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Bioreduction of Hematite Nanoparticles by Shewanella Oneidensis MR-1: Effects of Size and 
Shape 

Saumyaditya Bose 

 
ABSTRACT 

 

Chairperson of the Supervisory Committee: Prof. Michael F. Hochella, Jr. 

A dissertation is presented on the bioreduction of hematite (α-Fe2O3) nanoparticles. The 

study shows that an alternative extracellular electron transfer mechanism other than the classical 

‘direct-contact’ mechanism may be simultaneously employed by Shewanella oneidensis MR-1 

during solid-phase metal reduction.  This conclusion is supported by analysis of the bioreduction 

kinetics of hematite nanoparticles coupled with microscopic investigations of cell-mineral 

interactions. The reduction kinetics of metal-oxide nanoparticles were examined to determine how 

S. oneidensis utilizes these environmentally-relevant solid-phase electron acceptors.  Nanoparticles 

involved in geochemical reactions show different properties relative to larger particles of the same 

phase, and their reactivity is predicted to change as a function of size. To demonstrate these size-

dependent effects, the surface area normalized reduction rates of hematite nanoparticles by S. 

oneidensis MR-1 with lactate as the sole electron donor were measured.  As evident from whole 

cell TEM analysis, the mode of nanoparticle adhesion to cells is different between the more 

aggregated, pseudo-hexagonal to irregular shaped 11 nm, 12 nm, 99 nm and the less aggregated 30 

nm and 43 nm rhombohedral particles. The 11 nm, 12 nm and 99 nm particles show less cell 

contact and coverage than the 30 nm and 43 nm particles but still show significant rates of 
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reduction. This leads to the provisional speculation that S. oneidensis MR-1 employs a pathway of 

indirect electron transfer in conjunction with the direct-contact pathway, and the relative 

importance of the mechanism employed depends upon aggregation level and the shape of the 

particles or crystal faces exposed. In accord with the proposed increase in electronic band-gap for 

hematite nanoparticles, the smallest particles (11 nm) exhibit one order of magnitude decrease in 

reduction when compared with larger (99 nm) particles, and the 12 nm rates fall in between these 

two. This effect may also be due to the passivation of the mineral and cell surfaces by Fe(II), or 

decreasing solubility due to decrease in size.
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CHAPTER 1- INTRODUCTION 
 

Dissimilatory bioreduction of iron oxide nanoparticles 

Iron (oxy)hydroxides are the most abundant naturally occurring reactive constituent of 

soils, sediments and aquifers. They exhibit low solubility with increasing crystallinity but increased 

surface area with decreasing size. Various trace metals, nutrients and organic molecules bind to 

iron (oxy)hydroxides by various adsorption processes. Thus, the dissolution and precipitation of 

these iron (oxy)hydroxides under oxic and anoxic conditions via various abiotic and biotic 

pathways ultimately effect the biogeochemical cycling of many metals, as well as phosphate, 

radionuclides, and organic compounds. Dissimilatory metal reducing bacteria like the facultative 

anaerobe Shewanella spp., couple the oxidation of organic matter to the reduction of iron 

(oxy)hydroxides and in the process conserve energy for growth. This metabolic ability of iron 

reducing bacteria has considerable promise in enhancing the natural or engineered bioremediation 

of various contaminated sites. The ultimate persistence and greater abundance of more crystalline 

iron oxides like hematite (α-Fe2O3) in natural environments where poorly crystalline iron 

(oxy)hydroxides have already been preferentially reduced may ultimately control the long term 

iron biogeochemical cycles and hence contribute to the geochemical cycling of many nutrients and 

metals. The mechanism by which dissimilatory metal reducing bacteria interact and transfer 

electrons to the iron (oxy)hydroxides is not clear, although a great deal of progress in this field has 

recently been made. In addition, clear insights into the processes that control the rate of microbial 

iron reduction is generally lacking.  
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In order to better understand and perhaps ultimately to control the mechanisms of in situ 

dissimilatory iron reduction, a fundamental understanding of the mechanisms of electron transfer 

and rate control is required. Evaluation of the systematic effect of nanoparticulate materials, 

especially iron oxides like hematite, on these rates of bioreduction is needed because much of the 

total surface area in the near surface region of the Earth is associated with very small particles. 

Increasing literature evidence suggests that these nanoparticles are present nearly everywhere in 

the hydrosphere, atmosphere, and within soils. These nanoparticles have the largest surface area 

per unit mass of all Earth near-surface constituents and can have changes in their electronic 

structure with respect to their larger counterparts, different thermodynamics and surface atomic 

structure including changes in surface site distribution, and changes in the symmetry of metal 

surface sites. These physical and chemical property changes control and influence the geochemical 

and biogeochemical reactivity of these nanoparticles. Also, the bacterium-mineral interface, which 

is nanoscale in nature, exists everywhere near the surface of the earth. It is estimated that 97% of 

the ~1030 prokaryotes on Earth are in close contact with minerals in soil (Whitman et al., 1998), 

terrestrial and subsurface environments. Hence, this study attempts to better understand the 

dissimilatory bioreduction rate controls by evaluating the effect of nanoparticulate iron oxide 

particle size.  

We have monitored the initial rates of Fe(II) production and evaluated the spatial 

relationships of Shewanella oneidensis MR-1 with various synthetic and commercial hematite 

nanoparticles after characterizing them for mineralogy, the particle shape, size, and surface area. 

The present study suggests that bacteria may invoke different mechanisms of electron transfer to 

the Fe(III) sites on mineral particles, depending upon the aggregation state. It also shows that 
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reduction rates may depend upon the electronic structure of the solids, the surface structural 

defects, possible solubility decrease with size effects, and Fe(II) passivation of the mineral surface.  

Significance of this work 

The present study emphasizes the need for better and systematic exploration into the 

various possible reasons behind the rate controlling effect of nanoparticle size. We are able to 

demonstrate the importance of particle size and aggregation state in dictating the modes of electron 

transfer and rate control in nanoparticulate systems. This will eventually contribute to the larger 

picture of better understanding the mechanisms of dissimilatory metal reduction and evaluating the 

effect of various rate controls, hopefully leading to the design of more effective bioremediation 

strategies.  

Structure of the dissertation 

This dissertation has two manuscripts divided into one chapter and an Appendix. The 

former (Chapter 2) is a paper currently in advanced stages of preparation entitled, “Bioreduction of 

hematite nanoparticles by Shewanella oneidensis MR-1”. It includes materials characterization, 

bacterial culture protocols, reduction assay techniques, electron microscopy characterization results 

of the bioreduced particles, and the surface area normalized rate determinations. Possible 

explanations about the mode of bacterial attachment and probable mechanisms of electron transfer 

are discussed. The mode of attachment of the nanoparticles to the cells is discussed in the light of 

possible electron transfer mechanisms. The observed trend in the reduction rates is rationalized 

based on the electronic properties of nanoparticles, the effect of Fe(II) on the biogeochemistry of 

dissimilatory metal reduction, and size dependent chemical properties.  
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The Appendix is an article in the Journal of the American Chemical Society (JACS) 

entitled, “High-affinity binding and direct electron transfer to solid metals by the Shewanella 

oneidensis MR-1 outer membrane c-type cytochrome OmcA”. The study involves identification 

and purification of a Shewanella oneidensis MR-1 outer membrane decaheme cytochrome, OmcA, 

and measuring the ability of the protein to bind and transfer electrons to solid phase nanoparticulate 

hematite (11 ± 2 nm). The objective behind this work was to identify purified metal-reducing 

enzymes that can densely bind and directly donate electrons to commonly used iron-oxide-coated 

electrodes. It aims to improve the existing model of direct electron transfer from cells to metal 

oxides, and also contribute to the scaling down the size of biofuel cells, by removing the necessity 

of a membrane between the cathode and the anode compartments. I have been actively involved in 

synthesizing and characterizing the 11 nm hematite nanoparticles used in the study , as well as 

synthesis and characterization of goethite nanoparticles used for control experiments not shown in 

the article.  
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TO BE SUBMITTED 

 

Abstract 

The surface area normalized reduction rates of hematite (α-Fe2O3) nanoparticles, ranging in 

size from 11 to 99 nm, by S. oneidensis MR-1 with lactate as the sole electron donor were 

measured. The reduction kinetics of metal-oxide nanoparticles were examined to determine how S. 

oneidensis utilizes these environmentally-relevant solid-phase electron acceptors.  Nanoparticles 

involved in geochemical reactions show different properties relative to larger particles of the same 

phase, and their reactivity is predicted to change as a function of size. As evident from whole cell 

TEM mounts, the mode of nanoparticle adhesion to cells is different between the more aggregated, 

pseudo-hexagonal to irregular shaped 11, 12, and 99 nm nanoparticles and the less aggregated 30 

and 43 nm rhombohedral particles. Due to the aggregation differences, the 11, 12 and 99 nm 

particles show less cell contact and coverage than the 30 and 43 nm particles, but the former still 

show significant rates of reduction. This leads to the provisional speculation that S. oneidensis MR-
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1 employs a pathway of indirect electron transfer in conjunction with the direct-contact pathway, 

and the relative importance of the bioreduction mechanism employed may depend upon 

aggregation level, shape of the particles, and/or crystal faces exposed. In accord with the proposed 

increase in electronic band-gap for hematite nanoparticles with reduction in size, the smallest 

particles (11 nm) exhibit a one order of magnitude decrease in reduction rate (surface area 

normalized) when compared with larger (99 nm) nanoparticles, and the 12 nm rate falls in between 

these two. This effect may also be due to the passivation of the mineral and cell surfaces by Fe(II), 

or decreasing solubility due to decrease in size. 
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Introduction 

 Dissimilatory iron reduction (DIR) is an important microbial reduction process of 

geochemical importance in natural systems like soils, sediments, aquifers and water bodies 

(Bonneville et al., 2006).  Of the six elemental systems that are respired in solid form by micro-

organisms (Lovley and Phillips, 1988; Myers and Nealson, 1988; Moser and Nealson, 1996; 

Newman et al., 1997; Fredrickson et al., 2000), the ability to reduce iron is more deeply rooted in 

Archaea and Bacteria, leading some researchers to propose iron-reducing microbes as the last 

common ancestor(Lovley, 2000). This method of microbial respiration is still widely prevalent in 

bio-reduction of iron in natural systems according to Lovley (2000), and recently has received 

increased attention due to reports about the release of co-precipitated or sorbed contaminants due 

to the bioreduction of iron oxides in the subsurface (Lovley et al., 1993; Lovley and Coates, 1997; 

Anderson and Lovley, 1999; Cummings et al., 1999; Zachara et al., 2001; Mccormick et al., 2002; 

Behrends and Van Cappellen, 2005; Bonneville et al., 2006). 

Various species of Shewanella and Geobacter genera are reported to use iron as the 

terminal electron acceptor during DIR (Lovley, 2000) and in the process oxidize organic matter, 

hence they are called dissimilatory iron reducing bacteria (DIRB). Our work focuses on 

Shewanella oneidensis MR-1, a Gram-negative bacterium, because it can utilize a wide range of 

terminal electron acceptors due to its versatile electron transport chain. S. oneidensis MR-1 is a 

facultative anaerobic bacterium that can use O2 in aerobic conditions and organic, inorganic, 

soluble and insoluble electron acceptors like fumarate, trimethylamine, N-oxide, dimethyl 

sulfoxide, nitrate, nitrite, sulfite, thiosulfate, elemental sulfur and metals like Fe(III), Mn(IV, III), 
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Cr(VI) and U(VI) under anaerobic conditions (Myers and Nealson, 1988; Myers and Myers, 1994; 

Moser and Nealson, 1996; Venkateswaran et al., 1999; Wadejr and Dichristina, 2000; Tang et al., 

2006). Because of its metabolic versatility as well as its ability to affect the redox state of metals, 

this bacterium may prove useful in bioremediation of subsurface metal contaminated sites of 

environmental importance (Viamajala et al., 2002; Viamajala et al., 2004; Abboud et al., 2005; 

Tang et al., 2006).  

A number of electron transfer mechanisms have been proposed to explain the Fe(III) 

reduction phenomenon  by DIRB. The first type is the direct contact mechanism between the outer 

membrane (OM) of the bacterium and the solid phase mineral.  It is proposed that as the Fe(III) 

oxyhydroxides have exceptionally low solubility under circumneutral pH conditions, so DIRB 

must reduce the Fe(III)-containing minerals directly.  This mechanism has been demonstrated in 

Shewanella by various workers (Myers and Myers, 1992; Myers and Myers, 1993; Beliaev and 

Saffarini, 1998; Beliaev et al., 2001; Myers and Myers, 2001; Dichristina et al., 2002; Myers and 

Myers, 2003). According to Wigginton et al., (In Press), direct contact may be necessary to 

increase the electronic coupling of the cell’s outer-membrane bound multiheme cytochromes to the 

iron oxide surface which allows for efficient electronic tunneling. Recently, it has been reported 

that the 85KDa purified outer membrane decaheme cytochrome OmcA binds very strongly to and 

then reduces synthetic 11 nm hematite nanoparticles (Xiong et al., 2006). The second mechanism 

involves small, soluble redox-active compounds acting as electron shuttles. It was first introduced 

by Lovley (1996) and since has been tested on the Shewanella genus by various workers 

(Fredrickson et al., 1998; Zachara et al., 1998; 2002b) or indirectly suggested (Newman and 

Kolter, 2000; Rosso et al., 2003). It is hypothesized that shuttle molecules like quinones receive 
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electrons from the outer-membrane cytochromes and in turn transfer electrons to specific sites on 

the iron oxide surface (Newman and Kolter, 2000; Lies et al., 2005). According to Zachara (1998), 

Shewanella putrefaciens strain CN32 produces the hydroquinone form (AHDS) of anthraquinone-

2, 6-disulfonate, AQDS. This in turn has thermodynamic power to reduce Fe3+ oxides. As a 

chemical reductant, it could reach physical regions of the oxide not accessible by the organism. 

Interest in this mechanism also stems from the fact that different quinones enhance bioreduction 

rates and can be useful while enhancing bioremediation processes in-situ (Royer et al., 2002b). The 

third mechanism involves iron chelators (Arnold et al., 1986; Arnold et al., 1990; Urrutia et al., 

1999; Royer et al., 2002b), but evidence supporting this is not as extensive as the first two. The 

dissolution pits seen by (Rosso et al., 2003) unassociated with bacterial attachment can be 

explained by the electron shuttle or the iron chelator hypothesis, but recently calculated electron 

transfer rates (Kerisit and Rosso, 2006) suggest that they also can be accounted for by the relatively 

fast electron transfer rates at hematite surfaces. The most recent proposed method (Reguera et al., 

2005) for long range electron transfer is the secretion of extracellular pillin-like appendages, or 

‘nanowires’, (Gorby et al., 2006) because of their apparent ability to conduct electricity. The exact 

whole cell electron transfer mechanism is poorly understood (Xiong et al., 2006), and as suggested 

by (Wigginton et al., In Press), the exact whole-cell process may be a combination of the various 

mechanisms described above. 

Despite all the research reviewed above, there has never been a study in which the 

reduction kinetics of DIRB have been measured as a function of the size of the metal oxide particle 

the bacterium is reducing.  Various workers, especially in the physics and chemistry fields, have 

successfully demonstrated the novel properties of nanoparticles as a function of their size, but very 
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few studies have been done to systematically examine and quantify the size dependent property 

changes in geochemical reactions in an environmentally relevant context (Madden et al., 2006).  

Hochella and Madden (2005) and Sparks (2005) argue that because the nanoparticles have the 

largest surface area per unit mass of all particulate matter and because they are widely distributed, 

much of the total surface area in the near surface region of the earth is associated with these 

nanoparticles and it is important to understand their property changes (which can be dramatic) as a 

function of size. 

The small size and large surface area of mineral nanoparticles, coupled with observed 

changes in physical and chemical properties with size, have prompted workers to hypothesize 

probable size dependent changes in geochemical and even biogeochemical reactions (Sparks, 

2005). For example, this has been demonstrated by Madden and Hochella (2005) with their studies 

of Mn+2 oxidation reaction rates on hematite nanoparticles and more recently, studies of Cu+2 

sorption on hemaite nanoparticles as a function of nanoparticle size (Madden et al., 2006). 

Underlying the need for the study of nanoparticles is the general importance of iron 

(oxy)hydroxides themselves, including hematite.  There is a range of these minerals in the 

environment having a wide distribution of crystallinity and reactivities (Schwertmann, 1996; 

Schwertmann, 2000; Hansel et al., 2004). Hematite is the least soluble of all iron (oxy)hydroxides 

at circumneutral pH (Langmuir, 1969; Baes and Mesmer, 1976; Schwertmann, 1996) but the 

greater abundance in environments where poorly ordered phases have been preferentially reduced 

make them a dominating phase and they may control the Fe(II) associated geochemical cycles.  

This may be accomplished through biological Fe(II) production by reductive dissolution and 
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sequestration by Fe(II) precipitation and complexation to bacteria and/or oxide surfaces (Hansel et 

al., 2004). They also influence the fate of many nutrients and metals due to their high sorption 

capacities of metals and contaminants. The reductive dissolution of hematite and other iron 

(hydr)oxides may release sorbed metals and contaminants into the environment, or influence the 

geochemical cycling of metals by producing strongly reducing Fe(II) (Fendorf et al., 2000; 

Wielinga et al., 2001; Hansel et al., 2003; Hansel et al., 2004). Because more ordered phases 

dominate mature environments, their long term impact may be potentially greater than less ordered 

iron phases in controlling the extent and rate of Fe(III) reduction (Hansel et al., 2004). They 

potentially account for the long-term, sustained Fe(II) generation, retention, and associated 

biogeochemical cycles than other less ordered phases (Hansel et al., 2004). 

In the present study, we have measured the whole cell bioreduction rates of hematite 

nanoparticles by S. oneidensis MR-1 as a function of hematite particle size and shape.  Particle 

sizes used in our experiments ranged from 11 to 99 nm average diameter, with two distinct 

hematite morphologies observed within this size range.  Surface area normalized bioreduction rates 

were observed to vary by approximately one order of magnitude.  There are several possible 

explanations for this variation, as discussed below.
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Materials and Experimental Methods 

Hematite nanoparticles synthesis 

All solutions were prepared using chemicals that were ACS grade and obtained from Fisher 

Scientific (Fair Lawn, New Jersey, USA) and were used without any further purification. Distilled, 

deionized water (DDW) with a resistivity of 18MΩ-cm (Millipore Corp., Milford, Massachusetts, 

USA) were used. Bottles and glassware were soaked in 0.1 N oxalic acid and rinsed with distilled 

water and DDW. 

Eleven and twelve nm nanoparticles 
The smallest hematite nanoparticles used in this study were synthesized according to 

Madden et al. (2005) by slowly dripping 60ml of 1M ferric nitrate solution into 750ml of boiling 

ultrafiltered and doubly distilled MilliQ water. After the drip solution was consumed, the 

nanoparticle solution was removed from heat and the synthesis suspension was cooled overnight. 

The nanoparticle solution was then dialyzed in high grade regenerated cellulose tubular 

membranes (Cellu Sep H1, 6000-8000 molecular weight cutoff) against doubly distilled MilliQ 

water until the conductivity of the dialysis water reached that of pure MilliQ. 

Thirty and forty three nm nanoparticles 
Medium sized hematite nanoparticles were synthesized following Madden et al., (2005) by 

bringing an Erlenmeyer flask containing 500 mL of 0.002 M HCl to a boil on a hot plate. After 

bringing the solution to a boil, 4.04 g of Fe(NO3)3 9H2O was added and the flask was vigorously 

shaken. Immediately, the flask was returned to the heat and held at a very mild boil for 7 days, 

periodically replacing evaporated water. The nanoparticle solution was removed from heat and the 
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synthesis suspension was cooled overnight. The nanoparticle solution was then dialyzed and stored 

until the conductivity of the dialysis water reached that of pure MilliQ. 

The synthetic nanoparticle suspensions were then poured into HDPE bottles for storage. 

Part of the dialyzed suspension was subsequently transferred to 50ml Fisherbrand centrifuge tubes 

and frozen overnight at -4°C. The frozen samples were then freeze dried in a Labconco FreeZone 

4.5 liter benchtop freeze dry system (Labconco Corp. Kansas City, MO) prior to characterization 

(Xiong et al., 2006) and preserved in 50cc sterile polypropylene centrifuge tubes. 

Ninety nine nm nanoparticles 
The largest nanoparticles used in this study were obtained from Fisher Scientific, (Fair 

Lawn, New Jersey, USA) and used as received after characterization (described below). 

Hematite nanoparticle characterization 

XRD  
Mineralogical characterization was carried out by powder X-ray diffraction (XRD) on a 

Philips X’Pert MPD system with a Cu anode operating at a wavelength of 1.5406Å (CuKα1) as the 

radiation source. Specimens were prepared by grinding the samples in an agate mortar and pestle 

to fine powder and then placed on off axis quartz plates (18mm dia x 0.5 mm DP cavity). 

Diffraction patterns were recorded with a proportional counter detector over a 10-60° two theta 

scan range at a rate of 0.025°/sec. The International Center for Diffraction Data (ICDD, Newtown 

Square, Pennsylvania, USA) Powder Diffraction File database on CD-ROM (ICD PDF-2, 2004 

release) was the source of reference powder diffraction data. 
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TEM  
Particle morphology, size distribution and electron diffraction patterns were obtained by 

transmission electron microscopy (TEM). Specimens were prepared by placing a drop of hematite 

suspension onto a 200 mesh formvar-coated copper grid (stabilized with evaporated carbon film) 

and allowed to evaporate. The products were observed in a Phillips EM 420T Scanning 

Transmission Electron Microscope operated in bright field mode at 100 KV. The negatives of the 

images and diffraction patterns were scanned for subsequent image analysis (Madden et al., 2006). 

Size distribution and morphology was estimated by observing approximately 90-100 particles from 

TEM negatives on a lightbox with a 10X magnifier with measuring scale. The properties of the 

various hematite nanoparticles are listed in Table 1 for comparison.  

SABET   
The freeze dried samples were used for surface area (SABET ) determination by nitrogen gas 

adsorption by the Brunauer-Emmett-Teller (BET) method. The freeze-dried powder was degassed 

overnight at 100°C followed by a 6-point BET isotherm in a Quantachrome Nova 1000 N2 

adsorption analyzer with N2 as the adsorbate. 

 

SA estimates of particles and bacteria  

In an effort to expose nominally equivalent amounts of hematite nanoparticle surface area 

to the bacteria during electron transfer, the concentrations of the particles were adjusted depending 

upon the SABET. The geometric surface areas of the bacteria were estimated using 2D 

measurements from TEM negatives. A geometric surface area for S. oneidensis MR-1 of 3.50µm2 
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was derived from the average diameter (0.45 µm) and length (1.8 µm) of intact bacterial cells 

observed with TEM. The geometric surface area fell within the values observed for S. oneidensis 

MR-1 (John Zachara, personal communication). Assuming an initial uniform monolayer cell 

coverage by hematite nanoparticles, due to direct electron transfer by cell-mineral contact, with a 

cell density of 2*108 cells/ml (OD600nm=0.24) and taking the different nanoparticle morphologies 

into account (11, 12, 99 nm modeled as hexagonal platelets and 30, 43 nm as rhombohedrons), this 

study gave us approximate final hematite concentrations (moles of Fe/L) of 1.27 mM, 1.97 mM, 

3.80 mM, 3.95 mM and 13.5 mM for the 11, 12, 30, 43 and 99 nm nanoparticles, respectively, for 

the bioreduction assay volume of 3ml.  

 

Bacteria culture conditions  

The bacteria were cultured in a continuous culture system where one can monitor and 

control pH, temperature, dissolved oxygen (DO), and other parameters (Tang et al., 2006). The 

continuous culture system is a flow system of constant volume (Madigan et al., 2003) which is 

different than a standard batch culture system because fresh medium is supplied to the bacterial 

population at a rate which limits bacterial growth, while the flow of the medium removes dead 

cells and waste. At equilibrium or steady state conditions, this system maintains the bacterial 

population at a constant density (OD), keeps the nutrients status constant (Madigan et al., 2003) 

under constant conditions of pH, DO, temperature, etc., and therefore better simulating the 

bacterial growth conditions in natural environments.  
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The chemicals used while preparing the media for the growth culture were purchased from 

Sigma Chemical Co. (St. Louis, Missouri, United States) unless otherwise noted. S. oneidensis 

MR-1 cells (wild type strain) were cultured to a steady state, under microaerobic conditions 

(DO<20% of air saturation) in a continuous flow reactor (4L BIOFLO 110, New Brunswick 

Scientific) conditions operating in chemostat mode with a dilution rate of 0.006 h-1 and operating at 

a liquid volume of 3L. A chemically defined medium containing the following – sodium lactate, 18 

mM; PIPES buffer (1,4-piperazinediethanesulfonic acid) (Roden, 2003; Kukkadapu et al., 2005), 3 

mM; ammonium chloride, 28 mM; NaH2PO4, 4.35 mM; ferric nitrilotriacetic acid, 100 mM; 

MgCl2, 3 mM and sodium selenate, 0.001 mM. Vitamins, minerals and amino acids were provided 

from stock solutions as described by (Kieft et al., 1999). The chemostats were supplied with excess 

electron acceptor (O2 > 2% of air saturation). Agitation was maintained at 400rpm, and pH was 

continuously monitored and maintained at 7.0 by using 2.0 M HCl with the temperature held 

constant at 30°C. O2 serve as sole terminal electron acceptor and was delivered to reactors as 

compressed air at a constant delivery rate of 4 liters min-1. Dissolved oxygen tension (DOT) was 

monitored by using a polarographic O2 probe and meter and was maintained at desired values by 

using a control loop and switching valves that automatically adjusted the air-N2 ratio off the 

influent gas stream (Gorby et al., 2006). The OD was maintained at 0.35(~4.6*108 cells/ml) at 

600nm until the cells were harvested for incubation. 
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Nanoparticle reduction assays 

Bacteria were harvested from the reactors and purged with N2 gas for approximately 10 

min.  Kinetic reduction reactions were initiated by adding 1.30 ml of the previously sonicated and 

extensively stirred stable nanoparticle suspensions with 10 mM (final conc.) sodium lactate as the 

electron donor and 17 mM PIPES buffer (final conc., pH = 7) in assay tubes under anaerobic 

environment (N2 gas), so that the cell density was 2*108 cells/ml.  No other vitamins or trace 

elements were added to the experimental medium. The assay volume was purged with O2-free N2 

gas and sealed with thick butyl rubber stoppers.  The assay tubes were vertically incubated in the 

dark at 30°C for time periods up to 6 hrs with slow gyratory shaking (25 rpm).  All experiments 

were run in triplicate. 

 

Total Fe(II) analyses 

At specific time-points (e.g., 2, 4 and 6 hrs) triplicate tubes were removed from the 

incubator and transferred to an anaerobic glovebag (Ar:H=95:5) (Coy Laboratory Products, Inc., 

Grass Lake, Michigan). The butyl rubber stoppers were removed and 1ml of 2 N HCl was added to 

the triplicate samples to get a final acid concentration of 0.5 N HCl (Kukkadapu et al., 2005). The 

extracts were left to equilibrate overnight. The suspensions were filtered through a 0.2µm 

polycarbonate filter (Kukkadapu et al., 2005) and preserved at 4°C, for subsequent determination 

of total Fe(II), i.e., dissolved Fe(II) as well as Fe(II) sorbed to the nanohematite or the bacteria 

(Bonneville et al., 2006) by the ferrozine method (Stookey, 1970) in a UV/Vis spectrophotometer 

(Royer et al., 2002b), on the next day.  
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Duplicate cell-free blanks were also tested as controls at the last time-point (6 hrs) to 

examine the extent of final abiotic Fe(II) in solution. The controls contained 1.3 ml sterile 

anaerobic PIPES buffer (final conc. 30 mM, pH = 7) instead of the cells (Zachara et al., 1998). 

 

TEM of bacteria-nanoparticle association 

Whole-mount samples for TEM were prepared in the glove box from bacteria-nanoparticle 

incubation samples before adding acid in an anaerobic atmosphere and preserved for TEM 

analysis. A drop of the mineral-bacteria suspension was applied directly to a 200-mesh copper grid 

coated with carbon-sputtered formvar support film and the grids were allowed to dry anaerobically, 

before they were placed in an airtight mason jar in the anaerobic chamber and preserved for later 

analysis in a Phillips EM 420T Scanning Transmission Electron Microscope operated in bright 

field mode at 100 KV and equipped with a SIA CCD camera. The samples were briefly exposed to 

the atmosphere before being inserted into the microscope. Images were collected digitally with 

MaxImDL, and analyzed digitally. 

 

Determination of Initial bioreduction rates 

Initial rates of bacterial reduction (i.e., the rates during the early stages of anaerobic 

metabolism following the onset of anoxic conditions) were measured in this study in order to 

assure constant biological and simplified aqueous geochemical conditions (Roden, 2004). A 

complicating factor on the long-term extent of bacterial Fe(III) oxide reduction is the accumulation 

of Fe(II) on the oxides and the DIRB surfaces.  Therefore, an accurate assessment of the impact of 
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particle size on bacterial reduction rates can only be made during the initial stages of reduction 

(Roden, 2004). 

Among the few simple carbon sources that S. oneidensis MR-1 can utilize as an energy 

source, the growth is fastest in anaerobic conditions on lactate. Some reports show a 1:1 

stoichiometry of lactate conversion to acetate (Lovley et al., 1989; Caccavo et al., 1992), which is 

reflected in Equation 1. PIPES was used as a buffer to maintain constant hydrogen ion activity, 

with lactate as the electron donor. The expected half reactions and the overall reaction  of lactate 

oxidation to acetate coupled to the reduction of hematite is as follows (Zachara et al., 1998): 

04HHCO(aq)COOCH(aq)4Fe (aq) 7H (aq)CHOHCOOCH  (s)O2Fe 233
2-

332 +++→++ −−++  (1) 

The anticipated reduction half cell reaction is 

OH3)(2Fe2)(6H)(OFe 2
2

32 +=++ +−+ aqeaqs  (2) 

The anticipated oxidation half cell reaction is 

--
3

-
32

-
3 4e)(5HHCO)(COOCHO2H)(CHOHCOOCH +++=+ + aqaqaq  (3) 

The overall equation (Equation 1) shows that the changes in the mole numbers of the 

reactants and the products are related by stoichiometry and hence we can express the rate of change 

of the extent of reaction ξ (Kondepudi and Prigogine, 2005) of the forward and the backward 

reactions by the following relationship):  
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Where n=number of moles, and hence the measured quantity (mFe
+2 = mmoles/L) can be 

defined as the reaction progress variable. This enables the representation of the microbial Fe+3 

reduction rate as the rate of Fe+2 production with time. 

Under first order reaction conditions (Roden, 2003) for semi quantitative comparisons 

between different particles (Anschutz and Penn, 2005), apparent initial reduction rates (r') were 

computed by fitting linear regression lines (Equation 5) to 0.5N HCl extractable total Fe(II) mM 

vs. time following the method of initial rates (Rimstidt and Newcomb, 1993; Roden, 2003; Roden, 

2004; Anschutz and Penn, 2005).  These fits produced r2 values ≥ 0.9 for all experiments (Fig. 6). 

All of the replicates were treated as independent data points to fit the least squares linear regression 

lines. The regression fits were of the form (Rimstidt and Newcomb, 1993) -  

t *ba  m 11Fe 2 +=+  (5) 

Where a1 and b1 are the y-intercepts and slope of the line, respectively and t is the time. The 

derivative of Equation 5 gives the slope of the line (coefficient b1) and is the apparent rate (r').  The 

slope of the linear trend line or the b1 coefficient corresponds to the initial rate of reaction at t=0 (in 

mM/hr), (Madden and Hochella, 2005).  

The intercept of the linear regression fits or the a1 coefficient gives the best fit initial 

concentrations of mFe+2 (Rimstidt, 1993). The apparent reaction rate (r'), is the rate for the 

particular surface area of solid used in the experiment. In order to make the rates comparable from 
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experiment to experiment, the apparent reaction rates are converted to normalized rates (r), i.e., the 

rate for a system with 1 m2 interfacial area by dividing (r') by the total surface area (from 6-point 

SABET in m2 g-1 , Table 1) of hematite (Rimstidt and Newcomb, 1993). As mentioned earlier the 

hematite surface area to bacterial surface area per ml of assay volume was kept constant – in other 

words, the only intended variable change in all experiments is the hematite particle size. Hence, the  

surface area normalized rate of reaction determined in these experiments can then be plotted versus 

the particle sizes. The surface area normalized reduction rates (r) can be related to the particle size 

by the equation -  

a
HemkSizer =  (6) 

Expressed in logarithmic form it becomes –  

HemSize log a k  log r  Log +=  

The values of the rate constant (k) and the order of the rate dependence on hematite particle 

size can be determined from a linear regression fit to the log SA normalized rate versus log particle 

size plot. 

All curve-fitting and statistical analysis was carried out on a Windows platform using the 

program JMP IN v.5.1.2 distributed by SAS Institute, Inc., Cary, North Carolina, USA. The initial 

parameter estimates for all nonlinear regressions were zero (Rimstidt, 1993). 
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Results 

Particle synthesis and characterization 

The X-ray diffraction powder patterns (Fig. 1) for all nanoparticles reveal that the synthetic 

and commercial Fisher samples are pure hematite with characteristic reflections at 2θ = 24.1°, 

33.1°, 35.6°, 39.2°, 40.8°, 43.5°, 49.5°, 54.1°, 57.4° and 57.6° that match the hematite reference 

PDF number 33-0664 from JCPDS-ICDD Powder Diffraction File (PDF-2, 2004 Release). The 

XRD Bragg peaks of the smaller particles exhibit peak broadening as expected for nanoparticles. 

This is  attributed to decreasing coherence of scattering as crystallite size decreases (Waychunas, 

2001). The increasing intensity and decreasing peak width of increasingly larger particles indicate 

increasing crystallinity (Fig. 1). 

The TEM micrographs and previous contact mode AFM studies (Andrew Madden, 

personal communication) show that the smallest nanoparticles are pseudo-hexagonal platelets, the 

medium nanoparticles are mostly rhombic, and the largest nanoparticles are somewhat 

psuedohexagonal to mostly irregular (Fig. 2). The mean particle size was determined from a 

normal fit to the geometric particle size distribution as determine from TEM micrographs. The 

histograms were fit to normal distribution curves in JMP IN 5.1.2 (SAS Institute Inc., Cary, North 

Carolina) and assigned mean particle sizes (mean ± std. dev.) of 11±2, 12±2, 30±4, 43±8 nm 

(synthetic samples from our laboratory) and 99±22 nm (commercial sample from Fisher Scientific, 

Fair Lawn, New Jersey) as shown in Figure 3. Tests were done to check validity of the normality 

assumption through quantile box plots, outlier box plots and normal quantile plots (data not 

shown). They reveal that the size distributions are not strictly normally distributed, but the smaller 
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(11, 12 nm) and medium sized particles (30, 43 nm) are definitely closer to normality (number of 

observations, n > 90) than the 99 nm particles (n=25). Assuming the central limit theorem to be 

true, the mean and standard deviation were used to describe the different size populations. Relative 

comparisons of the size distributions using the same size scale (Fig. 3) show that the synthetic 

smaller (11, 12 nm) and medium nanoparticles (30, 43 nm) have a relatively narrow size 

distribution with respect to the largest commercial samples (99 nm). To check whether the means 

of the different particle size distributions are statistically different from each other, a one way 

analysis of variance (ANOVA) followed by an all pairs Tukey-Kramer HSD test (Sall et al., 2005) 

was performed. The data were log transformed so that normal distribution and homogenous 

variance for all sizes was achieved to satisfy the conditions of ANOVA. The results show that all 

the particle sizes are different from each other, assuming the sizes are normally distributed and the 

variance is homogenous among sizes (Fig. 4 and Table 4). 

The BET surface area (SABET) for the synthetic samples were determined to be 95.95 (m2 

g-1), 61.87 (m2 g-1), 30.88 (m2 g-1) and 32.04 (m2 g-1) for the 11, 12, 30, and 43 nm hematite 

respectively, and 9.03 (m2 g-1) for the 99 nm commercial sample. The SABET values had good 

agreement with the literature values of similar particle sizes as shown in Fig. 5 and Table 2. 

Geometric estimation of the average specific surface area (SAGeometric)was done assuming a 

psuedohexagonal geometry for all particle sizes (Table 3). Comparison of the SABET and SAGeometric 

estimates showed that the SABET  were significantly lower for the 11, 12 and 99 nm particles, 

probably reflecting aggregation due to freeze drying. The estimates also showed that for the 

psuedohexagonal 11, 12 nm particles the SABET and SAGeometric estimates were significantly 

different but the values were surprisingly similar for the 30 and 43 nm particles which had 
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rhombohedral geometry. Therefore, in order to account for the aggregation of the nanoparticles and 

the disparity in the geometry among the psuedohexagonal (11, 12 nm), rhomboheral (30, 43 nm) 

and pseudo-hexaxgonal to dominantly irregular (99 nm) nanoparticles, the SABET was deemed 

more appropriate for surface area normalization of the reduction rates as described in the next 

section. 

 

Cell - mineral association as determined from TEM 

Analysis of the TEM images of cell-nanoparticle associations reveal that the smallest (11, 

12 nm) and the largest  (99 nm) nanoparticles are aggregated (Fig. 11 a-c, 12 a and 12 d) and are 

similar in nature to what was observed by Glasauer et al. (2001). The 30 and 43 nm rhombic 

particles seemed to be less aggregated and had better direct contact with the cell surfaces (Fig. 12 

b, c). Bonneville et al. (2006) report that at low mineral to cell ratios, ~90% of the nanohematite 

was attached to the cells of S. Putrefaciens within the first 10 mins and less than 10% of the 

nanohematite was recoverable in filtrates after 24 hrs, irrespective of the medium pH, prompting 

them to propose that the reduction was due to strong binding of mineral colloids to the cells. TEM 

monitoring of hematite nanoparticle (diamond shaped, 30 nm diameter) - S. putrefacians CN32 

aggregates also showed that short exposures were needed to obtain substantial binding of 

nanoparticles to cells (Glasauer et al., 2001). The time frame of our first sampling point (2 hrs) is 

well beyond the time period required for irreversible cell-mineral adhesion in case of direct cell-

mineral contact electron transfer. The observed spatial relationships between the cell and mineral 

nanoparticles with TEM were considered representative of the entire sample because the same 
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observations were seen on every sample. So, the mode of adhesion or attachment is definitely 

different between 11, 12, 99 nm and the 30, 43 nm nanoparticles. It should also be noted that the 

pseudo-hexagonal (11, 12 nm) and irregular (99 nm) particles have more aggregation, less contact 

with cells, but still show significant rates of reduction as described below. 

 

Initial reduction rates from linear regression and extent of reduction 

According to Equation 1, concentration of available Fe(III) from hematite is 2 mol Fe(III) 

per mole of hematite reduced. Considering the reduction assay lactate concentration of 10 mM and 

a 1:4 stoichiometry between lactate and Fe(III) consumption (from Equation 1), for 6 hrs of 

reaction, the electron donor or lactate was in excess (11, 12, 30, 43 and 99 nm particles have 2.54, 

3.94, 7.6, 7.9 and 27 mM Fe+3, respectively), representing natural systems of porewater or 

groundwater (Zachara et al., 2002). Only 0.06, 0.07, 0.01, 0.01 and 0.004% of the total 

stoichiometrically available Fe+3(mM) was reduced into total Fe+2(mM) after 6 hrs of reduction 

from 11, 12, 30, 43 and 99 nm hematite respectively (Table 5). This is also observed by Bonneville 

et al., (Bonneville et al., 2006) in the initial stages of the bioreduction, the amount of reduced 

Fe(III) is negligible compared to the total amount of Fe(III) initially present.  

We saw significant total Fe(II) mM within 2 hrs of initiation of the reduction, at levels 

considerably higher than the initial Fe(II) mM concentrations at t=0, or the intercept of the 

regression lines fit to total Fe(II), mM versus time (Hrs) plots (Fig. 6). This implies that the assays 

reached Fe(III) reduction conditions very quickly, and the bacteria quickly used up any remaining 

traces of O2 and organic molecules from the culture media as electron acceptors before reducing 
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Fe+3. If we look at the difference of the initial Fe(II) at zero time and the amount of Fe(II) produced 

by the corresponding control after 6 hrs, it looks like there may be some initial Fe(II) from the 

culture media present before the start of bioreduction, and apparently the mM concentration of the 

culture media Fe(II) may seem different for different particle sizes. But, in reality we are fitting a 

straight line through points that actually have an asymptotic appearance in the long run. Also, the 

data points have associated errors that have not been accounted for while fitting the regression 

lines. Considering these factors, we see that the actual initial Fe(II) plot very closely to each other 

for all particle sizes at 0 hrs. Also, there is significant Fe(II) production immediately after initiation 

of bioreduction as seen from the slopes of the fitted linear regression lines (Fig. 6). So, we can say 

that the culture media Fe(II) does not significantly affect the interpretation of the initial 

bioreduction rates or interfere with the factors controlling the rate.  

The reduction rate data (mM Hr-1) also suggests that the total Fe(II) increased with time 

(Fig. 6). The % increase in total Fe(II) in mM, derived from the initial Fe(II) concentrations from 

the intercepts of the linear regression fits and the final 6hr Fe(II) concentrations from Figure 6, 

show that 99 nm, 12 nm, 11 nm, 30 nm and 43 nm had 171%, 166%, 164%, 110% and 97% 

increases in total Fe(II) production respectively until the last sampling time point of 6 hrs (Table 

5). The linear regression fits produced R2 values of >0.9 and P values (associated significance 

levels) of <0.001 and very randomly distributed residuals in all cases (data not shown), indicating 

very good linear regression fits (Sall et al., 2005). The amount of Fe+3 reduced (%) and the % 

increase of Fe+2 along with the TEM images both suggest that the direct contact mechanism (30 

and 43 nm particles) may produce less Fe(III) reduction than 11, 12 and 99 nm particles. This is 

supported by observations (Zachara et al., 1998; Royer et al., 2002b) indicating that electron 
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shuttles (quinones) are more facile electron acceptors than Fe+3 oxide surfaces, and hence produce 

enhanced rates of reduction. The initial rates apparently also reveal that the 12 nm and the 30 nm 

hematite nanoparticles had a comparatively higher rate than the 11 nm and the 43 nm hematite 

nanoparticles (Fig. 6).  

 

SA (BETSA) normalized rates  

The apparent rates from the regression fits were SA normalized (BETSA) for comparison 

amongst different particle sizes and plotted with respect to the particle size, (Fig. 7 and Table 5). 

The SA normalized rates for the 30 and 43 nm particles conspicuously fall between the 11, 12 nm 

and the 99 nm rates. The SA normalized rates for all small to medium particles (11, 12, 30 and 43 

nm) are in the same range irrespective of morphology. Results also show (Fig. 8) that SA 

normalized rates of reduction are fastest (by as much as 1 order of magnitude) in experiments using 

99 nm hematite nanoparticles versus 11 nm nanoparticles. The 12 nm particles fall between the 11 

nm and the 99 nm normalized rates (Fig. 8). Although the 30 and 43 nm particles have different 

morphology and cell attachment modes, and possibly different electron transfer mechanisms, they 

also fall within the same range as the 11 and the 12 nm particles, defining a definite and positive 

trend of rates that generally decrease with decreasing particle size (Fig. 9). 
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Discussion 

Despite the fact that the TEM micrographs show that the 11, 12 and 99 nm hematites (Fig. 

11 a-c, and 12 d) are attached differently to the cells with respect to the 30 and 43 nm particles 

(Fig. 12 b, c), we see a progression of rates from the smallest (11 nm) to the largest particles (99 

nm). The different modes of attachment of the cells with the psuedohexagonal (11, 12 nm), the 

rhombohedral (30, 43 nm) and the irregular (99 nm) particles gives rise to the possibility of the 

bacteria using more than one way to respire on the Fe(III) oxide nanoparticles. Comparison of SA 

normalized initial rates show that the particles showing similar modes of attachment (11, 12, 99 nm 

particles) have one order of magnitude difference in rates between the largest (99 nm) and smallest 

nanoparticles (11 nm), with the 12 nm particles falling in between, indicating a definite trend of 

decreasing SA normalized reduction rates with decreasing particle size. Correlation of the SA 

normalized rates of all particles with different modes of attachment show that the rates of all the 

smaller particles (11, 12, 30 and 43 nm) fall in the same general range. The observed apparent size 

dependency of the SA normalized rates on particle size and the interesting observations on the 

mode of attachment can be rationalized by additional information as discussed in the following 

sections. 

 

Modes of cell-mineral attachment 

Cells directly attach with terminal electron acceptors (solid phase minerals) at the cell wall 

or by capsules, a well as by extracellular polysaccharides (Glasauer et al., 2001; Glasauer et al., 

2003b). As reported by Bonneville et al. (2006), electrophoretic mobility and acid-base titrations 

- 28 - 



 

show that S. putrefaciens cells carry a net negative charge at pH≥ 4 (Claessens et al., 2004). This is 

supported by studies which show that at circumneutral pH, S. oneidensis cells are reported to have 

a net negative charge largely due to the deprotonation of carboxyl and phosphoryl group 

constituents of the outer membrane (Glasauer et al., 2001; Haas et al., 2001; Neal et al., 2005). 

Under the conditions of our experiments (pH = 7, low ionic strength), hematite nanoparticles are 

positively charged (point of zero charge, pHpzc ~8.15-8.3±0.9), (Schwertmann, 1996; Liger et al., 

1999), promoting attraction to the negatively charged cells. Among other effects, hydrophobicity 

effects of the attaching surfaces may also play a major role in adhesion (Marshall, 1986). The 

surface of Shewanella is hydrophobic and the surfaces of Fe(hydr)oxides are hydrophilic (Glasauer 

et al., 2001). The interaction between hydrophobic and hydrophilic charged surfaces are 

electrostatic in nature (Glasauer et al., 2001). In general, electrostatic and hydrophobic interactions 

(Caccavo et al., 1997; Caccavo, 1999; Neal et al., 2003; Neal et al., 2005) are considered the most 

probable forces that aid in the interaction of S. oneidensis MR-1 with minerals (Neal et al., 2005). 

Hence, the direct attachment of cells and nanoparticles in our case can be attributed to coulombic 

and electrostatic effects between the nanoparticles and the cells.  

Recently, in addition to coulombic and electrostatic effects, direct bonding of cell surface 

macromolecules at mineral surface functional groups has also been shown to be important (Parikh 

and Chorover, 2006). Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) 

spectroscopy studies (Parikh and Chorover, 2006) reveal that bacterial adhesion to nanohematite 

(rhomboid, 10-20 nm across) are possible due to short-range innersphere P-OFe bond formation as 

a result of direct bonding of cell-surface phosphoryl groups to the Fe(III) metal centers (Parikh and 

Chorover, 2006). Aggregation of bacterial cells in colloidal suspension with hematite also gives 
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rise to P-OFe bond formations (Parikh and Chorover, 2006). Recent studies (Xiong et al., 2006) 

report that the binding of the purified outer membrane bacterial protein OmcA to the solid metal 

surface is highly favorable, and it binds densely to the surface of hematite (the same 11 nm 

hematite used in our study, synthesized in our laboratory), permitting direct electron transfer to this 

solid mineral to reduce Fe (III). They also report that in the presence of hematite, there is a 

substantial increase in the amplitude of internal protein motions that correlate with metal reduction. 

Irrespective of the mode of direct attachment between bacteria and nanoparticles, the more 

aggregated 11, 12 and 99 nm particles (psuedohexagonal to irregular shape), show less extent of 

attachment than the 30 and 43 nm. Bonneville et al. (2006) report that a progressive increase of cell 

coverage by nanohematite was observed with increasing mineral concentration, but in our 

observations the increasing concentrations of the 99 nm nanoparticles did not produce more 

coverage of the surface of the cells, neither did we see any significant coverage by the smaller 11 

and 12 nm particles. The 30 and 43 nm rhombic nanoparticles show better contact, and seem to 

better coat the cells, while being less aggregated during reduction. This leads us to believe that 

there may be a second indirect mode of electron transfer associated with direct electron transfer, 

and the sole mechanism or combination of mechanisms being employed by the bacteria ultimately 

depending on the morphology, shape and aggregation state of the hematite nanoparticles. 
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Role of morphology and crystallographic face on attachment and reduction mechanism 

As argued by Bonneville et al., (2006) in cases where direct contact is the only electron 

transfer mechanism, for a given cell size the maximum number of Fe(III) particles that can attach 

directly on the cells depends upon the shape and size of the individual mineral particles. The direct 

electron transfer process from bacteria to oxides occurs through the formation of a surface 

complex(s) between outer membrane cytochromes and hydroxyl sites on the oxide surface. 

Different crystal faces are populated with different concentrations of hydroxyl sites with different 

coordination environments, and hence they influence the rate and extent of bacterial electron 

transfer to the oxides. Cell adhesion is also dependent on the presence of ferric iron on the mineral 

surfaces, and the bacterial adhesion mechanism may be controlled by specific recognition of ferric 

iron on mineral surfaces (Lower et al., 2001) and may lead to direct electron transfer from the cell 

surface cytochromes to the Fe(III) centers on the minerals. Synthetic hematite occurs as hexagonal 

plates and rhombohedra in absence of additives (Schwertmann, 1996). The hexagonal (001) plane 

and the rhombohedral (102) plane seems to be the most stable because of the lowest reported 

surface energies (Schwertmann, 1996). Rhombohedral planes carry singly coordinate FeOH groups 

(arranged in pairs), whereas the basal plane (001) has only doubly coordinated groups 

(Schwertmann, 1996). Infrared spectroscopic data suggest that the singly coordinated groups 

(rhombohedral morphology, 30 and 43 nm) are the more chemically reactive and the doubly 

coordinated groups (pseudohexagonal morphology, predominating in the 11 and 99 nm particles) 

appear to be less reactive (Schwertmann, 1996). As mentioned before, our smaller nanoparticles 

(11, 12 nm) had pseudohexagonal platy shape, but the 30, 43 nm particles were of rhombohedral 

shape and the commercial samples were plates of poorly pseudohexagonal to mostly irregular 
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shapes. Studies have also shown that bacterial dissolution of hexagonal tabular hematite is 

anomalously slow because of the predominant contribution of the non-reactive 001 face to the total 

surface area (John Zachara, personal communication). Hence the morphology may influence the   

mode of attachment to cells and the overall reactivity. But our SA normalized rate data (Fig. 7, 8) 

suggests that 30, 43 nm particles show similar rates to the 11, 12 nm particles, suggesting that the 

involvement of an indirect electron transfer mechanism may help explain the significant reduction 

in the psuedohexagonal particles, in spite of the predicted low reactivities of the (001) faces. This 

leads us to the next section which deals with the probable involvement of electron shuttles as an 

indirect mechanism of electron transport. 

 

Relationship between modes of attachment and electron transfer mechanism  

The properties of specific mineral surfaces clearly influence the 

adhesion/attachment/growth/detachment of the cells to the mineral. The effect of different 

morphologies, and crystal faces of hematite being exposed to cells, may prove to be an influence in 

explaining the different modes of attachment to bacterial cells under our incubation conditions. 

This may possibly make the bacteria invoke different electron transfer mechanisms or a 

combination of them to deal with accessibility of Fe(III) centers for different particle shapes. 

Indirect electron transfer mechanism studies have shown that quinone functional groups (Scott et 

al., 1998) can act as electron acceptors when bacteria reduce humic substances and subsequently 

reduce Fe(III) bearing minerals (Lovley et al., 1996; Benz et al., 1998; Coates et al., 1998; Lovley 

et al., 1999). S. oneidensis CN32 produces the hydroquinone form anthaquinone-2, 6-disulfonate, 
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AQDS (AHDS) which can reduce Fe(III) oxides as reported by Zachara et al, (1998). The S. 

putrefaciens MR-1 (wild type) is known to release a menaquinone-related redox-active small 

molecule into the medium that can possibily act as electron transfer agent to a variety of oxidants, 

including poorly soluble minerals (Newman and Kolter, 2000). Hernandez et al., (2004) report that 

multiple phenazines, thermodynamically having lower redox potentials than those of poorly 

crystalline iron (hydr)oxides in a range of relevant environmental pH (5 to 9), and antibiotics can 

stimulate mineral reduction by Shewanella oneidensis MR-1.  

It has been suggested that Shewanella changes its electron transfer mechanism from direct 

to indirect depending upon the abundance of nutrients (Lies et al., 2005). This study suggests that 

the same may occur depending on the shape, reactive faces and degrees of aggregation, invoking 

different mechanisms or a combination of mechanisms to access the Fe(III) sites on minerals. 

Conductive nanowires with outer membrane multiheme cytochromes (Gorby et al., 2006) may also 

be used as an electron transfer mechanism, but unfortunately no such evidence of nanowires were 

seen from our TEM analysis. Because aggregation may invoke different Fe(III) reducing 

mechanisms, we look at the effect of aggregation in detail in the next section. 

 

Aggregation as a factor influencing attachment  

At pH 5 and low ionic strength, coagulation of hematite is a thousandfold slower than at the 

pHpzc (Schwertmann, 1996). The pHPZC values of hematite (Neal et al., 2005) nanoparticles 

suggest that they may be feebly unstable against aggregation at pH~7 and the resulting aggregates 

may possess complex interior porosity (Gilbert and Banfield, 2005), which may invoke indirect 
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electron transfer. Solute ions may also adsorb and mitigate surface charge and enhance particle 

aggregation, which can produce aggregates (Schwertmann, 1996) with significantly lower surface 

area accessible to direct electron transfer. At the optimal pH for the catalytic activity of OmcA (pH 

7.5), the 11 nm hematite self-associates to form a broad distribution of particle sizes ranging from 

about 10 nm to large aggregates with an apparent size of about 400 nm (Xiong et al., 2006). 

Aggregation of nanoparticles in inoculation conditions whether cells and nanoparticles are brought 

in contact at pH = 7 (Bonneville et al., 2006) and can also reduce initial rates (Roden, 2003). In this 

experiment all the nanoparticle suspensions were prepared from 10X stock solutions which were 

ultrasonicated for 30 mins and then stirred with a teflon stirbar on a magnetic stirrer, or least 1 hr 

prior to the inoculations to disaggregate the particles as much as possible without inducing 

aggregation due to too much sonication. The reduction experiments were carried out at pH = 7, and 

no attempt was made to disaggregate the particles by adjusting the pH to 5, because this process is 

reported to reduce cell viability (Claessens et al., 2004; Bonneville et al., 2006; Claessens et al., 

2006). So, if direct electron transfer was the only mechanism responsible, then we would see 

significantly different SA normalized rates (Fig. 7, 8) for 30, 43 nm particles from the 11, 12, 99 

nm trend because of the lower aggregation of 30 and 43 nm particles (from TEM studies ) as well 

as highly reactive faces (previous section). But we can see no such significant deviation in rates, 

which strengthens our position on indirect electron transfer being a possible mechanism of electron 

transfer. Also semiconductor aggregates are reported to be very efficient in transporting electrons 

that have been excited to the conduction band, which persist until being consumed in a redox 

reaction (Wang et al., 2003). Hence although aggregation can be a significant effect on the modes 

of attachment and mechanism of electron transfer, it may not play a significant role in this study. 
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The previous discussions provide possible explanations and probable supporting arguments 

from existing experimental and theoretical evidences about the observed modes of attachment of 

the different particle sizes, and plausible involvement of different electron transfer mechanisms. 

The next sections deal with the probable explanations behind the observed trend of deceasing SA 

normalized reduction rates with size, as evident from Fig(s). 7 and 8. 

 

Factors controlling dissimilatory iron reduction rates 

Experimental evidence exists which show that various parameters can control microbial 

iron reduction but are often difficult to resolve independently. They include bacterial nutrition 

levels and culture conditions (Obuekwe and Westlake, 1982; Arnold et al., 1986); cell density; 

adhesion mechanisms and the concentration (Bonneville et al., 2006); mineralogy; morphology or 

crystal habit; microheterogeneities such as point defects, dislocations, microfractures, domain 

boundaries, corners, ledges, etc. (Zachara et al., 1998); solubility (Bonneville et al., 2004); size of 

crystals (Glasauer et al., 2001); crystallinity (Campbell et al., 2006) and specific surface area 

(Roden and Zachara, 1996; Roden, 2003; Campbell et al., 2006) of the terminal electron acceptor 

mineral phase. Hansel et al., (2004) showed that the long-term sustained microbial reduction of 

iron (oxy)hyroxides is controlled by changes in their surface reactivity (energy) due to 

sequestration of microbially produced secondary Fe(II) regardless of structural order (crystallinity) 

and surface area . Roden et al., (2004) showed similar non-dependance of rates with crystallinity or 

level of stability but correlated initial reduction rates with oxide surface area. Bonneville et al., 

(2004) showed that in the presence of excess lactate, initial reduction rates of pure, well defined 
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Fe(III) oxyhydroxides by S. putrefaciens exhibit saturation with respect to concentration of the 

solid Fe(III) substrate. Recently they also (Bonneville et al., 2006) report that initial iron reduction 

rates correlate linearly with relative coverage of cell surface by nanohematite particles, indicating a 

direct binding of the Fe(III) centers from the mineral surfaces to the electron transfer sites on the 

cells of S. putrefaciens. Increased concentration of the Fe(III) substrates therefore saturate the 

limited number of cell reduction sites (cytochromes) available on the cell, as more and more 

electron transfer sites are covered up by the minerals. This behavior is also seen in iron-rich 

estuarine sediments studied by (Hyacinthe et al., 2006). The studies also show that the microbial 

reduction rate is positively correlated with the solubility of Fe(III) oxyhydroxide minerals 

(Bonneville et al., 2004) which is similar to the abiotic dissolution trend of Fe(III) by ascorbate 

(Larsen and Postma, 2001). This indicates that the crystallinity of the Fe(III) mineral lattice 

controls the reduction activity of the cells.  In our experimental setup, we attempted to correlate the 

surface areas of different particle sizes (as described previously), so that in case of a direct contact 

mechanism of electron transfer, the only variable would be particle size. Additionally, the bacterial 

nutrition levels and culture conditions, incubation medium ionic strength, solid phase mineralogy 

and bacterial cell density were kept constant for all particle sizes. However, the morphology 

controlled adhesion mechanism and hence electron transfer mechanism, along with enhanced 

microheterogeneities of the irregular crystals (99 nm), solubility of smaller nanoparticles (11, 12, 

30 and 43 nm) and size variation of the particles in the nano-range (from 11 nm to 99 nm) can all 

be potential controls on the reduction rates. The rates could also be potentially affected by Fe(II) 

adsorption on the mineral and cell surface and biomineralization. The different effects are 

discussed in the next few sections. 
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Role of electronic structure of nanoparticles 

The observed one order of magnitude difference in rates between the largest (99 nm) and 

smallest nanoparticles (11 nm) showing similar attachment to the cells, is initially surprising 

because they both are likely to have the same method of electron transfer. One explanation may 

come from the studies of recent workers from our group like Madden and Hochella, (2005) who 

proved significant reactivity changes of hematite nanoparticles as a function of their size in abiotic 

systems. This may be due to changing electronic structure as a function of size, change in bonding 

environments (Madden and Hochella, 2005), thermodynamic stability effects (Navrotsky, 2001; 

Kim et al., 2004) or the internal and surface atomic structure of nanoparticles (Kim et al., 2004), 

but the specific kinds of property changes are probably linked to the system of interest. The 

changes in the geometric and electronic structures are probably the overall general phenomena 

related to the transition of scale from bulk to the nanoscale, and the accompanying changes in the 

SA/size ratios (Madden and Hochella, 2005). Physical and chemical property of the nanoparticles 

are increasingly being proved to be dramatically different than their bulk counterparts as are 

geochemical reactivities (Anschutz and Penn, 2005; Hochella and Madden, 2005; Madden and 

Hochella, 2005; Penn et al., 2005; Madden et al., 2006) which were predicted by previous workers 

(Rodriguez et al., 1998). Examples of the size dependent reactivity of metals, sulfides, and oxides 

has been demonstrated by different workers (Alivisatos, 1996; Bell, 2003). Redox processes can be 

significantly effected by the modification of the absolute valence and conduction-band energy 

levels of semiconductors as a result of finite particle size effects (Gilbert and Banfield, 2005).  
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Although at present we do not have any reliable electron and hole effective mass 

measurements in order to model quantum confinement effects in environmental iron compounds 

(Gilbert and Banfield, 2005), a size dependent increase in the hematite band gap has been predicted 

and proposed by recent workers (Gilbert and Banfield, 2005; Hochella and Madden, 2005; Madden 

and Hochella, 2005). A recent study by Guo et al., (2004 ) shows the increase of bandgap from 2.1 

eV in bulk to 2.5 eV in hematite nanorods (50nm) using resonant inelastic X-ray scattering. This 

bandgap opening can have a significant effect on mineral reactivity especially when nanoparticles 

accept or donate electronic charge, or act as redox active solution species. For a redox active 

solution species to inject electrons to the conduction band of a mineral, the redox potential of the 

aqueous redox reaction must be more negative than the position of the conduction band minimum 

of the mineral. Electrons may be transferred from the mineral valence band to a strongly oxidizing 

organic species (Gilbert and Banfield, 2005). The conduction band minima (CBM) for single 

crystalline hematite is pH-dependent and is calculated to lie at -0.14 V vs. NHE at pH = 7 (0.1 V 

above the Fermi level), assuming n-type behavior (Neal et al., 2003). Other workers report 

reduction potentials of hematite to be -0.19 (Stumm and Morgan, 1996 ; Royer et al., 2002b) to -

0.23 V (Stone and Ulrich, 1989; Stumm and Morgan, 1996 ; Zachara et al., 1998; Glasauer et al., 

2003a). The reduction reaction can only take place when the aqueous reaction reduction potential 

is more negative than the electronic electrochemical potential (fermi level for hematite) of the 

mineral (Gilbert and Banfield, 2005). Measured redox potentials for hematite reduction with S. 

putrefaciens CN32 and hematite with lactate as electron donor and under growth supporting 

conditions at pH = 7 is reported to be around -0.22 V (Roden, 2003). The thermodynamic driving 

force for hematite reduction is rather unfavorable to extremely weak in comparison to other poorly 
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crystallized iron (oxy)hydroxide phases (Roden, 2003). But according to other reports, the 

presence of soluble electron shuttles like AQDS may render hematite more reducible than goethite, 

which has a reduction potential far lower than of hematite (Zachara et al., 1998; Glasauer et al., 

2003b).  

According to the predicted bandgap opening theory, at a certain pH, the decrease in 

nanoparticle size will shift the redox potential of the mineral to more and more negative values, 

thereby making the reduction potential of the aqueous redox reaction increasingly less negative 

than the mineral. This may make electron transfer less favorable with decreasing size if size was 

the only rate controlling factor. Recent workers have predicted that the properties of nanoparticles 

should vary considerably from their bulk counter parts in the range of a few to tens of nanometers 

(Hochella and Madden, 2005). This would predict a significant difference in SA normalized 

reduction rates between the 99 nm from the 12 nm and 11 nm hematite nanoparticles, which we do 

observe (Fig. 8). The increase in the rates for the 12 nm nanoparticles with respect to the 11 nm 

nanoparticles can also reflect the lesser reactivity of the older batch (11 nm) of particles. Although 

electronic structure changes within the nano-range is an expected phenomenon as reported by 

Hochella et al., (2005), there are other ways to rationalize these observed trend of rates, as 

discussed in the next few sections. 
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Role of particle microheterogeneities and surface irregularities  

Zachara et al., (1998) have showed that the bioreducibility of hematite may increase with 

increasing crystalline disorder, defects and microheterogeneities. So, another rate controlling factor 

might be the surface roughness and/or serrated edges and/or microheterogeneity of the particles. It 

could be specially important when comparing the rates of the smaller and evidently more smoother 

pseudo-hexagonal 11, 12 nm hematite (Fig. 2 a, b) with respect to the larger but more irregular 99 

nm particles (Fig. 2 e). The 30, 43 nm rhombohedral particles (Fig. 2 c, d) are smoother and also 

show a corresponding low SA normalized reduction rate (Fig. 8). Although the crystalline disorder 

is larger in case of the smaller hematite particles (11, 12 nm), as seen from Fig. 1, the effect of 

particle microheterogeneity seems to have a greater effect on the SA normalize reduction rates 

(Fig. 8) in this case. 

 

Possible effect of decreasing solubility with decreasing particle size 

Another explanation is possible form the perspective of changing mineral solubility with 

particle size. The thermodynamic stability of different phases of iron (oxy)hydroxides change with 

their particle size and crystal structure as noted by Hansel et al., (Hansel et al., 2004). In general, 

bulk mineral solubility is predicted to increase as particle size decreases (Stumm and Morgan, 

1996 ), assuming that the interfacial energy is not particle size dependent. An assumption that has 

been questioned recently by Zhang et al., (1999). Because the surface free energies of iron oxides 

are relatively high and small particle sizes have higher surface areas, small nanoparticles of 

hematite are predicted to have increased solubility (Schwertmann, 1996). But the SA normalized 
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rates (Fig. 8) show that smaller particles although predicted to have higher dissolution and 

reduction rates, show lower rates than larger nanoparticles in our system. This reduction of rates 

with size is similar to recent reports that show that brushite (CaHPO4·2H2O) particles with sizes 

smaller than a certain critical size (defect spacing) result in self-inhibition of dissolution and 

reaction suppression (Tang et al., 2004). This is also observed in abiotic reductive dissolution of 6-

line ferrihydrite nanoparticles where smaller particles had lower reduction rates (Lee Penn, 

personal communication). The exact extent of correlation of solubility with size is not discernable 

form the present data, but does provide us with a plausible explanation and warrants further 

exploration. 

 

Effect of Fe(II) passivation of the mineral and cell surface 

Another potentially controlling factor in reduction rate is the surface passivation of 

minerals and cells by adsorbed Fe(II). DIRB is reported to produce biogenic Fe+2 which can exist 

as Fe+2 (aq), mineral-sorbed Fe+2 or as biosorbed Fe+2. Soluble Fe+2 is strongly adsorbed onto 

hematite at circumneutral pH (Fredrickson et al., 1998). Recent studies by Hansel et al., (2004) 

show using high resolution TEM that for long-term (16 days) reduction of hematite particles by S. 

putrefaciens CN32, long term Fe(III) reduction can be divided into two stages, the early rapid 

reduction stage being controlled by the initial disorder of hematite particles and the later stage 

controlled by sustained slower reduction of lower energy sites. The surface reactivity and reducing 

capacity of the hematite may be eventually reduced over the long term, as a result of the higher 

energy (enhanced disorder) sites (initial component of ferrihydrite like disorder) in hematite being 
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gradually replaced by localized low energy magnetite surface sites or transduction within the bulk 

phase by delocalized electrons (Hansel et al., 2004). The reduced Fe(II) is possibly sequestered as 

localized spinel-like (magnetite, Fe3O4) domains within a hydrated surface layer of nano-scale 

disordered regions of ferrihydrite (~1nm thick), (Zachara et al., 2002; Hansel et al., 2004). 

Sequestration of Fe(III) in magnetite structures, which are non viable electron acceptors at 

circumneutral pH may also render the Fe(III) non-bioavailable (Hansel et al., 2004). All of these 

effects are long term observations on the reduction rate (12-16 days) (Hansel et al., 2004).  

Although our rates and observations are initial by nature, the higher rates of reduction of 

smaller nanoparticles may produce greater amounts of Fe(II) that accumulate as a magnetite like 

surface layer (Hansel et al., 2004), thereby passivating the surface of the smaller nanoparticles by 

making the reactive sites on the nanoparticles less available to sustained reduction. Our results 

show (Fig. 10) that there is a good correlation between the initial total Fe(II) concentrations and 

initial rates, indicating a possible control on observed initial reduction (mM Hr-1) rates by Fe(II) 

and hence may explain why the smaller nanoparticles show a decreasing trend in SA normalized 

reduction rates. Another control on the reduction rates may be the effect of biomineralization, and 

is discussed in the next section. 

 

Biomineralization as an influence on the rates 

According to Glasauer (2003b) DIRB mediate the formation of Fe mineral phases from the 

soluble Fe(II) produced by direct or indirect electron transfer processes, as proven by studies by 

Zachara et al., (2002). This biomineralization process strongly influences the thermodynamics, rate 
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and kinetics of the bioreduction reaction (Zachara et al., 2002). The secondary products may assist 

bioreduction by lowering or removing thermodynamic activity of reaction byproducts like Fe(II) or 

retard bioreduction by coating or passivating the residual Fe(III)-oxide or DMRB surface (Liu et 

al., 2001a; Liu et al., 2001b). Evidence suggests that cells can also act as templates for the 

nucleation of metal precipitates (Beveridge and Murray, 1976; Beveridge and Murray, 1980; 

Korenevsky et al., In Press) and is supported by various studies on laboratory and natural samples 

(Ferris et al., 1986; Ferris et al., 1987; Fortin et al., 1998; Langley and Beveridge, 1999). The 

subsequent mineral growth at the surface competes with mineral formation in the bulk solution 

(Glasauer et al., 2003b). The various geochemical and microbiological factors controlling the 

formation of the biogenic minerals are aqueous chemistry, electron donor and acceptor 

concentrations, extent of electron acceptor aging, adsorbed or co-precipitated ions and co-

associated crystalline Fe(III) oxides (Zachara et al., 2002). The formation of these biogenic 

minerals also depend on the rate at which Fe+2 is released from the Fe(III) phase and ultimately on 

the physiologic status of the cells (Glasauer et al., 2003b). Some reports indicate that HCO3
-1 and 

PO4
-3 can induce formation of surface precipitates (Urrutia et al., 1998; Zachara et al., 1998; Liu et 

al., 2001a; Roden, 2003), but others report that phosphate has no effect on the amount of biogenic 

Fe(II) produced or in the fraction in which Fe(II) was recovered (Royer et al., 2002b; Royer et al., 

2004). Other studies (Royer et al., 2002a; Royer et al., 2002b) have shown that initial bioreduction 

rates are controlled by rate of electron transfer to the minerals and long term reduction was limited 

by the mass transfer of Fe(II) away form the mineral/cell surfaces. The bioreduction reaction 

expressed in Equation 1, consumes protons and eventually after long term bioreduction elevates 

43 



 

the suspension pH, which promotes the formation of oxide, hydroxide, carbonate and phosphate 

minerals as biomineralization products (Zachara et al., 2002).  

Our assay medium was composed of lactate, PIPES, cells and mineral suspension, in order 

to keep the ionic strength of the solution to a minimum and limit secondary mineral formation. The 

experiment termination was relatively early (6 hrs) compared to the proposed longer time periods 

required for the Fe(II) mass transfer or biomineralization to control the reduction kinetics (Zachara 

et al., 1998; Glasauer et al., 2003a; Hansel et al., 2004; Royer et al., 2004). The absence of soluble 

phosphate (PO4
-3) in the bioreduction assay media, as well as the absence of any divergent needle 

like crystals (Glasauer et al., 2003a) or 5-10µm prismatic crystals (Zachara et al., 2002) removes 

vivianite [Fe3(PO4)2. 8H2O] from the possible secondary minerals. Green rust, a metastable 

precursor of magnetite and vivianite (Glasauer et al., 2003b) can form in the presence of PO4
-3 

(Zachara et al., 2002) in organic buffers, where PO4
-3 can inhibit magnetite formation. But no 

instances of electron dense hexagonal crystals of green rust were found in the bioreduced cell-

mineral associations. The absence of any significant coating of poorly crystallized phases on the 11 

nm or the 12 nm particles, remove the possible scenario of adsorbed Fe(II) rendering the cell 

surface cytochromes passive (Roden and Zachara, 1996; Urrutia et al., 1998). Biogenic magnetite 

crystallites <10nm can be produced only after a considerable period of bioreduction (Glasauer et 

al., 2003a) and generally exist as aggregates of nm-sized crystals (Zachara et al., 2002), which was 

not identified due to difficulty in getting selected area electron diffraction (SAED) from the 

nanoparticles. So, the only plausible effect on the observed reduced rates for smaller nanoparticles 

could have been from an initial surface hydrated later production and passivation of smaller 
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hematite nanoparticles or rapid biomineralization of magnetite, which seems nonviable due to the 

very quick termination of the reaction. 

Conclusions 

The present study for the first time relates hematite nanoparticle size to bioreduction rates 

by S. oneidensis MR-1. It also suggests that bacteria may invoke different mechanisms of electron 

transfer to the Fe(III) sites on mineral particles, depending upon the aggregation state. The 

conventional expectation that smaller nanoparticles will have increased rates of reduction due to 

increased crystalline disorder, and larger surface area to size ratios is not suggested and it is shown 

that reduction rates may depend on the electronic structure of the solids, the microheterogeneities, 

possible solubility decrease with size effects, and Fe(II) passivation of the mineral surface. The 

significance of the present study strengthens the need for more investigations to investigate the 

roles of the different mode of adhesion and other rate controlling factors in detail within similar 

mineralogy and across mineralogies. Investigations into whether different particle sizes prompt S. 

oneidensis MR-1 to synthesize new proteins, or activate different components of the electron 

transfer system in order to access Fe(III) sites in nanoparticles of the same crystallography but 

different morphology and exposed crystallographic face available for reduction are also in order. It 

would also be interesting to see whether the same trend in SA normalized reduction rates hold for 

other iron (oxy)hydroxides. 
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Tables 

Table 1 Characterization results of hematite nanoparticles. 

 

Ave. Particle Size 
(nm±std. dev) TEM morphology SABET 

(m2.g-1) 
XRD 

mineralogy Source 

11±2,(9~13) Pseudo-hexagonal 95.95 Hematite Synthetic, this 
study 

12±2, (10~14) Pseudo-hexagonal 61.87 Hematite Synthetic, this 
study 

30±4, (26~34) Rhombic 30.88 Hematite Synthetic, this 
study 

43±8, (35~51) Rhombic 32.04 Hematite Synthetic, this 
study 

99±22, (77~121) Pseudo-hexagonal to 
mostly irregular 9.03 Hematite Commercial, Fisher 

science 
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Table 2 Comparison of SA from this study and existing literature values. 

Size (nm) SA (m2 g-1) Method Reference 

11.0 109.0 BET (Liger et al., 1999) 

11.0 96.0 BET This study 

12.0 100.4 BET (Liu et al., 1999) 

12.0 61.9 BET This study 

25.0 62.0 TEM (geometric 

estimate) 

(Madden et al., 2006) 

30.0 30.9 BET This study 

36.7 30.0 BET (Madden and Hochella, 

2005) 

43.0 32.0 BET This study 

88.0 9.1 BET (Madden et al., 2006) 

99.0 9.0 BET This study 
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Table 3 Comparison of SABET and SAGeometric values. 

Size (nm) SABET (m2 g-1) SAGeometric (m2 g-1) 

11 96.0 163.3 

12 61.9 157.5 

30 30.9 32.2 

43 32.0 37.2 

99 9.0 40.0 
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Table 4 Results of comparison of the means of the particles size distributions using ANOVA.  

Means Comparisons 
a) Comparisons for each pair using Student's t 

t Alpha 
1.96502 0.05 

Abs(Dif)-LSD 99nm Hem 43nm Hem 30nm Hem 12nm Hem 11nm Hem
99nm Hem -0.0517 0.7776 1.1177 2.0371 2.1773
43nm Hem 0.7776 -0.0517 0.2884 1.2077 1.3480
30nm Hem 1.1177 0.2884 -0.0517 0.8676 1.0079
12nm Hem 2.0371 1.2077 0.8676 -0.0517 0.0885
11nm Hem 2.1773 1.3480 1.0079 0.0885 -0.0517
Positive values show pairs of means that are significantly different. 
 
Level      Mean
99nm Hem A         4.5765190
43nm Hem   B       3.7472033
30nm Hem     C     3.4070515
12nm Hem       D   2.4877238
11nm Hem         E 2.3474537
Levels not connected by same letter are significantly different 
 
b) Comparisons for all pairs using Tukey-Kramer HSD 

q* Alpha 
2.73842 0.05 

Abs(Dif)-LSD 99nm Hem 43nm Hem 30nm Hem 12nm Hem 11nm Hem
99nm Hem -0.0721 0.7572 1.0974 2.0167 2.1570
43nm Hem 0.7572 -0.0721 0.2680 1.1874 1.3276
30nm Hem 1.0974 0.2680 -0.0721 0.8472 0.9875
12nm Hem 2.0167 1.1874 0.8472 -0.0721 0.0682
11nm Hem 2.1570 1.3276 0.9875 0.0682 -0.0721
Positive values show pairs of means that are significantly different. 
 
Level      Mean
99nm Hem A         4.5765190
43nm Hem   B       3.7472033
30nm Hem     C     3.4070515
12nm Hem       D   2.4877238
11nm Hem         E 2.3474537
Levels not connected by same letter are significantly different 
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Table 5 Results from least squares linear regression analyses and SA normalized rates. 
Pa

rt
ic

le
 S

iz
e 

(n
m

) 

±1
 S

td
 D

ev
(n

m
) 

Eq
ua

tio
n 

 fr
om

 li
ne

ar
 

re
gr

es
si

on
  

In
iti

al
 [F

e+
2]

, m
M

 
at

 t=
0 

or
 in

te
rc

ep
t 

±S
td

. e
rr

or
 o

f 
in

te
rc

ep
t 

Sl
op

e 
of

 li
ne

 o
r 

ap
pa

re
nt

 in
iti

al
 ra

te
( 

r',
 m

M
/h

r)
 a

t t
=

0 

±S
td

. e
rr

or
 o

f s
lo

pe
 

BE
T 

S.
A.

(m
^2

/g
) 

S.
A.

 n
or

m
al

iz
ed

 ra
te

 
(r

, m
M

*g
/m

^2
*h

r)
 

SA
 n

or
m

al
iz

ed
 st

d.
 

er
ro

r o
f s

lo
pe

 

%
 in

cr
ea

se
 in

 [t
ot

al
 

Fe
(I

I)
] o

ve
r 6

 h
rs

 

%
 o

f t
ot

al
 F

e(
II

I)
 

av
ai

la
bl

e 
fr

om
 H

em
 

re
du

ce
d 

af
te

r 6
hr

s 

11 2 y = 0.0610579 + 0.0171579 x 0.0611 0.0057 0.0172 0.0013 96 0.0002 0.00001 164 0.06 
12 2 y = 0.0974606 + 0.0263667 x 0.0975 0.0066 0.0264 0.0015 62 0.0004 0.00002 166 0.07 
30 4 y = 0.0457444 + 0.0085833 x 0.0457 0.0035 0.0086 0.0008 31 0.0003 0.00003 110 0.01 
43 8 y = 0.0416217 + 0.0075543 x 0.0416 0.0029 0.0076 0.0006 32 0.0002 0.00002 97 0.01 

99 22 y = 0.03484 + 0.0103 x 0.0348 0.0032 0.0103 0.0008 9 0.0011 0.00008 171 0.004 
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Figures 

 

  

Figure 1. XRD patterns for (a) 99 nm, (b) 43 nm, (c) 30 nm, (d) 12 nm, (e) 11 nm (average 
particle size) hematite nanoparticles. a, b, c, d, e have been plotted in the same intensity scale to 
show differences in peak width and intensity. The patterns were matched with the reference 
pattern of hematite (PDF No. 33-0664, from ICD PDF-2, 2004 release), shown as solid lines at 
the bottom.
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Figure 2. Sca
(c) 30 nm, (d
and c) repres
were scanned
filtering to sh
be better seen
particles.
                 

                 
nned images of TEM negatives of hematite nanoparticles with (a) 11 nm, (b) 12 nm, 
) 43 nm, and (e) 99 nm average particle sizes. Scale bars in a) represent 131 nm, b) 
ent 79 nm, d) represent 54 nm and e) represent 368 nm. The bright field negatives 
, their tonal range was adjusted and then they were subjected to high pass band 
ow the edges better. Boxes in a), b) show areas where the psuedohexagonal shape can 
. Arrows in c) and d) show rhombohedral shapes and in e) show psuedohexagonal 
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Figure 3. Size distribution histograms generated from (n=25~90) TEM micrographs, and 
corresponding normal fit to data (red lines), compared at the same scale. Assumption fo the 
central limit theorem, and fitting of a normal curve to the size distribution histograms give 
mean±std. dev of (a) 11±2 (9-13) nm, (b) 12±2 (10-14) nm, (c) 30±4 (26-34) nm, (d) 43±8 (35-
51) nm, (e) 99±22 (77~121) nm.
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Figure 4. Results from one way analysis of variance (ANOVA) of the log transformed TEM 
particle size distributions of the hematite nanoparticles. The extreme right plot shows that the 
particle sizes are not strictly normally distributed as seen from the cluster of the points around the 
straight line. The steep slopes of the lines show that the distributions have large variances, the low 
differences in slopes of the 11, 12 nm and the 30, 43 nm distributions indicate that the variances 
are almost equal and the vertical separation of the lines at the middle shows that the means are 
different from each other. The next two plots from right show that the means are significantly 
different as seen from each pair student’s t-test and all pairs Tukey-Kramer HSD test. It is evident 
from the vertical differences in the comparison circles whose center is the group mean and the radii 
is proportional to the uncertainties in the means. The first plot form the left shows that after log 
transformation of the data, the variances are approximately homogenous between distributions. 
The log transformation of the data was done to meet the conditions for ANOVA. Results are 
shown in Table 4. 
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Figure 5. Correlation of SABET values (this study) vs. SA of hematite nanoparticles from 
literature (literature references shown in Table 2). 
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Figure 6. Comparison of different particle sizes using the method of initial rates. 0.5 N HCl 
extractable [Fe+2] total, (mM) vs. time (Hrs) showing first order rates of Fe(II) production from 2 
o 6 hrs. All experiments contained 17 mM PIPES and 10mM lactate. The controls contained 30 

mM PIPES instead of cells and 10 mM lactate. Solid lines represent linear regression analysis of 
the data, which have been extended to t=0. Equations and r2 values determined from linear 
regression analysis. Each time point has n= 3-6 measurements for each particle size. Error bars 
not visible are smaller than symbols. The cell free controls were measured in duplicate and are 
shown at the right hand bottom corner. We assume that there is no error in X-values, all 
uncertainty is in Y-values. X-error bars=none, Y-error bars=±std error of slope of the regression 
line fits. The linear regression fits produced r2 >0.9 and P values of <0.0001, and randomly 
distributed residuals.  
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SA normalized rates vs. particle size
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Figure 7. Initial rates are results of linear least squares regression analysis of total Fe(II) versus 
time data for triplicate 3ml cultures for each particle size at each timepoint. SABET normalized 
rates (mM g m-2 Hr-1) vs. time (Hrs) plot. Surface area normalized rates were derived by dividing 
the initial rates by the corresponding SABET. Error bars not visible are smaller than symbols. X-
error bars=1 standard deviation of the particle size, Y-error bars=SABET normalized std. error of 
the slopes of linear regression fit to total Fe(II) versus time data. 
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Log of SA normalize rates vs. particle size
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Figure 8. Relationship between the log of SABET normalized rate (mM g m-2 Hr-1) vs. average 
particle size (nm) plot shows that particles of similar shape, but varying in size down to 11 nm, 
show one order of magnitude difference in rates. Error bars not visible are smaller than symbols. 
X-error bars=1 standard deviation of the particle size, Y-error bars= log of SABET normalized std. 
error of the slopes of linear regression fit to total Fe(II) versus time data. 
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Figure 9. Linear fit of log of SABET normalized rate (mM g m-2 Hr-1) vs. log of average particle 
size (nm) plot. 
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Figure 11. TEM micrographs of whole mount samples of S. oneidensis MR-1 incubated for 6 hrs 
with 11 nm pseudo-hexagonal hematite nanoparticles (cell density = 2*108 cells mL-1, pH = 7). 
(a), (b) and (c) show particles forming aggregates and contacting cells at discrete places at the 
cell wall. 
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Figure 12. TEM micrographs of whole mount samples of S. oneidensis MR-1 incubated for 6 hrs 
with a) 12 nm, b) 30 nm, c) 43 nm, d) 99 nm pseudo-hexagonal hematite nanoparticles (cell 
density = 2*108 cells mL-1, pH = 7). Particles show similar kind of aggregation behavior and 
discrete, point contact similar to 11 nm particles. 

- 62 - 



 

References 

Abboud, R., Popa, R., Souza-Egipsy, V., Giometti, C. S., Tollaksen, S., Mosher, J. J., Findlay, R. 
H., and Nealson, K. H., 2005. Low-temperature growth of Shewanella oneidensis MR-1. 
Applied and Environmental Microbiology 71, 811-816. 

Alivisatos, A. P., 1996. Perspectives on the physical chemistry of semiconductor nanocrystals. 
Journal of Physical Chemistry 100, 13226-13239. 

Anderson, R. T. and Lovley, D. R., 1999. Naphthalene and Benzene Degradation under Fe(III)-
Reducing Conditions in Petroleum-Contaminated Aquifers. Bioremediation Journal 3, 121-
135. 

Anschutz, A. J. and Penn, R. L., 2005. Reduction of crystalline iron(III) oxyhydroxides using 
hydroquinone: Influence of phase and particle size. Geochemical Transactions 6, 60-66. 

Arnold, R. G., Dichristina, T. J., and Hoffmann, M. R., 1986. Inhibitor studies of dissimilative 
Fe(III) reduction by Pseudomonas sp. strain 200 ("Pseudomonas ferrireductans"). Applied 
and Environmental Microbiology 52, 281-289. 

Arnold, R. G., Hoffmann, M. R., Dichristina, T. J., and Picardal, F. W., 1990. Regulation of 
dissimilatory Fe(III) reduction activity in Shewanella putrefaciens. Applied and 
Environmental Microbiology 56, 2811-2817. 

Baes, C. F. and Mesmer, R. E., 1976. The Hydrolysis of Cations. Wiley. 
Behrends, T. and Van Cappellen, P., 2005. Competition between enzymatic and abiotic reduction 

of uranium(VI) under iron reducing conditions. Chemical Geology 220, 315-327. 
Beliaev, A. S. and Saffarini, D. A., 1998. Shewanella putrefaciens mtrB encodes an outer 

membrane protein required for Fe(III) and Mn(IV) reduction. Journal Of Bacteriology 180, 
6292-6297. 

Beliaev, A. S., Saffarini, D. A., Mclaughlin, J. L., and Hunnicutt, D., 2001. MtrC, an outer 
membrane decahaem c cytochrome required for metal reduction in Shewanella putrefaciens 
MR-1. Molecular Microbiology 39, 722-730. 

Bell, A. T., 2003. The impact of nanoscience on heterogeneous catalysis. Science 299, 1688-1691. 
Benz, M., Schink, B., and Brune, A., 1998. Humic Acid Reduction by Propionibacterium 

freudenreichii and Other Fermenting Bacteria. Applied and Environmental Microbiology 
64, 4507-4512. 

Beveridge, T. J. and Murray, R. G., 1976. Uptake and retention of metals by cell walls of Bacillus 
subtilis. Journal Of Bacteriology 127, 1502-1518. 

Beveridge, T. J. and Murray, R. G., 1980. Sites of metal deposition in the cell wall of Bacillus 
subtilis. Journal Of Bacteriology 141, 876-887. 

Bonneville, S., Behrends, T., Cappellen, P. V., Hyacinthe, C., and Roling, W. F. M., 2006. 
Reduction of Fe(III) colloids by Shewanella putrefaciens: A kinetic model. Geochimica Et 
Cosmochimica Acta 70, 5842-5854. 

- 63 - 



 

Bonneville, S., Van Cappellen, P., and Behrends, T., 2004. Microbial reduction of iron(III) 
oxyhydroxides: effects of mineral solubility and availability. Chemical Geology 212, 255-
268. 

Caccavo, F., Blakemore, R. P., and Lovley, D. R., 1992. A Hydrogen-Oxidizing, Fe(Iii)-Reducing 
Microorganism from the Great Bay Estuary, New-Hampshire. Applied and Environmental 
Microbiology 58, 3211-3216. 

Caccavo, F., Jr., 1999. Protein-Mediated Adhesion of the Dissimilatory Fe(III)-Reducing 
Bacterium Shewanella alga BrY to Hydrous Ferric Oxide. Applied and Environmental 
Microbiology 65, 5017-5022. 

Caccavo, F., Jr., Schamberger, P. C., Keiding, K., and Nielsen, P. H., 1997. Role of 
Hydrophobicity in Adhesion of the Dissimilatory Fe(III)-Reducing Bacterium Shewanella 
alga to Amorphous Fe(III) Oxide. Applied and Environmental Microbiology 63, 3837-
3843. 

Campbell, K. M., Malasarn, D., Saltikov, C. W., Newman, D. K., and Hering, J. G., 2006. 
Simultaneous Microbial Reduction of Iron(III) and Arsenic(V) in Suspensions of Hydrous 
Ferric Oxide. Environmental Science & Technology 40, 5950-5955. 

Claessens, J., Behrends, T., and Van Cappellen, P., 2004. What do acid-base titrations of live 
bacteria tell us? A preliminary assessment. Aquatic Sciences 66, 19-26. 

Claessens, J., Van Lith, Y., Laverman, A. M., and Van Cappellen, P., 2006. Acid-base activity of 
live bacteria: Implications for quantifying cell wall charge. Geochimica Et Cosmochimica 
Acta 70, 267-276. 

Coates, J. D., Ellis, D. J., Blunt-Harris, E. L., Gaw, C. V., Roden, E. E., and Lovley, D. R., 1998. 
Recovery of Humic-Reducing Bacteria from a Diversity of Environments. Applied and 
Environmental Microbiology 64, 1504-1509. 

Cummings, D. E., Caccavo, F., Jr., Fendorf, S., and Rosenzweig, R. F., 1999. Arsenic mobilization 
by the dissimilatory Fe(III)-reducing bacterium Shewanella alga BrY. Environmental 
Science and Technology 33, 723-729. 

Dichristina, T. J., Moore, C. M., and Haller, C. A., 2002. Dissimilatory Fe(III) and Mn(IV) 
reduction by Shewanella putrefaciens requires ferE, a homolog of the pulE (gspE) type II 
protein secretion gene. Journal Of Bacteriology 184, 142-151. 

Fendorf, S., Wielinga, B. W., and Hansel, C. M., 2000. Chromium transformations in natural 
environments: The role of biological and abiological processes in Chromium(VI) reduction. 
International Geology Review 42, 691-701. 

Ferris, F. G., Beveridge, T. J., and Fyfe, W. S., 1986. Iron- silica crystallite nucleation by bacteria 
in at geothermal sediment. Nature 320, 609-611. 

Ferris, F. G., Fyfe, W. S., and Beveridge, T. J., 1987. Bacteria as nucleation sites for authigenic 
minerals in a metal-contaminated lake sediment. Chemical Geology 63, 225-232. 

64 



 

Fortin, D., Ferris, F. G., and Scott, S. D., 1998. Formation of Fe-silicates and Fe-oxides on 
bacterial surfaces in samples collected near hydrothermal vents on the Southern Explorer 
Ridge in the northeast Pacific Ocean. American Mineralogist 83, 1399-1408. 

Fredrickson, J. K., Zachara, J. M., Kennedy, D. W., Dong, H. L., Onstott, T. C., Hinman, N. W., 
and Li, S. M., 1998. Biogenic iron mineralization accompanying the dissimilatory 
reduction of hydrous ferric oxide by a groundwater bacterium. Geochimica Et 
Cosmochimica Acta 62, 3239-3257. 

Fredrickson, J. K., Zachara, J. M., Kennedy, D. W., Duff, M. C., Gorby, Y. A., Li, S.-M. W., and 
Krupka, K. M., 2000. Reduction of U(VI) in goethite ([alpha]-FeOOH) suspensions by a 
dissimilatory metal-reducing bacterium. Geochimica Et Cosmochimica Acta 64, 3085-
3098. 

Gilbert, B. and Banfield, J. F., 2005. Molecular-Scale Processes Involving Nanoparticulate 
Minerals in Biogeochemical Systems. Review in Mineralogy and Geochemistry 59, 109-
155. 

Glasauer, S., Langley, S., and Beveridge, T. J., 2001. Sorption of Fe (hydr)oxides to the surface of 
Shewanella putrefaciens: Cell-bound fine-grained minerals are not always formed de novo. 
Applied and Environmental Microbiology 67, 5544-5550. 

Glasauer, S., P., W. G., S., L., and Beveridge, T. J., 2003a. Controls on Fe reduction and mineral 
formation by subsurface bacterium. Geochim. Cosmochim. Acta 67, 1277-1288. 

Glasauer, S., Weidler, P. G., Langley, S., and Beveridge, T. J., 2003b. Controls on Fe reduction 
and mineral formation by a subsurface bacterium. Geochimica Et Cosmochimica Acta 67, 
1277-1288. 

Gorby, Y. A., Yanina, S., Mclean, J. S., Rosso, K. M., Moyles, D., Dohnalkova, A., Beveridge, T. 
J., Chang, I. S., Kim, B. H., Kim, K. S., Culley, D. E., Reed, S. B., Romine, M. F., 
Saffarini, D. A., Hill, E. A., Shi, L., Elias, D. A., Kennedy, D. W., Pinchuk, G., Watanabe, 
K., Ishii, S., Logan, B., Nealson, K. H., and Fredrickson, J. K., 2006. Electrically 
conductive bacterial nanowires produced by Shewanella oneidensis strain MR-1 and other 
microorganisms. Proceedings of the National Academy of Sciences of the United States of 
America 103, 11358-11363. 

Guo, J., 2004 Synchrotron radiation, soft-X-ray spectroscopy and nanomaterials. International 
Journal of  Nanotechnology 1, 193–225. 

Haas, J. R., Dichristina, T. J., and Wade, R., 2001. Thermodynamics of U(VI) sorption onto 
Shewanella putrefaciens. Chemical Geology 180, 33-54. 

Hansel, C. M., Benner, S. G., Neiss, J., Dohnalkova, A., Kukkadapu, R. K., and Fendorf, S., 2003. 
Secondary mineralization pathways induced by dissimilatory iron reduction of ferrihydrite 
under advective flow. Geochimica Et Cosmochimica Acta 67, 2977-2992. 

Hansel, C. M., Benner, S. G., Nico, P., and Fendorf, S., 2004. Structural constraints of ferric 
(hydr)oxides on dissimilatory iron reduction and the fate of Fe(II). Geochimica Et 
Cosmochimica Acta 68, 3217-3229. 

65 



 

Hernandez, M. E., Kappler, A., and Newman, D. K., 2004. Phenazines and other redox-active 
antibiotics promote microbial mineral reduction. Applied and Environmental Microbiology 
70, 921-928. 

Hochella, M. F. and Madden, A. S., 2005. Earth's nano-compartment for toxic metals. Elements 1, 
199-203. 

Hyacinthe, C., Bonneville, S., and Van Cappellen, P., 2006. Reactive iron(III) in sediments: 
Chemical versus microbial extractions. Geochimica Et Cosmochimica Acta 70, 4166-4180. 

Kerisit, S. and Rosso, K. M., 2006. Computer simulation of charge transfer at hematite surfaces. 
Geochimica Et Cosmochimica Acta 70, 1888-1903. 

Kieft, T. L., Fredrickson, J. K., Onstott, T. C., Gorby, Y. A., Kostandarithes, H. M., Bailey, T. J., 
Kennedy, D. W., Li, S. W., Plymale, A. E., Spadoni, C. M., and Gray, M. S., 1999. 
Dissimilatory reduction of Fe(III) and other electron acceptors by a Thermus isolate. 
Applied and Environmental Microbiology 65, 1214-1221. 

Kim, C. S., Banfield, J. F., and Waychunas, G. A., 2004. Unique reactivity and speciation of heavy 
metals on goethite nanoparticles. Abstracts of Papers of the American Chemical Society 
227, U1206-U1206. 

Kondepudi, D. K. and Prigogine, I., 2005.  Modern Thermodynamics: From Heat Engines to 
Dissipative Structures. John Wiley & Sons Canada, Ltd. 

Korenevsky, A. A., S. Glasauer, A., and Beveridge., T. J., In Press. Biomineralization by bacteria. 
In: Bitton, G. (Ed.), Encyclopedia of environmental microbiology. John Wiley and Sons, 
Inc., New York, N.Y. 

Kukkadapu, R. K., Zachara, J. M., Fredrickson, J. K., Kennedy, D. W., Dohnalkova, A. C., and 
Mccready, D. E., 2005. Ferrous hydroxy carbonate is a stable transformation product of 
biogenic magnetite. American Mineralogist 90, 510-515. 

Langley, S. and Beveridge, T. J., 1999. Effect of O-side-chain-lipopolysaccharide chemistry on 
metal binding. Applied and Environmental Microbiology 65, 489-498. 

Langmuir, D., 1969. The Gibbs free energies of substrates in the system Fe-O2-H2O-CO2 at 25C 
Prof. Paper. 650-B,  U.S. Geol. Surv, B180— B184. 

Larsen, O. and Postma, D., 2001. Kinetics of reductive bulk dissolution of lepidocrocite, 
ferrihydrite, and goethite. Geochimica Et Cosmochimica Acta 65, 1367-1379. 

Lies, D. P., Hernandez, M. E., Kappler, A., Mielke, R. E., Gralnick, J. A., and Newman, D. K., 
2005. Shewanella oneidensis MR-1 Uses Overlapping Pathways for Iron Reduction at a 
Distance and by Direct Contact under Conditions Relevant for Biofilms. Applied and 
Environmental Microbiology 71, 4414-4426. 

Liger, E., Charlet, L., and Van Cappellen, P., 1999. Surface catalysis of uranium(VI) reduction by 
iron(II). Geochimica Et Cosmochimica Acta 63, 2939-2955. 

Liu, C. G., Zachara, J. M., Gorby, Y. A., Szecsody, J. E., and Brown, C. F., 2001a. Microbial 
reduction of Fe(III) and sorption/precipitation of Fe(II) on Shewanella putrefaciens strain 
CN32. Environmental Science & Technology 35, 1385-1393. 

66 



 

Liu, C. X., Kota, S., Zachara, J. M., Fredrickson, J. K., and Brinkman, C. K., 2001b. Kinetic 
analysis of the bacterial reduction of goethite. Environmental Science & Technology 35, 
2482-2490. 

Liu, X., Ding, J., and Wang, J., 1999. An α–Fe2O3 powder of nanosized particles via precursor 
dispersion. Journal of Materials Research 14, 3355-3362. 

Lovley, D. R., 2000. Environmental Microbe-Metal Interactions. ASM Press, Washington D.C. 
Lovley, D. R. and Coates, J. D., 1997. Bioremediation of metal contamination. Current Opinion in 

Biotechnology 8, 285-289. 
Lovley, D. R., Coates, J. D., Blunt-Harris, E. L., Phillips, E. J. P., and Woodward, J. C., 1996. 

Humic substances as electron acceptors for microbial respiration. Nature 382, 445-448. 
Lovley, D. R., Fraga, J. L., Coates, J. D., and Blunt-Harris, E. L., 1999. Humics as an electron 

donor for anaerobic respiration. Environmental Microbiology 1, 89-98. 
Lovley, D. R., Giovannoni, S. J., White, D. C., Champine, J. E., Phillips, E. J., Gorby, Y. A., and 

Goodwin, S., 1993. Geobacter metallireducens gen. nov. sp. nov., a microorganism capable 
of coupling the complete oxidation of organic compounds to the reduction of iron and other 
metals. Archives Of Microbiology 159, 336-344. 

Lovley, D. R. and Phillips, E. J. P., 1988. Novel Mode of Microbial Energy-Metabolism - Organic-
Carbon Oxidation Coupled to Dissimilatory Reduction of Iron or Manganese. Applied and 
Environmental Microbiology 54, 1472-1480. 

Lovley, D. R., Phillips, E. J. P., and Lonergan, D. J., 1989. Hydrogen and Formate Oxidation 
Coupled to Dissimilatory Reduction of Iron or Manganese by Alteromonas-Putrefaciens. 
Applied and Environmental Microbiology 55, 700-706. 

Lovley, D. R. and Woodward, J. C., 1996. Mechanisms for chelator stimulation of microbial 
Fe(III)-oxide reduction. Chemical Geology 132, 19-24. 

Lower, S. K., Hochella, M. F., and Beveridge, T. J., 2001. Bacterial recognition of mineral 
surfaces: Nanoscale interactions between Shewanella and alpha-FeOOH. Science 292, 
1360-1363. 

Madden, A. S., Hochella, J. M. F., and Luxton, T. P., 2006. Insights for size-dependent reactivity 
of hematite nanomineral surfaces through Cu2+ sorption. Geochimica Et Cosmochimica 
Acta 70, 4095-4104. 

Madden, A. S. and Hochella, M. F., 2005. A test of geochemical reactivity as a function of mineral 
size: Manganese oxidation promoted by hematite nanoparticles. Geochimica Et 
Cosmochimica Acta 69, 389-398. 

Madigan, M. T., J.M. Martinko, and J. Parker, 2003. Brock Biology of Microorganisms. Prentice-
Hall, Upper Saddle River, NJ. 

Marshall, K. C., 1986. Adsorption and adhesion processes in microbial growth at interfaces. 
Advances in Colloid and Interface Science 25, 59-86. 

67 



 

Mccormick, M. L., Bouwer, E. J., and Adriaens, P., 2002. Carbon tetrachloride transformation in a 
model iron-reducing culture: Relative kinetics of biotic and abiotic reactions. 
Environmental Science and Technology 36, 403-410. 

Moser, D. P. and Nealson, K. H., 1996. Growth of the facultative anaerobe Shewanella 
putrefaciens by elemental sulfur reduction. Applied and Environmental Microbiology 62, 
2100-2105. 

Myers, C. R. and Myers, J. M., 1992. Localization of cytochromes to the outer membrane of 
anaerobically grown Shewanella putrefaciens MR-1. Journal Of Bacteriology 174, 3429-
3438. 

Myers, C. R. and Myers, J. M., 1993. Ferric reductase is associated with the membranes of 
anaerobically grown Shewanella putrefaciens MR-1. FEMS Microbiology Letters 108, 15-
22. 

Myers, C. R. and Myers, J. M., 1994. Ferric iron reduction-linked growth yields of Shewanella 
putrefaciens MR-1. The Journal of Applied Bacteriology 76, 253-258. 

Myers, C. R. and Myers, J. M., 2003. Cell surface exposure of the outer membrane cytochromes of 
Shewanella oneidensis MR-1. Letters in Applied Microbiology 37, 254-258. 

Myers, C. R. and Nealson, K. H., 1988. Bacterial Manganese Reduction and Growth with 
Manganese Oxide as the Sole Electron-Acceptor. Science 240, 1319-1321. 

Myers, J. M. and Myers, C. R., 2001. Role for outer membrane cytochromes OmcA and OmcB of 
Shewanella putrefaciens MR-1 in reduction of manganese dioxide. Applied and 
Environmental Microbiology 67, 260-269. 

Navrotsky, A., 2001. Thermochemistry of Nanomaterials. In: Banfield, J. F. and Navrotsky, A. 
Eds.), Nanoparticles and the environment. Mineralogical Society of America. 

Neal, A. L., Bank, T. L., Jr., M. F. H., and Rosso, K. M., 2005. Cell adhesion of Shewanella 
oneidensis to iron oxide minerals: Effect of different single crystal faces. Geochemical 
Transactions 6, 77-84. 

Neal, A. L., Rosso, K. M., Geesey, G. G., Gorby, Y. A., and Little, B. J., 2003. Surface structure 
effects on direct reduction of iron oxides by Shewanella oneidensis. Geochimica Et 
Cosmochimica Acta 67, 4489-4503. 

Newman, D. K., Kennedy, E. K., Coates, J. D., Ahmann, D., Ellis, D. J., Lovley, D. R., and Morel, 
F. M., 1997. Dissimilatory arsenate and sulfate reduction in Desulfotomaculum 
auripigmentum sp. nov. Archives Of Microbiology 168, 380-388. 

Newman, D. K. and Kolter, R., 2000. A role for excreted quinones in extracellular electron 
transfer. Nature 405, 94-97. 

Obuekwe, C. O. and Westlake, D. W., 1982. Effects of medium composition on cell pigmentation, 
cytochrome content, and ferric iron reduction in a Pseudomonas sp. isolated from crude oil. 
Canadian Journal Of Microbiology 28, 989-992. 

Parikh, S. J. and Chorover, J., 2006. ATR-FTIR Spectroscopy Reveals Bond Formation During 
Bacterial Adhesion to Iron Oxide. Langmuir 22, 8492-8500. 

68 



 

Penn, R. L., Anschutz, A. J., Jentzsch, T., and Erbs, J., 2005. Reactivity of ferrihydrite 
nanoparticles prepared with and without added carbonate, arsenate, and other oxoanions. 
Geochimica Et Cosmochimica Acta 69, A515-A515. 

Reguera, G., Mccarthy, K. D., Mehta, T., Nicoll, J. S., Touminen, M. T., and Lovley, D. R., 2005. 
Extracellular electron transfer via microbial nanowires. Nature 435, 1098-1101. 

Rimstidt, J. D., 1993. Measurement and analysis of rate data: The rate of reaction of ferric iron 
with pyrite. Geochimica Et Cosmochimica Acta 57, 1919-1934. 

Rimstidt, J. D. and Newcomb, W. D., 1993. Measurement and Analysis of Rate Data - the Rate of 
Reaction of Ferric Iron with Pyrite. Geochimica Et Cosmochimica Acta 57, 1919-1934. 

Roden, E. E., 2003. Fe(III) oxide reactivity toward biological versus chemical reduction. 
Environmental Science & Technology 37, 1319-1324. 

Roden, E. E., 2004. Analysis of long-term bacterial vs. chemical Fe(III) oxide reduction kinetics. 
Geochimica Et Cosmochimica Acta 68, 3205-3216. 

Roden, E. E. and Zachara, J. M., 1996. Microbial reduction of crystalline iron(III) oxides: 
Influence of oxide surface area and potential for cell growth. Environmental Science & 
Technology 30, 1618-1628. 

Rodriguez, J. A., Chaturvedi, S., Kuhn, M., and Hrbek, J., 1998. Reaction of H2S and S-2 with 
metal/oxide surfaces: Band-gap size and chemical reactivity. Journal of Physical Chemistry 
B 102, 5511-5519. 

Rosso, K. M., Zachara, J. M., Fredrickson, J. K., Gorby, Y. A., and Smith, S. C., 2003. Nonlocal 
bacterial electron transfer to hematite surfaces. Geochimica Et Cosmochimica Acta 67, 
1081-1087. 

Royer, R. A., Burgos, W. D., Fisher, A. S., Jeon, B. H., Unz, R. F., and Dempsey, B. A., 2002a. 
Enhancement of hematite bioreduction by natural organic matter. Environmental Science & 
Technology 36, 2897-2904. 

Royer, R. A., Burgos, W. D., Fisher, A. S., Unz, R. F., and Dempsey, B. A., 2002b. Enhancement 
of biological reduction of hematite by electron shuttling and Fe(II) complexation. 
Environmental Science & Technology 36, 1939-1946. 

Royer, R. A., Dempsey, B. A., Jeon, B. H., and Burgos, W. D., 2004. Inhibition of Biological 
Reductive Dissolution of Hematite by Ferrous Iron. Environmental Science & Technology 
38, 187-193. 

Sall, J., Creighton, L., and Lehman, A., 2005. JMP start statistics - A guide to statistics and data 
analysis Using JMP and JMP IN software. International Thomson Publishing. 

Schwertmann, R. M. C. A. U., 1996. The Iron Oxides: Structure, Properties, Reactions, 
Occurences and Uses. VCH. 

Schwertmann, R. M. C. A. U., 2000. Iron oxides in the laboratory. Wiley-VCH. 

69 



 

Scott, D. T., Mcknight, D. M., Blunt-Harris, E. L., Kolesar, S. E., and Lovley, D. R., 1998. 
Quinone moieties act as electron acceptors in the reduction of humic substances by humics-
reducing microorganisms. Environmental Science & Technology 32, 2984-2989. 

Sparks, D. L., 2005. Toxic metals in the environment: The role of surfaces. Elements 1, 193-197. 
Stone, A. T. and Ulrich, H. J., 1989. Kinetics and Reaction Stoichiometry in the Reductive 

Dissolution of Manganese(Iv) Dioxide and Co(Iii) Oxide by Hydroquinone. Journal of 
Colloid and Interface Science 132, 509-522. 

Stookey, L. L., 1970. Ferrozine-a new spectrophotometric reagent for iron. Analytical Chemistry 
42, 779-781. 

Stumm, W. and Morgan, J., 1996 Aquatic chemistry: Chemical Equilibria and Rates in Natural 
Waters. . Wiley, NY. 

Tang, R., Orme, C. A., and Nancollas, G. H., 2004. Dissolution of Crystallites: Surface Energetic 
Control and Size Effects. ChemPhysChem 5, 688-696. 

Tang, Y. J. J., Laidlaw, D., Gani, K., and Keasling, J. D., 2006. Evaluation of the effects of various 
culture conditions on Cr(VI) reduction by Shewanella oneidensis MR-1 in a novel high-
throughput mini-bioreactor. Biotechnology and Bioengineering 95, 176-184. 

Urrutia, M. M., Roden, E. E., Fredrickson, J. K., and Zachara, J. M., 1998. Microbial and surface 
chemistry controls on reduction of synthetic Fe(III) oxide minerals by the dissimilatory 
iron-reducing bacterium Shewanella alga. Geomicrobiology Journal 15, 269-291. 

Urrutia, M. M., Roden, E. E., and Zachara, J. M., 1999. Influence of aqueous and solid-phase 
Fe(II) complexants on microbial reduction of crystalline iron(II) oxides. Environmental 
Science and Technology 33, 4022-4028. 

Venkateswaran, K., Moser, D. P., Dollhopf, M. E., Lies, D. P., Saffarini, D. A., Macgregor, B. J., 
Ringelberg, D. B., White, D. C., Nishijima, M., Sano, H., Burghardt, J., Stackebrandt, E., 
and Nealson, K. H., 1999. Polyphasic taxonomy of the genus Shewanella and description 
of Shewanella oneidensis sp. nov. International Journal of Systematic Bacteriology 49, 
705-724. 

Viamajala, S., Peyton, B. M., Apel, W. A., and Petersen, J. N., 2002. Chromate/nitrite interactions 
in Shewanella oneidensis MR-1: Evidence for multiple hexavalent chromium [Cr(VI)] 
reduction mechanisms dependent on physiological growth conditions. Biotechnology and 
Bioengineering 78, 770-778. 

Viamajala, S., Peyton, B. M., Sani, R. K., Apel, W. A., and Petersen, J. N., 2004. Toxic effects of 
chromium(VI) on anaerobic and aerobic growth of Shewanella oneidensis MR-1. 
Biotechnology Progress 20, 87-95. 

Wadejr, R. and Dichristina, T. J., 2000. Isolation of U(VI) reduction-deficient mutants of 
Shewanella putrefaciens. FEMS Microbiology Letters 184, 143-148. 

Wang, C. Y., Bottcher, C., Bahnemann, D. W., and Dohrmann, J. K., 2003. A comparative study 
of nanometer sized Fe(III)-doped TiO2 photocatalysts: synthesis, characterization and 
activity. Journal of Materials Chemistry 13, 2322-2329. 

70 



 

Waychunas, G., 2001. Structure, aggregation, and characterization of nanomaterials. In: Banfield, 
J. F. and Navrotsky, A. Eds.), Nanoparticles and the Environment. Mineralogical Society 
of America. 

Whitman, W. B., Coleman, D. C., and Wiebe, W. J., 1998. Prokaryotes: The unseen majority. 
Proceedings of the National Academy of Sciences of the United States of America 95, 6578-
6583. 

Wielinga, B., Mizuba, M. M., Hansel, C. M., and Fendorf, S., 2001. Iron promoted reduction of 
chromate by dissimilatory iron-reducing bacteria. Environmental Science & Technology 
35, 522-527. 

Wigginton, N. S., Rosso, K. M., Lower, B. H., Shi, L., and Jr., M. F. H., In Press. Electron 
tunneling properties of outer-membrane decaheme cytochromes from Shewanella 
oneidensis. Geochimica Et Cosmochimica Acta. 

Xiong, Y., Shi, L., Chen, B., Mayer, M. U., Lower, B. H., Londer, Y., Bose, S., Hochella, M. F., 
Fredrickson, J. K., and Squier, T. C., 2006. High-Affinity Binding and Direct Electron 
Transfer to Solid Metals by the Shewanella oneidensis MR-1 Outer Membrane c-type 
Cytochrome OmcA. Journal of the American Chemical Society (communications). 

Zachara, J. M., Fredrickson, J. K., Li, S. M., Kennedy, D. W., Smith, S. C., and Gassman, P. L., 
1998. Bacterial reduction of crystalline Fe3+ oxides in single phase suspensions and 
subsurface materials. American Mineralogist 83, 1426-1443. 

Zachara, J. M., Fredrickson, J. K., Smith, S. C., and Gassman, P. L., 2001. Solubilization of Fe(III) 
oxide-bound trace metals by a dissimilatory Fe(III) reducing bacterium. Geochimica Et 
Cosmochimica Acta 65, 75-93. 

Zachara, J. M., Kukkadapu, R. K., Fredrickson, J. K., Gorby, Y. A., and Smith, S. C., 2002. 
Biomineralization of poorly crystalline Fe(III) oxides by dissimilatory metal reducing 
bacteria (DMRB). Geomicrobiology Journal 19, 179-207. 

Zhang, H. Z., Penn, R. L., Hamers, R. J., and Banfield, J. F., 1999. Enhanced adsorption of 
molecules on surfaces of nanocrystalline particles. Journal of Physical Chemistry B 103, 
4656-4662. 

 
 

71 



 

APPENDIX - HIGH-AFFINITY BINDING AND DIRECT ELECTRON TRANSFER TO 
SOLID METALS BY THE SHEWANELLA ONEIDENSIS MR-1 OUTER MEMBRANE 

C-TYPE CYTOCHROME OMCA  
 

Yijia Xiong,  Liang Shi,  Baowei Chen,  M. Uljana Mayer,  Brian H. Lower,  Yuri 
Londer,  Saumyaditya Bose,  Michael F. Hochella,  James K. Fredrickson,  and Thomas C. 
Squier*  

Division of Biological Sciences and Environmental Molecular Science Laboratory, 
Biogeochemisty Grand Challenge Program, Pacific Northwest National Laboratory, Richland, 

Washington 99352 
† 
Division of Biological Sciences 

‡ 
Environmental Molecular Science Laboratory 

*E-mail: thomas.squier@pnl.gov
 

REPRODUCED WITH PERMISSION FROM (Xiong et al., 2006), 
http://dx.doi.org/10.1021/ja063526d. COPYRIGHT 2006 AMERICAN CHEMICAL SOCIETY. 

Abstract 
 

The purified outer membrane bacterial protein OmcA binds densely to the surface of 

hematite (Fe2O3), permitting direct electron transfer to this solid mineral to reduce Fe (III) with an 

electron flux of about 1013 electrons /cm2/s. In the presence of hematite, there is a substantial 

increase in the amplitude of internal protein motions that correlate with metal reduction. Binding is 

highly favorable, with a partition coefficient of approximately 2 × 105 ( Go' = -28 kJ/mol), where 

approximately 1014 OmcA proteins bind per cm2 to the solid metal surface, indicating the utility of 

using purified OmcA in the construction of a biofuel cell.  
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The mechanisms by which bacterial outer membrane-associated electron transport proteins 

interact with extracellular electron acceptors, including Fe and Mn oxides, is poorly understood. 

The 85 kDa outer membrane decaheme cytochrome OmcA (SO1779) from the dissimilatory 

metal-reducing bacterium (DMRB) Shewanella oneidensis MR-1 can reduce soluble Fe(III) and 

other metal chelates,1 and has previously been suggested to function in concert with other 

membrane proteins as one of the terminal electron donors in the metal reductase protein complex 

of Shewanella oneidensis MR-1.2 Shewanella's metabolic diversity has considerable promise for 

the bioremediation of metal and radionuclide contaminants as well as in the design of microbial 

fuel cells.3 Biofuel cells offer a potential means to couple the breakdown of biowastes to generate 

electrical current.4 Miniaturization of these fuel cells is dependent on the elimination of the 

membrane between the cathode and anode compartments.5 It has been demonstrated that the 

immobilization of redox-active proteins on electrodes renders this membrane unnecessary.6 The 

identification of a purified metal-reducing enzyme able to densely bind and directly donate 

electrons to commonly used iron-oxide- coated electrodes7 has great potential to contribute to fuel 

cell design. This will also contribute to understanding how DMRB transfer electrons to solid metal 

oxides in the environment, which may involve direct interactions with membrane proteins or an 

indirect mechanism through mineral solubilization or electron shuttling. To identify the terminal 

electron donors in the S. oneidensis metal reductase system and to explore whether isolated 

proteins can directly bind and mediate electron-transfer reactions to reduce solid metals, we have 

purified OmcA and measured its ability to bind and transfer electrons to solid Fe2O3 in the mineral 

hematite.  
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Hematite nanoparticles were generated using the forced hydrolysis of Fe3+(OH2)6 ions to 

form particles,8 whose average radius was measured to be 11 ± 2 nm at pH 5 (see Supporting 

Information). At the physiological pH for the catalytic activity of OmcA (pH 7.5), hematite self-

associates to form a broad distribution of size classes ranging from about 10 nm ( 1 particle) to 

large aggregates with an apparent size of about 400 nm [see Supporting Information (SI) Figure 

S1]. OmcA directly associates with added hematite, as evidenced by the co-sedimentation of 

approximately 40% of the OmcA in solution with hematite particles upon centrifugation (Figure 

1A), permitting a determination of the binding affinity through the measurement of the 

concentration of OmcA bound to hematite relative to that in water (i.e., the partition coefficient). 

We find that approximately 0.2 mg of OmcA binds per mg of hematite (i.e., 2.5 nmol OmcA per 

mg of hematite). From the average radius of hematite at pH 7.5 (i.e., 400 nm), approximately 106 

OmcA proteins bind to each particle (i.e., 1014 OmcA proteins bind per cm2), corresponding to a 

partition coefficient of approximately 2 × 105 ( Go' = -28 kJ/mol). A similar high-affinity binding 

interaction is measured using decreases in the intrinsic tryptophan fluorescence of OmcA to assess 

binding as a function of added hematite. Furthermore, upon association with hematite there is a 

large decrease in the solvent accessibility of the tryptophans in OmcA to a soluble acrylamide 

quencher (Figure 1B), consistent with a direct binding interaction between OmcA and hematite. In 

contrast, there is no significant binding between OmcA and other minerals or particles (SI Figures 

S3 and S4), indicating specific binding between OmcA and hematite.  
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In association with hematite, OmcA is catalytically active: oxidation of protein hemes, as 

measured from time-dependent changes in the Soret absorption peak at 552 nm,2 directly tracks 

with protein binding to hematite under anoxic conditions with a maximal activity of about 60 nmol 

mg-1 OmcA min-1. Since OmcA can be directly reduced by NADH and other metabolic cofactors,2 

the high-affinity interaction between OmcA and hematite provides a means to couple the 

generation of reducing power to an electrode surface. To confirm the binding specificity, and to 

detect possible changes in the internal dynamics of OmcA upon association with hematite, we 

labeled OmcA with the chromophore Alexa-488 and have used fluorescence correlation 

spectroscopy (FCS) to measure fluorescence intensity fluctuations associated with both changes in 

internal motion and decreases in the translational diffusion of OmcA upon association with 

hematite.9 These measurements utilized a confocal microscope using a pair of SPCM-AQR-14 

avalanche photodiodes to perform pseudocross-correlation measurements that efficiently remove 

after-pulse effects that correspond to spontaneous signals associated with individual photodetectors 

that can broaden and distort fluorescence intensity traces. The fluorescence intensity trace for 

Alexa488-labeled OmcA in the absence of hematite is characterized by a high density of low-

amplitude bursts, whose frequency is indicative of the concentration of protein in solution (Figures 

2A and S5). Upon addition of hematite, there is a dramatic increase in the amplitude (brightness) of 

some fluorescence bursts that is indicative of multiple OmcA proteins binding to hematite particles 

(Figure 2B). Other heme-containing proteins do not bind to hematite (SI Figure S6). A quantitative 

consideration of the sample heterogeneity is possible from a consideration of the fluorescence 

correlation curves associated with the fluorescence intensity traces (Figure 2, C and D). The 

correlation curve is described by the equation: 
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N is the number of molecules in the focus point, S is the ratio of half-height to radius ( ) of 

the focus point, is the lag time between fluorescence bursts, D is the apparent diffusion time of the 

molecule, and Dt is the translational diffusion coefficient. The radius of the focal point ( ) was 

measured to be 270 nm using both the free dye Alexa488 and a standard fluorescently labeled bead 

with a known radius (r = 50.5 nm), whose measured translational diffusion time has a narrow 

distribution centered at 4.73 ms, corresponding to a calculated radius of 52 nm (see SI Figure S2). 

However, the size of heterogeneous samples cannot be accurately determined by assuming a 

homogeneous monodisperse solution. Rather, a distribution of diffusion times is described by the 

following function: 

 

where G( ) is the FCS curve with diffusion time i and Ai is the fractional amplitude of G( ). 

Fits to the correlation function involved modification of the Matlab program Smcontinbot.10 The 

small and random residuals indicate that the resulting distribution of diffusion times accurately 

describe the sample heterogeneity (Figure 2, E and F). 

 

The translational motion of OmcA in the absence of hematite is described by a multimodal 

distribution of diffusion times centered near 160 s, 800 s, and 20 ms (Figure 2G). Using the 
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Stokes-Einstein equation to calculate the hydrodynamic radius (see SI Figure S2), the intermediate 

diffusion time (i.e., D = 800 s) with an apparent radius of about 9 nm is consistent with the size of 

OmcA, which can form a dimer in solution, while the larger diffusion time (i.e., D = 20 ms) 

corresponds to a higher-order oligomer.2 The smaller diffusion time centered near 160 s is 

assigned to internal domain motions that function to modulate the fluorescence intensity of 

Alexa488. In the presence of hematite the translational diffusion time for the OmcA dimer is 

shifted toward a larger time constant (i.e., 1.2 ms), consistent with OmcA molecules binding to 

small hematite particles (Figure 2H); in addition a larger diffusion time centered near 800 ms is 

observed that corresponds to the size of hematite particles measured by dynamic light scattering 

and is associated with approximately 106 OmcA proteins bound per particle (Figure 1A). Likewise, 

upon OmcA binding to hematite there is a substantial increase in the relative area associated with 

OmcA domain motions, which increases from 50 to 70% of the integrated peak area (Figure 2, G 

and H). Thus, binding to hematite increases domain motions that may facilitate electron-transfer 

reactions between heme clusters in OmcA by modulating their spatial arrangement.11  

In summary, we have shown that purified OmcA binds and densely covers the surface of 

hematite (approximately 1014 OmcA proteins bind per cm2) and reduces Fe(III) with a maximal 

velocity of approximately 60 nmol/mg/min, which corresponds to an electron flux of about 1013 

electrons /cm2/s that approaches observed fluxes in the most efficient bioreactors.3  
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Figures 
 

 
 
Figure 1 Functional association between 1.0 M OmcA and hematite nanoparticles detected by 
(A) electron-transfer activity ( ) or direct binding measured by loss of OmcA through co-
sedimentation with hematite particles ( ) following centrifugation (16000g for 10 min) or 
diminished intrinsic fluorescence (·) and (B) decreased solvent accessibility (F0/F) of Trp in 
OmcA following hematite addition (30 g/mL), where F0/F is the fluorescence change upon 
acrylamide addition. 
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Figure 2 Fluorescence intensity traces (A, B) and correlation curves with fits (red) (C, D) for 10 
nM Alexa488-labeled OmcA in the absence (left panels) or presence (right panels) of hematite 
(16 ug/mL). Residuals from fits to the correlation data (E, F) and distribution of diffusion times 
(G, H). 
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OmcA and Experimental Buffer: Wild-type recombinant OmcA was expressed with V5 

and His6 tags at the C-terminus, and was purified using immobilized metal affinity columns 

(IMAC).
2a 

No additional tags (e.g., tetracysteine tags) were employed in these measurements.  

OmcA ( 85 g/mL or 1.0 M) in 20 mM HEPES (pH 7.5), 0.15 M NaCl, and 8 mM CHAPS (CMC = 

8-10 mM) was used in all experiments. In all cases, hematite was preincubated in 20 mM HEPES 

(pH 7.5), 0.15 M NaCl, and 8 mM CHAPS and the detergent concentration was kept constant. 

Similar OmcA binding to hematite was observed when the lipid binding site near the N-terminus of 

the protein was truncated (in the absence of added detergent), ensuring that binding to hematite 

was specifically associated with the functional properties of OmcA and its ability to transfer 

electrons directly to hematite.  
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Hematite Synthesis: Hematite nanoparticles were synthesized as previously described.
8
 

Briefly, this involved slowly dripping 60 mL of 1 M ferric nitrate solution into 750 ml of boiling 

ultrafiltered and doubly distilled MilliQ water. After the drip solution was consumed, the 

nanoparticle solution was removed from the heat and the synthesis suspension was cooled 

overnight. The nanoparticle solution was then dialyzed in high grade regenerated cellulose tubular 

membranes (Cellu Sep H1, 6000-8000 molecular weight cut-off) against doubly distilled MilliQ 

water until the conductivity of the dialysis water reached that of pure MilliQ. The suspensions were 

then poured into HDPE bottles for storage. Some of the suspension was freeze dried in a Labconco 

FreeZoen freeze dry system prior to characterization.  

Hematite Characterization: Mineralogical characterization was carried out by powder X-

ray diffraction (XRD) on a Philips X’Pert MPD system with a Cu anode operating at a wavelength 

of 1.5406Å (CuKα1) as the radiation source (see below).  Specimens were prepared by grinding 

the samples in an agate mortar and pestle to fine powder and then placed on off axis quartz plates 

(18mm dia x 0.5 mm DP cavity). Diffraction patterns were recorded with a proportional counter 

detector over a 10-60° two theta scan range at a rate of 0.025°/sec. The X-ray diffraction powder 

pattern revealed the synthetic samples to be pure hematite with no detectable amounts of 

impurities.  
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Powder X-ray diffraction pattern (left) and transmission electron micrograph (right) of 

hematite nanoparticles. 

Particle morphology, size distribution, and electron diffraction patterns were obtained by 

transmission electron microscopy (TEM) (see above). Specimens were prepared by placing a drop 

of hematite suspension onto a 200 mesh formvar-coated copper grid (stabilized with evaporated 

carbon film) and allowed to evaporate. The products were observed in a Phillips EM 420T 

Scanning Transmission Electron Microscope operated in bright field mode at 100 KeV. Size 

distribution and morphology was estimated by observing approximately 90-100 particles from 

TEM negatives on a lightbox with a 10x magnifier with measuring scale. The TEM micrographs 

show aggregated pseudo-hexagonal platelets. Electron diffraction rings indicate hematite. The 

mean particle size and standard deviation as determined from a normal fit to the size distribution 

histogram was 11 ± 2 nm.  
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Specific surface area was determined by nitrogen gas adsorption by the Brunauer-Emmett-

Teller (BET) method. The freeze-dried powder was degassed overnight at 100 °C followed by a 6-

point BET isotherm in a Quantachrome Nova 1000 N2 adsorption analyzer with N2 as the 

adsorbate. The BET specific surface area was determined to be 95.95 (m
2
/g).  

Solubility of Hematite: The solubility of solid minerals is determined by the free energy 

of dissolution, which in general is very low for Fe(III) oxides (i.e., in the nanomolar range in the 

pH range between 4-10 in the absence of complexing agents).  Indeed, minimum solubility is 

observed between pH 7 and pH 8; around pH 7.5 the solubility of hematite (the least soluble iron 

oxide) is approximately 5 pM independent of added salts
12

.  Solubilities are enhanced for small 

particles, such that the calculated solubility of Fe(III) increases by about two order of magnitude 

upon decreasing the particle size to about 10 nm. However, even under these latter conditions the 

concentration of free Fe(III) in solution is substantially less than 1 nM.  Thus, the concentration of 

free (unchelated) iron is less than 0.1% of the concentration of OmcA used in enzyme activity 

measurements (i.e., 1 uM), where electron transfer rates were 60 nmol/mg/min in the presence of 

hematite (Figure 1A).  In comparison, prior activity measurements using soluble iron were made in 

the presence of 10 mM Fe(III)-NTA, and no measurable activity was detected in the absence of 

NTA
2a

.  

Reductase Activity of OmcA:  The reductase activity of OmcA toward hematite was 

assayed using a variation of a previously described procedures.
1,13-15

  Briefly, OmcA was 

chemically reduced by sodium dithionite. The reaction was carried out in anaerobic glass cells  
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(STARNA, Atascadero, CA, USA), that contained purified OmcA (1 µM) in 1 mL of 20 mM 

HEPES (pH 7.5), 150 mM NaCl, 0.5% CHAPS, 10% glycerol and different concentrations of 

hematite, rotated in a Labquake tube rotator (Fisher, Pittsburg, PA, USA). The absorption 

spectrums, OD540-560, of OmcA were recorded by an Agilent 8453 UV/Vis diode array 

spectrometer (Palo Alto, CA, USA) in an anaerobic chamber to measure the oxidation rate of 

OmcA by hematite. Controls included omission of hematite.  All solutions were purged with 80% 

N2/20% CO2 (room temperature, 2 hr) before use, and all reactions were performed at room 

temperature in an anaerobic chamber with O2 level of 1 ppm. After the initial rates (less than 10% 

of the hemes were oxidized) were calculated, they were fitted to the Michaelis-Menten equation to 

yield km and kcat by using OriginPro7.5 software.  

Covalent Attachment of Alexa-488 to OmcA: OmcA was fluorescently labeled using 

amine reactive Alexa Fluor® 488 carboxylic acid succinimidyl ester (cat #A20000, Invitrogen, 

Eugene, OR) at a molar stoichiometry of about 2:1 (dye to protein).  Briefly, Alexa488 (40 M)was 

incubated with OmcA [0.6 mg/ml in 10 mM Na2PO4 (pH 7.5), 150 mM NaCl, 0.5% CHAPS] for 

two hours at room temperature, and Alexa488labeled OmcA was separated from free dye using 

size exclusion chromatography (i.e., a Sephedex G25 column) into 20 mM HEPES (pH 7.5), 150 

mM NaCl and 0.5% CHAPS. The concentration of Alexa488 bound to OmcA was determined by 

its absorbance at 494 nm ( ε494nm = 73000 -1 cm
-1

).  

Purification of SO0717: The predicted mature fragment of SO0717 was cloned as a C-

terminal fusion to a hybrid 6 × His-Maltose binding protein affinity tag followed by a cleavage site 

for TEV protease.
16 

The plasmid was transformed into E. coli strain BL21(DE3) harboring 
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auxiliary plasmid pEC86 that contains genes for cytochrome c maturation.
17 

E. coli cultures were 

grown aerobically to mid-exponential phase at 30°C and 250 rpm and induced with 20 µM IPTG. 

The incubation continued overnight at 30 °C and 200 rpm. Next morning the cells were harvested 

and resuspended in 100 mM Tris-HCl (pH 8.0), 20% sucrose, and 0.5 mM EDTA containing 0.5 

mg/ml lysozyme and protease inhibitor cocktail for bacterial cells (Sigma). 30 ml of the buffer was 

used to resuspend a pellet from 1 L of culture. Resuspended cell were incubated at room 

temperature for 15 min. Then an equal volume of ice-cold 1 M NaCl solution was added and the 

cells were incubated on ice with gentle shaking for 15 min and centrifuged at 12,000 × g for 20 

min at 4°C. The supernatant constituted the periplasmic fraction. Then imidazole and MgCl2 were 

added to final concentrations of 5 mM and 2 mM, respectively, and the prep was purified on a 20 

mL Ni Sepharose 6 Fast Flow (GE Healthcare) column equilibrated with buffer A [20 mM Tris-

HCl (pH 8.0), 0.5 M NaCl, and 5 mM imidazole] according to the manufacturer’s instructions. 

Then TEV protease was added in 1:20 (w/w) ratio and the sample was dialyzed overnight against 

buffer A. The dialyzed sample was loaded onto the same re-equilibrated Ni Sepharose 6 Fast Flow 

column and the flow-through was collected and dialyzed against 20 mM HEPES (pH 7.5) and 150 

mM NaCl.  The purified protein was frozen at – 80 _C prior to use.  
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