (Figure 

43), demonstrating the positive effect of water-oil interface on particle aggregation. 

However, since both planktonic and biofilm cells were exposed to Ag
+
/nanosilver in the 

oil-sealed microwells, the difference of MBC values between planktonic and biofilm cells 

was unlikely attributed to the oil effect.  

 

Figure 43.  Nanosilver particle size changes in the presence of oil (used in 

microrespirometry) or planktonic/biofilm cells.  

The size of silver nanoparticles initially synthesized using PVA as a capping agent () 

was shifted toward a higher value when the nanosilver suspension was covered by heavy 

oil (×). Silver nanoparticles were aggregated in the presence of planktonic cells (■) or 

biofilms (). The particle size distribution was determined from TEM images except that 
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of AgNPs in the presence of biofilms, which was determined based on the fluorescence 

images (Figure 45e). 

 

 

Instead, the difference was thought to be caused by nanoparticle aggregation in biofilms 

due to changes in ionic strength (Chen and Stewart, 2002) and interaction with various 

complexing agents (Choi et al., 2009; Zhang et al., 2003) such as extracellular polymetric 

substances released by the bacteria. Once nanoparticles aggregate, their toxicity may be 

reduced due to particle size increase (Carlson et al., 2008; Choi and Hu, 2008). In this 

study, nanoparticle aggregation was observed in both planktonic and biofilm cultures 

(Figure 43 and 44). TEM analysis clearly demonstrated that the interactions of planktonic 

cells with nanosilver resulted in particle aggregation and a particle/cluster size increase 

from an average of 20 nm to about 300 nm (or by a factor of 15). Laser-scanning 

confocal microscopic observations further indicated that the interactions of biofilm cells 

with nanosilver resulted in particle aggregation even more significantly with a final 

average aggregate size of about 800 nm (an increase by a factor of 40), although these 

nanosilver clusters were well distributed in a thin (10 µm) biofilm (Figure 45e and f). 

These results suggest that nanotoxicity in biofilms may be controlled by several 

important factors such as particle aggregation along with retarded silver ion/particle
 

diffusion, as described below. 
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Figure 44. Silver nanoparticle aggregation in the presence of planktonic bacteria using 

TEM 

Silver nanoparticle suspension initially made in the lab (average size = 15 to 21 nm, scale 

bar = 100 nm) (a); aggregated silver nanoparticles after mixing with E. coli culture (sized 

increased to about 300 nm, scale bar = 200 nm) (b); high magnified image of silver 

nanoparticles in E. coli culture from TEM image (b) (scale bar = 50 nm) (c). 
 

a b c 
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Figure 45. Nanosilver distribution in a thin biofilm:  

Negative control biofilm (green) taken with differential interference contrast (DIC) 

microscopy (a) and confocal scanning laser microscopy (b). Nanosilver exposed biofilm 

a b 

c d 

e f 

a b 
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taken with DIC (c), confocal scanning laser microscopy for biofilm only (d), two-photon 

laser scanning microscopic images for nanosilver only (e), and a combined image of d 

and e (f). Scale bars indicate 20 m. 

 
 
Spatial Distribution of Nanosilver in Biofilms  

The synthesized nanosilver had the surface plasmon resonance band at 400 nm (Figure 46 

a), typical for noncovalently stabilized nanosilver. At this excitation wavelength 

nanosilver showed emission spectra in the visible range (450 - 650 nm) with peaks at 550 

and 610 nm (Figure 46 b). Nanosilver in the thin biofilms of E. coli expressing green 

fluorescent protein (GFP) was imaged by confocal laser scanning microscopy. We used 

GFP as a biofilm reporter because it does not require pretreatment for cell labeling and its 

fluorescence does not interfere with that from nanosilver. Nanosilver was relatively 

evenly distributed in a thin biofilm although significant aggregation of the nanosilver 

particles (arrow) was observed (Figure 45f). In addition, E. coli cells appeared to lose 

their green fluorescent activity (Figure 45 c,d vs. Figure 45a,b) after being exposed to 

nanosilver possibly due to the antimicrobial action of nanosilver.  

 

Two-photon laser scanning microscopy (2P-LSM) was used to determine the spatial 

distribution of nanosilver in the thick biofilms (Figure 47). 2P-LSM allows for longer 

imaging of biological specimens with less photobleaching than conventional confocal 

microscopy. E. coli exposed to nanosilver (red) still had GFP activity (green), as 

demonstrated by the overlap of the two fluorescence signals (yellow). We detected 

nanosilver fluorescence up to a depth of 40 m in a biofilm treated for one hour with 

nanosilver. We also observed decreasing GFP fluorescence with increasing depth inside 

the thick biofilm, consistent with a depletion of oxygen since the GFP flurochrome 
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requires oxygen to develop (Hansen et al., 2001). Although GFP fluorescence at depths 

deeper than 50 m (Figure 48) was not visualized, the technique using E. coli expressing 

green fluorescent protein and the indigenous red fluorescent nanosilver provided 

sufficient capability of determining nanoparticle distribution in biofilms without 

introducing the potential interference by the fluorescent markers (if applied).  

 

  
                        

Figure 46. The absorbance and emission spectrum of nanosilver. 

(a) UV-Vis absorbance spectrum of nanosilver, (b) fluorescence emission spectrum of 

nanosilver (excitation wavelength = 400 nm). 
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a 

b 

 

 
 

Figure 47. Nanosilver distribution in a thick biofilm using two-photon laser scanning 

microscopy 
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the combined image (at 20 m depth, z-stack image) using the excitation wavelength of 

770 nm (for nanosilver, red) and 830 nm (for gfp, green) performed individually with 

yellow showing overlap of nanosilver and E. coli (a); Z-stack image gallery through 70 

m of the biofilm (every 2 m) while nanosilver was visualized at the biofilm depths of 

less than 40 m (b). 
 

 
 

Figure 48. Z-stack images of the negative control, E. coli-GFP biofilm without nanosilver.  

GFP fluorescence
 
gradient (lateral or vertical) was not detected within the >50 µm

 
thick 

biofilm due to limited diffusive oxygen required to develop GFP. 

 

 

6.5 Discussion 

To our knowledge, this is the first report about local distribution of nanoparticles in 

biofilms. Our results show that nanosilver penetrated the same range of depths into 

biofilms as metal ions such as Zn
2+ 

(Hu et al., 2005) and Cu
2+ 

(Hu et al., 2007). Once 

biofilms are exposed to heavy metals, metal ions are easily accumulated and immobilized 
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in biofilms by EPS biosorption and chemical complexation/precipitation with anionic 

ligands (Hullebusch et al., 2003). Like silver ions, AgNPs are strongly adsorbed to 

bacterial cells (Benn and Westerhoff, 2008; Elechiguerra et al., 2005; Morones et al., 

2005). Dissolution of nanosilver results in the formation of stable AgxSy precipitates in 

the presence of sulfide (Choi et al., 2009). Interactions of nanosilver with biofilm cells 

resulted in significant particle aggregation and an increase of aggregate size by a factor of 

40 (Figure 43), which decreased apparent particle diffusivity according to the Stokes-

Einstein equation. Hence, particle aggregation coupled with retarded diffusive transport 

of nanosilver and Ag
+ 

from particle dissolution may lead to biofilms to confer resistance 

to Ag
+
/nanosilver and therefore reduced toxicity.  

 

Biofilms can be up to 1,000 times more resistant to toxicants than the planktonic cells 

(Mah et al., 2003). The mechanisms of biofilm resistance to antimicrobial agents include 

efflux pumps, enzyme mediated resistance, target mutations, and adaptation of the outer 

membrane structure (Harrison et al., 2007). Other possible protection mechanisms 

include slow penetration of the antimicrobial agents, development of the resistant 

phenotype, altered microenvironment with different level of metabolic activity within the 

biofilm, and interactions of the antimicrobial agents with the biofilm (Stewart and 

William Costerton, 2001). Further study is needed to determine other possible 

mechanisms of biofilm resistance to nanosilver including different metabolic activity and 

spatial heterogeneity of antimicrobial resistance gene expression of microbial cells within 

biofilms. 
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Nanosilver can impart toxicity in both ion and particle forms (Navarro et al., 2008). 

Silver ions released from nanosilver may react with the microbial membrane and 

inactivate cell functions while small particles may enter the cells to disrupt microbial 

metabolism, making nanosilver highly toxic (Carlson et al., 2008; Choi and Hu, 2008; 

Jiang et al., 2008). Therefore, the toxicity of nanosilver may be controlled by particle size 

(cell internalization), Ag
+
 release rate (particle stability), and surface characteristics (e.g., 

surface film formation). These properties may be differentially affected by metal 

exposure time (i.e., short term vs. long-term) (Navarro et al., 2008) and in various types 

of media or microorganisms, resulting in changes in the efficacy of antimicrobial activity. 

While this study mainly determined the short-term nanosilver toxicity, it is possible that 

in a long-term nanoparticle exposure study, biofilm cells could be more impacted by 

nanosilver due to the longer term interactions of silver incorporated within the biofilm 

(e.g., physical entrapment and diffusion limitation for Ag
+
 release from nanoparticle 

dissolution) with bacteria. 

 

It would be desirable to use viability stains to determine the spatial distribution of living 

biomass within biofilms after nanosilver treatment. We have used a metabolic marker in 

biofilm cultures, fluorescein diacetate (FDA), which reacts with non-specific esterases in 

metabolically active micro-organisms to produce green fluorescence (Chavez de Paz et 

al., 2008). However, results were not promising due to ineffective staining. The redox 

fluorescence dye, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), which targets 

dehydrogenase activity to generate red fluorescence as well as the LIVE/DEAD 
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BacLight™ stains, could not be used because of the presence of indigenous red 

fluorescence of nanosilver aggregates.  

 

By using oxygen fluorescence based microrespirometry, the minimum bactericidal 

concentration and associated number of metabolically active cells in planktonic or 

biofilm cultures were easily determined in parallel and real time. For comparison 

purposes, the crystal violet biofilm assay is more time-consuming and error-prone (Figure 

49). Since microbial exposure to Ag
+
/AgNPs likely results in a decrease of microbial 

activity, and since microbial activity can be precisely determined in a closed system 

containing biofilm or planktonic cells at the same bacterial concentration, the 

microresirometric assay developed in this study offers a reliable alternative to traditional 

microbiological techniques for ecotoxicological research.   

 

Our results highlight the resistance of biofilms to nanosilver toxicity by using a newly 

developed fluorescence-based microrespirometric assay. By exploiting the indigenous red 

fluorescence of nanosilver, this study presents a new method to investigate the fate and 

transport of nanosilver in biofilms for additional research on nano-microbial interactions. 
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Figure 49. A crystal violet biofilm assay to determine nanosilver toxicity.  

Biofilm growth of E. coli PHL628 in polystyrene microtiter wells after being exposed to 

different concentrations of Ag NPs (a) or Ag
+
 (b). The average specific biofilm growth 

rate for E. coli PHL628 is 0.072 ± 0.003 h
-1

, which is similar to the biofilm growth (0.08 

± 0.02 h
-1

) observed in a Staphylococcus Epidermidis biofilm (Zheng and Stewart, 2004). 

(a) Based on the calculated specific biofilm growth rate, biofilm growth was inhibited 70 % 

by 18.9 mg/L Ag NPs (p < 0.001) but was not influenced by the concentrations less than 

9.5 mg/L (p > 0.5). (b) No inhibition was observed at Ag
+
 concentrations below 1.2 mg/L 

(p> 0.5), but the biofilm growth was reduced significantly by more than 70 % as the Ag
+ 

concentrations increased to 4.8 mg/L or higher (p < 0.001). We observed slight inhibition 

of biofilm growth at the Ag
+
 concentration of 2.4 mg/L, but it is not statistically 

significant (p = 0.07). 
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7 Summary 

The toxicity of silver nanoparticles to planktonic anc biofilm cells was evaluated in this 

research to better understand environmental implication of nanoparticles as 

nanotechonology enhanced products are emerging. Silver nanoparticles of known size 

distribution were prepared in the laboratory for toxic test and they were well distributed 

in an aqueous suspension. Nitrifying bacteria (a mixture of nitrosospira, nitrobacter, and 

nitrospira) were used as model autotrophic organisms and E. coli (PHL628) as a 

representative heterotrophic bacterium. Three kinds of microbial activity/toxicity tests 

(specific oxygen uptake rate measurement, GFP-tagged microbial fluorescence 

measurement, and time-resolved microrespirometry) were developed according to the 

properties of model organisms or microbial growth conditions. The biofilm of E. coli was 

cultivated such that a planktonic cells having the same biomass concentration was paired 

for nanosilver toxicity comparision between planktonic and biofilm cells. The spatial 

distribution of nanoparticles in biofilms provides additional information of the fate and 

transport of nanoparticles inside the biofilms. 

Silver nanoparticles strongly inhibited nitrifying bacterial activity. At the same total 

silver concentrations, silver nanoparticles were more toxic than silver ion to nitrifying 

bacteria whilesilver ion appeared more toxic to E. coli growth than nanosilver. Based on 

a short-term batch respirometric assay, at 9.3 M Ag (i.e., 1 mg/L Ag), the  inhibitions on 

nitrifying bacterial growth by Ag NPs, Ag
+
 ions and AgCl colloids were 86 ± 3%, 42 ± 

7%, and 46 ± 4%, respectively. By using a prolonged microtiter assay, at 4.2 M Ag, the 
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inhibitions on the growth of E. coli PHL628-gfp by Ag NPs, Ag
+
 ions and AgCl colloids 

were 55 ± 8%, 100%, and 66 ± 6%, respectively. 

To understand the mode of antimicrobial action of silver nanoparticles, reactive oxygen 

species (ROS) inside cells (intracellular) and outside cells (extracellular) were measured 

after bacterial exposure to nanoparticles. The toxicity of silver nanoparticles was related 

to intracellular ROS concentration but not extracellular ROS. For comparision purposes, 

the toxicity of commercially available TiO2 nanoparticles was evaluated under UVA light 

because of their semiconductor property. TiO2 nanoparticles showed much less toxicity to 

bacteria although they induced higher levels of intracellular ROS than silver 

nanoparticles. The results indicate that reactive oxygen species are not a good chemical 

marker to determine nanotoxicity. 

Size-dependent toxicity was presented when the bacteria were exposed to silver 

nanoparticles. Various sizes of silver nanoparticles were prepared by changing the ratio 

of reducing agent (BH4
-
) / silver ion (Ag

+
). The particles with larger portions of smaller 

size particles (< 5 nm) had higher toxicity to microorganisms, suggesting that dual modes 

of antimicrobial action by silver nanoparticles may exist inhibition by silver ion through 

oxidative nanoparticle dissolution and penetration of small size nanoparticles inside the 

cell, even though the pathway of nanoparticle penetration inside the bacteria is not 

confirmed.  

To reduce nanosilver toxicity, the role of sulfide and ligand strength in controlling 

nanosilver toxicity to nitrifying bacteria was identified. Sulfide appeared to be the only 

ligand to effectively reduce nanosilver toxicity. By adding a small aliquot of sulfide that 
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was stoichiometrically complexed with Ag NPs, the nanosilver toxicity to nitrifying 

organisms was reduced by up to 80%. Scanning electron microscopy coupled with energy 

dispersive X-ray analysis indicated that Ag NPs were highly reactive with sulfide to form 

new AgxSy complexes or precipitates that was stable under aerobic conditions.  The 

results suggest that the toxicity of silver nanoparticles depends on many environmental 

factors including ionic strength, pH, and chemical compositions in addition to original 

chemical/physical properties of nanoparticles. 

Biofilms were determined to be more resistant to nanosilver inhibition than planktonic 

cells. In addition, nanosilver was less toxic to biofilms than silver ion. Biofilm cells 

strongly influenced nanoparticle aggregation, suggesting that biofilms may confer 

resistance to nanosilver through retarded particle
 
diffusion and particle aggregation. The 

spatial distribution of nanosilver in biofilms was also analyzed using E. coli expressing 

green fluorescent protein and the indigenous red fluorescence of aggregated silver 

particles. Nanosilver was distributed evenly in a thin (10 µm) biofilm and penetrated to 

approximately 40 m in a thick biofilm after 1 hour exposure. 
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8 Future Research Work 

 

Further study is needed to determine other possible mechanisms of biofilm resistance to 

nanosilver including spatially different bacterial activity in biofilms. Nanoparticle 

aggregations and transport retardation likely caused to reduced toxicity of nanoparticles 

to biofilm cells (chapter 6). But other factors may be involved in biofilm resistance to 

nanosilver. While this study mainly determined the short-term nanosilver toxicity, 

bacterial cells could be more impacted by nanosilver in long-term biofilm exposure 

studies due to slow and continuous silver ion release. More study is needed to investigate 

the different composition of Ag
+
/Ag within the biofilm because of the heterogeneity 

property of the biofilm bacterial population. Furthermore, in the long-term toxicity study, 

we are interested in spatial heterogeneity of antimicrobial resistance gene expression of 

the bacterial cells within biofilms.  

The mechanism of cell internalization of small metallic nanoparticle is still less 

understood in bacterial cells. Also, the fate and effect of nanoparticles inside the cells are 

not well determined. Although we showed intercellular reactive oxygen species were 

accumulated in the nanosilver exposed cells, ROS accumulation was related with the 

toxicity of nanosilver but it might not be used for accurately nano-toxicity prediction. 

While a trojan-horse type mechanism was proposed to explain high-level toxicity of 

nanoparticles (Limbach et al., 2007), the fate of small nanoparticles (e.g., size < 10 nm) 

inside the bacterial cells and the relationship to nanotoxicity are yet to be investigated. 
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 To better understand their environmental impacts, field study of the fate of nanoparticles 

in different environmental media (ground water, sediments, NAPL,etc) is urgently 

needed. Because the toxicity of metallic nanoparticles to bacteria and ecological systems 

depends on nanoparticle properties such as particle size, particle stability, and the binding 

affinity of original metal to cells, the study of the fate of nanoparticles requires the 

comprehensive understanding of geo-chemical-bio interactions in the environment. For 

example, solutions of high ionic strength can affect particle aggregation and various 

ligands can form a complex with metallic nanoparticles. Based on the data about the fate 

and toxicity of silver nanoparticles in planktonic and biofilm systems from this study and 

future work, we will hopefully be able to work on a real natural or engineered system to 

determine nano-toxicity to wastewater treatment and the environment.  
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10 APPENDIX A: Nitrification Performance Data 

Collected from the Continous Flow Autotrophic 

Bioreactor  

 

Figure 50. Effluent aNH4
+
-N concentrations during the period of study. 

 

 

 
 

Figure 51. Effluent NO3
-
-N concentrations during the period of study. 

Horizontal lines indicated average of nitrate-N, (437±104) mg/L. 
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Figure 52. Effluent NO2
-
-N concentrations during the period of study. 

Horizontal lines indicated average of nitrite-N, (0.3±0.2) mg/L. 

 

 

 

 
 

Figure 53. Biomass COD concentrations in the nitrification bioreactor. 

A vertical line shows agal contaminations started. 
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Figure 54. Solids retention time of the nitrification bioreactor.  

The average SRT (bold line) was 23.5±11.0 (dash line). The target STR was 20 d.  

After agal contamination (March, 2009), algae increased SRT of the tank. 
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11 APPENDIX B: The fragment analysis based on T-

RFLP patterns presented in the nitrifying bioreactor 
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12 APPENDIX C: Nitrifying Bacterial Growth 

Inhibition in the Presence of Algal Species
6
 

 

Abstract 

Nitrifying bacteria and microalgae are important microorganisms in open pond 

wastewater treatment systems. Nitrification involving the sequential oxidation of 

ammonia to nitrite and nitrate, mainly due to autotrophic nitrifying bacteria, is essential 

to biological nitrogen removal in wastewater and global nitrogen cycling. When a 

continuous flow autotrophic bioreactor, initially designed for nitrifying bacterial growth 

was contaminated by microalgae, we monitored both the microalgal and nitrifying 

bacterial activity by measuring specific oxygen production rate (SOPR) for microalgae 

and specific oxygen uptake rate (SOUR) for nitrifying bacteria to better understand algal-

bacterial interactions. The growth of microalgae inhibited the maximum nitrification rate 

by a factor of 4 although the ammonium nitrogen fed to the reactor was almost 

completely removed. Terminal restriction fragment length polymorphism (T-RFLP) 

analysis indicated that the community structures of nitrifying bacteria remained 

unchanged, containing the dominant Nitrosospira, Nitrospira and Nitrobacter species. 

PCR amplification coupled with cloning and sequencing analysis resulted in identifying 

Chlorella emersonii and an uncultured cyanobacterium as the dominant species in the 

autotrophic bioreactor. Notwithstanding the fast growth rate of the microalgae and the 

algal toxicity to nitrifiers, algae were more easily lost in effluent than nitrifying bacteria 

                                                 
6
 Environmental Science and Technology, 2009, in review. 
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because of their poor settling characteristics. Both microorganisms grew together in the 

bioreactor with constant individual biomass fractions because of the uncoupled solids 

retention times for algae and nitrifiers. The results indicate that compared to conventional 

wastewater treatment systems, even longer minimal SRTs (e.g., by a factor of 4) should 

be considered in phototrophic bioreactors for complete nitrification and nitrogen removal. 

 

Introduction 

Nitrifying bacteria are mainly composed of ammonia-oxidizing bacteria (AOB) such as 

Nitrosospira and Nitrosomonas and nitrite-oxidizing bacteria (NOB) such as Nitrospira 

and Nitrobacter. Nitrifying bacteria play an important role in wastewater nutrient 

removal and nitrogen cycling in the environment. The autotrophic nitrification process by 

nitrifying bacteria is generally the rate-determining step in biological nitrogen removal 

because of their slow growth rate and their sensitivity to environmental changes (Blum 

and Speece, 1991). 

Microalgae (single celled algae) such as cyanobacteria and Chlorella have been used in 

wastewater treatment (Boussiba et al., 1984; Chiemchaisri et al., 2007; De-Bashan et al., 

2002; González et al., 2008; Hu et al., 2000; Muñoz and Guieysse, 2006) partially 

because of their nutrient uptake potential and oxygen production to facilitate aeration in 

wastewater treatment (Muñoz and Guieysse, 2006). As renewable energy draws much 

attention, they become an attractive source recently for biodiesel production (Chisti, 2007; 

Mandal and Mallick, 2009; Muñoz and Guieysse, 2006). Moreover, a naturally selected 

alga has been applied to a photosynthetic algal microbial fuel cell powered with solar 
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energy to generate biocatalyzed electricity (Strik et al., 2008), demonstrating diverse 

applications of algae in the environment.  

Understanding the algal-bacterial interactions in the environment is essential to explore 

algae-based wastewater treatment processes. Several studies of the interaction between 

algae and bacteria have been reported (De-Bashan et al., 2002; Muñoz and Guieysse, 

2006; Risgaard-Petersen et al., 2004). Algae deliver oxygen for bacterial respiration but 

may inhibit bacterial growth by increasing the pH (pH could be increased to 10.6 as a 

result of algal respiration) (Green et al., 1996) or by producing substances toxic to 

bacteria (Muñoz and Guieysse, 2006). In sediments, where ammonia-oxidizing bacteria 

and benthic microalgae contend for the available nitrogen, algae out-compete the former 

due to their fast growth rate and N uptake capacity (Risgaard-Petersen et al., 2004). 

However, no significant negative effect of pH on the growth of Chlorella vulgaris and 

heterotrophic bacteria has been reported at influent glucose concentrations between 25 

and 700 mg/L in laboratory bioreactors (Mayo and Noike, 1994). Bacteria can remove 

the toxic compounds released from algae (Ho et al., 2006), while nitrifying organisms 

remove high concentrations of ammonia that may be inhibitory to algal growth (Kallqvist 

and Svenson, 2003).   

The objective of this research was to determine the impact of algal growth on autotrophic 

nitrifying activity that is essential in biological nitrogen removal. In this study, we 

measured algal and nitrifying bacterial activities through the measurements of specific 

oxygen production rate (SOPR) and specific oxygen uptake rate (SOUR), respectively, 

after separating the biomass of algae from nitrifiers by natural sedimentation. The 

microbial community structures in the co-culture autotrophic system were determined by 
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terminal restriction fragment length polymorphism (T-RFLP), cloning and sequencing 

analysis after polymerase chain reaction (PCR) amplification. The major finding was that 

the growth of microalgae inhibited the maximum nitrification rate by a factor of 4 

although the performance of the reactor was not apparently affected. 

 

Materials and Methods 

Bioreactor 

A lab-scale autotrophic nitrifying bioreactor seeded with activated sludge from the 

Columbia Wastewater Treatment Plant in Missouri was operated for more than two years 

(see chapter 2). All nitrogen species including ammonium, nitrate, and nitrite along with 

nitrifying bacterial growth inferred from SOUR measurements described below were 

routinely measured. After 670 days of operation (beginning in March 2009), a significant 

mixed liquor color change from brown to green indicated algal contamination, which was 

attributed to the algae possibly present in tap water that was used for feed preparation. 

The bioreactor was operated under the normal fluorescent light in the laboratory. The 

average SRT values were determined based on the amount of daily wasted biomass from 

the reactor and biomass loss in effluent (Grady et al., 1999). 

 

Microscopic observations 

An aliquot of microbial suspension from the autotrophic bioreactor was put on slide glass 

and covered with a cover slip. The upright Olympus Vanox AHBT3 (Center Valley, PA) 
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was used and images were taken by Leica DFC295 CMOS camera (color digital camera) 

(Bannockburn, IL). 

 

Specific oxygen uptake rate and specific oxygen production rate measurements 

The algal and nitrifying bacterial activities were determined from the specific oxygen 

production or uptake rate measurements using extant respirometry (Figure 55). Before 

each respirometric test of SOUR or SOPR, natural sedimentation was used to separate the 

nitrifying bacteria from algae. Biomass separation by gravity was fast and successful 

because nitrifying bacteria easily formed flocs and quickly settled down at the bottom 

whereas algae were largely suspended in the upper layer of the mixed liquor. To separate 

nitrifiers from microalage, an aliquot (100 mL) of mixed liquor from the parent 

bioreactor was filled in a graduated cylinder. After 5 min sedimentation, the upper layer 

of the mixed liquid (about 97% of the total liquid volume) was collected as algal biomass 

before use. The remaining portion of the mixed liquid containing nitrifying bacteria was 

rinsed twice with distilled water to remove the residual algae and resuspended in the feed 

solution without ammonia or the supernatant of effluent after 1 hour settlement to prevent 

nutrient limitation. The concentration of each biomass fraction was measured in chemical 

oxygen demand (COD) units using commercially available reagents (HACH COD vials, 

Loveland, CO).  

Oxygen uptake rate (OUR, corrected with endogenous respiration) due to ammonia 

oxidation was determined after injecting an aliquot of ammonium to the separated 

nitrifying bacterial culture in a closed respirometric bottle (see 1.3.1). SOUR was 
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calculated by dividing the oxygen uptake rate by the nitrifying biomass concentration. 

For SOPR (ratio of OPR to algal biomass COD) measurement, algal biomass suspension 

was filled in the closed respirometric system where the amount of dissolved oxygen (DO) 

increase due to photosynthesis was automatically recorded in the lab with fluorescent 

light tubes and ordinary bulbs. Because the algal biomass suspension contained sufficient 

inorganic carbon due to the addition of sodium carbonate in the parent reactor, there was 

no additional CO2 required for algal growth. The change of DO in the respirometric 

bottle was measured by a DO probe (YSI model 5300A, Yellow Springs, OH) and 

continuously monitored at 4 Hz by an interfaced computer. All samples were prepared 

and tested at least in duplicate. 

 
Figure 55. Nitrification and algal photosynthesis inferred from SOUR and SOPR 

measurements.  

The changes of dissolved oxygen concentration due to nitrifying bacterial growth 

(oxygen consumption after adding NH4
+
-N at 1700s top curve) or microalgae growth 

(oxygen production, bottom line). 

 

 

Nitrifying bacterial community analysis 

OUR 
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T-RFLP was used to analyze nitrifying bacterial community in the bioreactor based on 

the 16S rRNA gene for ammonia-oxidizing bacteria and nitrite-oxidizing bacteria as 

described in a previous study (Siripong and Rittmann, 2007). We extracted DNA from 2 

mL of mixed liquor from the bioreactor using Ultraclean Soil DNA Isolation Kit 

(Carlsbad, CA). All primers were synthesized by Intergrated DNA Technologies 

(Coralville, IA). A fluorescent dye, 6-FAM, was incorporated into the DNA fragment in 

fluorescence-labeled primers. Considering the low concentration of DNA from the 

nitrifiers, we amplified DNA from the 16S rRNA gene of AOB and NOB by a nested 

PCR, using the universal primers 11f and 1492r to produce an initial increase in template 

concentration. This was followed by the specific amplification of the nitrifier genes 

(Siripong and Rittmann, 2007). The imformation of PCR amplification, digestion, and 

fragment analysis are written in 5.3. 

 

PCR amplification of cyanobacterial 16s rRNA gene and Chlorella 18s rRNA gene 

Cyanobacterial 16S rRNA gene (420 bps) was amplified from extracted DNA using 

primers Cya359F and Cya781R(a) (Nubel et al., 1997) (Table10). NS1 and NS2 amplify 

nuclear encoded-18S small-subunit rRNA gene region (Wu et al., 2001) of fungi, protists, 

and red and green algae (Innis et al., 1990). Each 50 L PCR reaction mixture contained 

2×Taq Master Mix (Qiagen, Valencia, CA, 3mM MgCl2, 200 M dNTP and 2.5 U Taq 

polymerase in final concentrations), 20 pmol of each primer, and 1 L of DNA template. 

The thermal profile used for the cyanobacteria-specific amplification was: 5 mins at 94 

˚C; 35 cycles of 1 min at 94 ˚C, 1min at 60 ˚C, and 1min at 72 ˚C; and a final elongation 
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for 5 min at 72 ˚C. The thermal profile used for the NS1-NS2 amplification was: 5 mins 

at 94 ˚C; 35 cycles of 45 s at 94 ˚C, 45 s at 58 ˚C, and 1min at 72 ˚C; and a final 

elongation for 5 min at 72 ˚C. PCR was performed in a MJ Mini
TM

 personal thermal 

cycler (Bio-Rad, Hercules, CA).  

 

Table 10. Specific primers for Chlorella and cyanobacteria to identify microalgae in the 

nitrification bioreactor. 

Primers Sequences (5‟ to 3‟) Target 

NS1 

 

GTA GTC ATA TGC TTG TCT C 550-bp fragment of SSU 18S 

rDNA of wide variety of 

fungi, protists, and algae NS2 GGC TGC TGG CAC CAG ACT TGC  

CYA106F CGG ACG GGT GAG TAA CGC GTG A 
675-bp fragment of SSU 16S 

rDNA of cyanobacteria CYA781R(a) GAC TAC TGG GGT ATC TAA TCC 

CAT T 

 

 

 

 

Cloning and sequencing algae DNA 

Amplified DNA gene of algae from the reactor was cloned into pCR4 vector with the 

TOPO-TA cloning kit according to the manufacturer‟s protocols (Invitrogen, San Diego, 

CA). Approximately 1,000 ng templates was used for sequencing reaction using Big Dye 

Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) with M13F to 

obtain sequence from one strand of the insert. DNA sequencing was performed on the 

Applied Biosystems 3730XL 96-capillary DNA Analyzer at the DNA Core Facility. The 

sequencing chemistry used in this work was Applied Biosystems BigDye Terminator 
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version 3.1.  The unincorporated primers and nucleotides were removed from the 

reactions using the BD XTerminator kit (Applied Biosystems).   

 

Phylogenetic analysis 

Sequences were initially analyzed for phylogenetic affiliation using the BLAST program 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). For phylogenetic tree construction, each 

sequence was subjected to a BLAST analysis. The two sequences with the highest 

similarities indicated by BLAST were selected. We used 106–805 E. coli positions of the 

16S rRNA gene, corresponding to cynobacteria bases (Nubel et al., 1997). Cytobacterial 

DNA sequences were also analyzed using the online software Classifier of the Ribosomal 

Database Project (http://rdp.cme.msu.edu/classifier/classifier.jsp) (Wang et al., 2007). 

The reference species for Chlorella were selected based on the known molecular 

phylogeny of the genus Chlorella from a previous study (Huss et al., 1999). Reference 

sequences were obtained form Genbank, and aligned using ClustalX. Calculation of the 

phylogenetic tree was based on the neighbor-joining method using bootstrapping. The 

rooted bootstrapped phylogenic tree was rendered in the TreeView software using 

Phyllosiphon arisari for cyanobacterium and Gloeotilopsis planctonica for Chrollea as 

the outgroup. 

 

Results 

Co-growth of nitrifiers and microalgae in bioreactor 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://rdp.cme.msu.edu/classifier/classifier.jsp
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Green microalgae accidentally contaminated the nitrifying bioreactor after about two 

years of operation, indicated by a color change of the mixed liquor from brown (before 

contamination) to green (after algal intrusion) (Figure 57). Almost complete nitrification 

was achieved before and after contamination, as indicated by weekly measurements of 

ammonium, nitrite, and nitrate concentrations in reactor effluent. Before day 670, the 

average concentrations of NH4
+
-N, NO2

-
-N and NO3

-
-N were 1.1, 0.4, and 419 mg/L, 

respectively. The corresponding nitrogen species concentrations were 2.0, 0.3, and 437 

mg/L after contamination. The effluent COD increased from 17.1 ± 7.8 to 26.6 ± 18.3 

mg/L, which was attributed to the loss of planktonic (free-swimming) microalgae (5~10 

m size). Correspondingly, the total biomass in the reactor was increased from 272 ± 66 

mg/L to 598 ± 170 mg/L because of algal growth (Figure 58). After day 670, the ratio of 

nitrifying biomass (Cn) to microalgae (Ca) in the reactor was relatively constant (Cn/Ca = 

2.2). Because of the planktonic growth of algae with poor settling properties and the loss 

of algal cells in the effluent, the average solids retention times of the two autotrophic 

organisms were uncoupled, resulting in an average value of 27.9 d and 8.5 d for nitrifying 

bacteria and algae, respectively.  
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Figure 56. Co-growth of nitrifying bacteria and microalgae in the continuous flow 

autotrophic bioreactor. 

(A) nitrifying bacteria enrichment cultures (having a brown color, picture  taken in 

August 2007). (B) co-cultures of algal and nitrifying bacterial cells after algal 

contamination (picture taken in March, 2009). (C) Microscopic image of the co-

cultures. Nitrifiers aggregated and formed flocs while green microalgae cells 

attached to the nitrifer flocs. The size of microalgae ranged from 5 to10 m (scale 

bar = 100 m). 

 

 
 

 

a 

b 

c 
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Figure 57. Biomass concentrations in the autotrophic reactor and in the reactor effluent. 

The vertical line shows the start of algal growth in the bioreactor at 670 days after 

operation. Filled diamonds indicate biomass concentration in the autotrophic reactor and 

empty ones show the biomass in effluents. Increased biomass is due to algae 

contamination in the autotrophic reactor. 

 

Community structure of nitrifying bacteria 

T-RFLP analysis (see more detail information in 5.3) indicated that the nitrifying 

bacterial community structure remained the same before and after algal contamination. 

Nitrosospira was the dominant genus of ammonia-oxidizing bacteria in the reactor while 

Nitrospira and Nitrobacter species were dominant among nitrite-oxidizing bacterial 

populations. These results are consistent with recent studies suggesting, Nitrosospira and 

Nitrospira have relatively higher substrate affinity and competitive advantage over 

Nitrosomonas and Nitrobacter, respectively, under low NH4
+ 

or NO2
- 

concentration 

conditions (Dytczak et al., 2008).  
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Microbial growth rates inferred from SOUR and SOPR 

Nitrifiers and microalgae collected from the autotrophic bioreactor were easily separated 

by gravity separation (Figure 59). The maximum specific oxygen uptake rate of ammonia 

oxidation was decreased from (2.2 ± 0.8) to (0.5 ± 0.3) mg O2/mg COD-nitrifying 

biomass·day after algal contamination. Hence, algal growth resulted in nitrification 

inhibition by approximately 77%. Meanwhile, the SOPR of microalgae in the bioreactor 

remained at a constant value of 0.1 ± 0.01 mg O2/mg COD-algal biomass·day.  

 

 

 

Figure 58. Separation of microalgae from nitrifying bacteria by gravity separation.  

(A)  Separation of microalgae (in left beaker) and nitrifying bacteria (in right beaker) 

from the co-culture taken from the parent bioreactor. (B) Upon air-drying, the collected 

biomass showed a typical green or brown color for algae and nitrifying bacteria, 

respectively.    

 

 

 

a b 
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Microalgae identification 

 Microalgae were identified by cloning and sequence analysis.  The primers NS1 and 

NS2 used to identify algae are universal primers which amplify 18S rRNA genes of a 

wide variety of fungi and algae (Innis et al., 1990). Since all sequenced clones had the 

same sequence as the Alg_clone1, this clone was considered to be the dominant alga in 

the bioreactor. The analysis of 18S rRNA gene sequences (~550 bp) of the Alg_clone1 

revealed that the sequence had high affiliation to a known Chlorella species and has 100% 

homology to the partial sequence of 18S rRNA gene of Chlorella emersonii NIES 690 

(Accession no. AJ242761 in GenBank) (Figure 60). Our microscopic observation clearly 

indicated the dominant algae as green, spherical cells having a size of 10 µm (Figure 57c), 

which were consistent with the features of Chlorella. Therefore, the microscopic results 

support the phylogenetic analysis and suggest the dominant algal species in the genus of 

the green single-celled microalgae is Chlorella. 

The primers CYA 106F and CYA 781R (a) used to identify cyanobacteria are specific 

primers which amplify 16S rRNA gene of cyanobacteria (Nubel et al., 1997). All clones 

from CYA-PCR products had the same sequences as the Cya clone1, which was 

considered to be the dominant cyanobacteria species in the autotrophic bioreactor. The 

analysis of 16S rRNA gene sequence (~670 bp) of the Cya clone1 by RDP II classifier 

(http://rdp.cme.msu.edu/classifier/classifier.jsp) showed 91% homology with a 

chloroplast gene sequence of an unclassified cyanobacterial species founded in river or 

lake (Figure 61). 

http://rdp.cme.msu.edu/classifier/classifier.jsp
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Figure 59. Phylogenetic analysis of the cloned Chlorella 18S rRNA gene (Alg_clone1) 

from the autotrophic bioreactor.  

Calculation of the phylogenetic tree was based on the neighbor-joining method using 

bootstrapping. The tree was rooted with the 18S rRNA gene sequence of the 

Gloeotilopsis planctonica as the outgroup. Values near the branch points are based on 

1000 bootstrap replications. The scale bar corresponds to 1 substitution per 100 

nucleotide positions.  
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Figure 60. Phylogenetic analysis of the cloned cyanobacterial 16S rRNA gene (Cya 

clone1) from the autotrophic bioreactor. 

Calculation of the phylogenetic tree was based on the neighbor-joining method using 

bootstrapping. The tree was rooted with the 16S rRNA gene sequence of the 

Phyllosiphon arisari as the outgroup. Values near the branch points are based on 1000 

bootstrap replications. The scale bar corresponds to 10 substitutions per 100 nucleotide 

positions. 
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Discussion 

The contamination of the autotrophic nitrifying bioreactor was evident upon visualization 

and microscopic analysis. Using T-RFLP and cloning analysis after PCR amplification, 

we confirmed two dominant microalgal species that were identified as Chlorella 

emersonii and an uncultured cyanobacterium in the reactor. The presence of these 

organisms caused significant nitrification inhibition, resulting in reduction of nitrifying 

bacterial growth by a factor of 4, although T-RFLP results indicated that a relatively 

constant nitrifying bacterial community structure was maintained and the nitrifying 

bioreactor effluent remained containing low NH4
+
 and NO2

- 
concentrations.   

Nitrification inhibition in the presence of algae was attributed to cynotoxins released by 

the uncultured cyanobacterium. Toxic compounds might be released by the algae, 

especially cyanobacteria (Makarewicz et al., 2009; Yoshida et al., 2008). However, 

detection of these chemical toxins and determination of their composition is beyond the 

scope of this study. 

Specific growth rate of nitrifiers (A) is related to SOUR as described in equation 8 

(Grady et al., 1999). 

 

µ𝐴 =
𝑌𝐴

1−𝑌𝐴
∙
𝑟𝑆𝑂

𝑋𝐵
=

𝑌𝐴

1−𝑌𝐴
∙ 𝑆𝑂𝑈𝑅                      Equation 8 

 

where YA is true growth yield for nitrifiers on COD basis, rSO is reaction rate for 

dissolved oxygen, and XB is active biomass of nitrifiers. Similarly, for microalgal growth, 

the specific growth rate of algae can be derived as follows: 
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The reaction of microalgal photosynthesis can be represented by the following molar-

based equation:  

 

6𝐶𝑂2 + 𝐻𝐶𝑂3
− + 𝑁𝐻4

+ + 27𝐻+ + 27𝑒− = 𝐶6𝐻10𝑂2𝑁 + 𝐶𝐻2𝑂 + 10𝐻2𝑂 + 𝑂2  

Equation 9 

 

Based on an empirical formula of algae C6H10O2N (Cervantes et al., editors. 2006; Green 

et al., 1996), the COD equivalent of algae biomass is approximately 1.57g 

COD/gC6H10O2N.  

 

Therefore, specific growth rate coefficient (ma) of microalgae could be calculated from 

SOPR using equation 10 correct in equation as well 

 

µ𝑚𝑎 =
1 𝑚𝑜𝑙 𝐶6𝐻10𝑂2𝑁

1 𝑚𝑜𝑙 𝑂2
×

128 𝑔 𝐶6𝐻10𝑂2𝑁 𝑚𝑜𝑙 𝐶6𝐻10𝑂2𝑁 

32 𝑔 𝑂2  𝑚𝑜𝑙 𝑂2 
×

1.57 𝑔 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝐶𝑂𝐷

𝑔 𝐶6𝐻10𝑂2𝑁

∙  
𝑔 𝑂2

𝑔 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝐶𝑂𝐷 ∙ 𝑡
 = 6.28 ∙  𝑆𝑂𝑃𝑅            

Equation 10 

 

The calculated maximum growth rates of nitrifiers and microalgae in the co-culture 

system were 0.16 ± 0.1 d
-1

 and 0.62 ± 0.07 d
-1

 respectively. The reported growth rate of 

microalgae is from 0.31-1.08 d
-1

,
 
which is slower than that of heterotrophic bacteria 

because of the larger algal cell size (Muñoz and Guieysse, 2006). This rate is comparable 
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with that of nitrifiers under normal growth conditions (~1 d
-1

) (Grady et al., 1999). Due to 

the algal growth, microalgae inhibited the growth of nitrifying bacteria and reduced their 

growth rate by a factor of 4 (i.e., from 0.7 ± 0.3 d
-1 

to 0.16 ± 0.1 d
-1

). Although in the 

coculture autotrophic growth system microalgae grew 4-times faster than nitrifiers, the 

relative constant of the ratio of nitrifier biomass to algae and the low algal biomass in the 

tank was maintained largely because of the higher loss of algal cells in the reactor 

effluent (i.e., a shorter SRT of algae than that of nitrifiers).   

Due to the long SRT of nitrifying bacteria in the tank, the ammonium was almost 

completely oxidized to nitrate by nitrifying bacteria even though nitrification was 

inhibited by microalgae.  The effluent nitrogen concentrations of ammonium, nitrite, and 

nitrate were relatively constant before and after algal contamination. Except a slight 

increase of effluent COD due to the loss of algal cells, the effluent water quality was not 

changed upon microalgae contamination in the algal-bacterial co-growth system. 

Although microalgae prefer ammonium to nitrate as their nitrogen source (Green et al., 

1996), uptake of ammonium by the algal species appeared to be insignificant as indicated 

by the effluent nitrate concentrations.   
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