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Abstract 
Biohydrometallurgy presents a promising, cost-effective, and environmentally friendly 

avenue for extracting metals from low-grade ores and reprocessing metal-bearing wastes, 

where traditional metallurgical methods fall short economically and environmentally. Rare 

earth elements (REEs), which play critical roles in various green technologies like solar panels 

and smartphones, are of interest for biohydrometallurgy. However, only a handful of REE-

bearing minerals such as monazite and xenotime, are commercially exploitable. These 

minerals are known as phosphate minerals; hence phosphate solubilising microorganisms 

(PSM) can be utilised to bioleach such minerals such and thereby extract a proportion of their 

REE content.  

Despite the potential of bioleaching for phosphate minerals, there is a limited amount of 

research on the topic, particularly about the underlying mechanisms. Understanding these 

mechanisms could shed light on microbial-mediated (bio) chemical and physical processes 

like leaching, mineralisation, weathering, and remediation. This knowledge could be 

invaluable for enhancing biomining. Hence, this work aimed to study several key aspects: 

Firstly, this research investigated microbial attachment to phosphate mineral surfaces and 

the subsequent formation of biofilms, as the interplay between microbial attachment and 

biofilm formation is pivotal in the effectiveness of bioleaching processes. 

Secondly, microbial behaviour of a model PSM, Klebsiella aerogenes, during the early stage of 

biofilm formation was explored. This stage is crucial and a determining stage as it can heavily 

affect the further stages of biofilm development.  



7  

Thirdly, investigations of the microbial-mediated chemical and structural changes occurring 

on the surface and subsurface of minerals during bioleaching were performed. These changes 

provide insights into the overall bioleaching mechanisms, providing valuable information for 

enhancing strategies regarding metal recovery from ores. 

Lastly, this research studied complexolysis, a previously hypothesised bioleaching strategy 

employed by PSM, in which the complex formation between organic acids produced by PSM 

and REE was studied using secondary ion mass spectrometry.  

For this study, four phosphate-REE mineral samples were used, including two locally acquired 

ores that have a high mineral complexity, one a high-grade monazite ore (HGMO, Lynas Corp, 

WA, Australia), and a xenotime ore (Northern Minerals, WA, Australia), and two REE crystal 

containing higher purity REE-phosphates minerals, a monazite-muscovite crystal, and a 

xenotime crystal. 

To achieve these objectives, K. aerogenes ATCC 13048 was used as the model PSM. 

The attachment behaviour of K. aerogenes on monazite surfaces during the initial attachment 

stage of biofilm formation was particularly crucial, as it set the stage for subsequent biofilm 

development. Factors influencing microbial attachment, including surface properties, particle 

size, available attachment area, and initial inoculum size, were also investigated. 

Experimental findings revealed that K. aerogenes swiftly attaches to monazite surfaces upon 

exposure to the ore. However, the ratio of planktonic to sessile cells varied significantly in 

response to particle size, available attachment area, and initial inoculum size. Attachment 

preferentially occurred on larger particles and reducing the inoculum size or increasing the 
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available attachment area further enhanced attachment efficiency. Notably, a portion of the 

inoculated cells remained in a planktonic state throughout the attachment process. 

Moreover, the study examined the role of extracellular DNA (eDNA) in microbial attachment. 

While K. aerogenes exhibits lower eDNA production in response to altered surface chemical 

properties, the presence of eDNA impedes bacterial attachment due to repulsive interactions 

with bacterial cells. 

Additionally, microscopic analysis using confocal laser scanning microscopy (CLSM) and 

scanning electron microscopy (SEM) provided insights into the stages of biofilm development 

on phosphate minerals. Three distinct stages were observed, starting with initial attachment, 

followed by surface colonisation and biofilm maturation, and concluding with dispersion. 

Biofilm formation primarily occurs at physical surface imperfections, such as cracks and 

grooves, with no discernible preference for specific mineralogical or chemical characteristics. 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analysis of bioleached samples 

showed the first empirical evidence of complex formation between rare earth metals such as 

cerium, lanthanum and neodymium with organic acids including formic acid, acetic acid, lactic 

acid, oxalic acid, and several others, indicating complexolysis is another viable mechanism in 

bioleaching of REE-phosphate minerals.  

Overall, this study underscores the potential of bioleaching with PSM for extracting REEs from 

phosphate minerals and highlights the intricate interplay between microbial attachment, 

biofilm formation, and mineral surface properties. By elucidating such interaction and 

shedding light to another mechanism for bioleaching, this research contributes to advancing 

bioleaching technologies for sustainable rare earth metal extraction and environmental 

remediation.  
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Chapter One 

Introduction 
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Abstract 

Background 

Biohydrometallurgy is a cost-effective environmentally friendly approach to the extraction of 

metals from low-grade ores that cannot be processed economically by pyrometallurgical 

approaches. It can also be applied to the reprocessing of metal-bearing wastes. The rare earth 

elements (REE) have numerous applications in current and emerging green technologies such 

as solar panels and smartphones. Only very few REE-bearing minerals are commercially 

exploitable, two of them being monazite and xenotime, both being phosphate minerals. Some 

microorganisms can solubilise phosphate from insoluble phosphate minerals and are referred 

to as phosphate solubilizing microorganisms (PSM). Therefore, it is possible to use PSM for 

bioleaching of phosphate minerals such as monazite.  

 Significance 

Very few studies on the bioleaching of phosphate minerals have been performed and even 

less is known about the underlying mechanisms. Consideration of these potential 

mechanisms will provide additional information to our current understanding of microbial 

mediated leaching, mineralization, weathering, remediation, and other similar 

biogeochemical processes, and can be used to enhance the application of this process in 

biomining and agriculture industries. 

Objectives 

The objectives of this research are to: 

- Provide empirical evidence of biofilm formation and its development stages, as the most 

important prerequisites of contact leaching. 
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- Determine the specificity of early attachment of microbes to the mineral surface and 

subsequent biofilm formation 

- Determine the microbial-mediated chemical and structural changes on the surface and 

subsurface of a phosphate mineral 

 

1. Background 

1.1 Biohydrometallurgy and bioleaching 

Metals have been an essential commodity of human life since the pre-historic era, when 

humans learned how to smelt metal-bearing ores to extract their precious materials 1. 

Depletion of high-grade mineral resources, high energy consumption and environmental 

issues of traditional mining processes, lead the mining industry to search for alternative cost-

effective and environmentally friendly processes, such as biohydrometallurgy, to exploit low-

grade mineral deposits 2-4 5. Biohydrometallurgy is the extraction of metals from mineral ores, 

concentrates or waste materials in an aqueous solution using living organisms or their 

products 5. Today, microorganisms are used for the extraction and/or recovery of metals and 

metalloids such as gold, copper, uranium, cobalt, zinc, nickel and rare earth elements6-12 

through mobilization or immobilization processes. Bioleaching is a biohydrometallurgical 

approach and is defined as the dissolution of minerals and mobilization of metal cations from 

ores through biological activities 4,13,14.  

1.1.1 Significance of biohydrometallurgy 

Biohydrometallurgy is seen as an greener approach to the extraction of metals from low-

grade ores and reprocessing of wastes including electronic waste, existing acid mine drainage, 
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process waters, and wastewaters 2,5,9,13,15,16. Approximately 10-15% of the global copper 

production and 5% of the global gold production utilises biohydrometallurgy 9,11,17. 

Bioleaching comes with its own disadvantages and bottlenecks, including but not limited to,  1) 

compared to smelting it is a slow process, and 2) it sometimes produces toxic chemicals such 

as sulfuric acid that need to be properly contained 2,13. 

1.2 Rare Earth Elements (REE) 

1.2.1 Importance and abundance 

The REE are 17 elements in the periodic table of elements including scandium, yttrium, and 

15 elements of the lanthanide series 18-20. Despite their name, these elements have a 

relatively high concentration in the earth crust, with, cerium the 25th most abundant element 

and with a concentration  higher than that of copper and nickel 21. However, REE tend not to 

become concentrated in exploitable ore deposits. Their importance and application are well 

discussed in a review by Balaram (2019) 18. These elements have applications in many modern 

technologies, including, in the production of smartphones, hard drives, light-emitting diodes, 

magnetic resonance imaging (MRI) and fibre-optics, as well as applications in many 

technologies such as solar panels, wind turbines, highly efficient but less toxic rechargeable 

batteries, and high-strength permanent magnet alloys for magnetic refrigeration 18,19. In 

particular, there is a very high demand in energy-efficient tools for REE due to their distinctive 

magnetic, phosphorescent, and catalytic properties. The price per kg for many of the REE is 

between $1,000-9,000 due to the high demand but low production level 19. 

1.2.2 Abundance and ore mineralogy on the Earth's crust  

Due to their reactive nature, REE do not occur as native metals but are present in more than 

250 minerals, including silicates, carbonates, oxides, and phosphates 20; though, very few of 
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these minerals are commercially exploitable22. Those that are mined for profit include 

bastnäsite (carbonate-fluoride minerals), monazite (phosphate mineral), xenotime 

(phosphate mineral), loparite (oxide mineral) and lateritic ion-adsorption clays 18,20,21. In 2010, 

China, as the main producer of REE (>90%), significantly reduced the REE production/export, 

leading to an REE crisis in the world. Although the global supply rate of REE is still higher than 

the global demand 23, the potential for another supply crisis  is possible. Since REE are 

becoming the cornerstone of the new green technologies, increasing the production rate by 

waste recycling, enhancing the current extraction processes, or using alternative extraction 

processes is necessary. 

1.2.3 Bioleaching of REE  

Conventional REE extraction is either using an alkaline process with concentrated sodium 

hydroxide or using an acidic process with concentrated sulfuric acid and high temperatures. 

Either way, large quantities of toxic waste containing thorium, uranium, hydrogen fluoride, 

and acidic wastewater 24,25 are generated which result in significantly higher environmental 

consequences compared to other metals 26. 

Although the commercial application of bioleaching has been limited to a few mineral ores, 

recent reports signify that it is possible to use bioleaching for extraction or bio-recycling of 

REE bearing minerals 15,27-30 and wastes 31-35. Some of the key reports on this matter are 

bioleaching of REE-bearing zircon using Acetobacter methanolicus and Acidithiobacillus 

ferrooxidans (with a recovery yield of 60-80 %) 36,37, bastnäsite bioleaching using 

Actinobacteria (1.8 mg L-1 yield) 30, red mud bioleaching using Penicillium tricolor (36-78% 

yield) 38, and REE-bearing soil bioleaching using Actinomycetes (12-37% yield) 39. The 

dissolution of REE-bearing phosphate minerals such as monazite or xenotime during 



14  

bioleaching appears to be a side effect of bacterial activity to access phosphate 28,40, however, 

the detailed mechanism of phosphate solubilisation is not well understood for many PSM 15. 

1.2.4 Phosphate solubilizing microorganisms 

In the case of phosphate minerals, it is shown that many microorganisms can dissolve 

insoluble forms of phosphate from the solid minerals of the soil and are referred to as 

phosphate solubilizing microorganisms (PSM). This capacity has been reported for many 

microorganisms and includes Gram-positive and Gram-negative bacteria, cyanobacteria, 

archaea, fungi, microalgae, and even protozoa, as reviewed by Kishore et al. (2015) 41. These 

have been mostly studied due to the agricultural application of such microorganisms in soil 

fertilization 41,42. Another application of this microbial capacity is the biomining of phosphate 

mineral as PSM can dissolve and use the phosphate content of such minerals as a sole source 

of phosphate. Nevertheless, this ability has been tested in only a few studies, mainly using 

PSM for REE biomining from monazite ores 27-29,40,43-47 or apatite minerals 48-55. Aspergillus 

ficuum and Pseudomonas aeruginosa29 were used for bioleaching of Egyptian monazite and 

resulted in a higher REE dissolution compared to chemical leaching29. Studies by 

Fathollahzadeh et. al. reported a significantly higher REE dissolution from monazite 

bioleaching using Klebsiella aerogenes (previously known as Enterobacter aerogenes) and a 

co-culture of K. aerogenes and A. ferrooxidans 47 compared to abiotic leaching 28. Ceci et al. 

(2015, a&b) studied bioleaching of lead apatite minerals including pyromorphite, vanadinite, 

and mimetite using several fungi such as Aspergillus niger and A. ustus and reported a similar 

result (higher yield using bioleaching compared to abiotic leaching) 53,54.  

1.3 Bioleaching mechanisms 
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There are two important questions about microbial bioleaching, 1) what is the benefit of 

bioleaching for a microorganism? and 2) how do they do it? Answering these questions is the 

key to understanding the role of microorganism in the biogeochemical cycling of elements 56. 

Understanding this processes is not only important as a fundamental microbial ecology 

question but is also of both environmental and industrial importance for a deeper 

understanding of microbial mediated leaching, mineralization, weathering, remediation, 

fouling, corrosion and similar processes 57. Almost all our knowledge on this matter comes 

from numerous studies on sulfide minerals and acidophilic microorganisms.  

Current explanations that answer the first question state that the released metals and other 

compounds from a mineral ore can be used as nutritional requirements or as a source of 

energy, for example in chemolithotrophic microorganisms 58-60. These chemolithotrophs 

acquire energy from oxidation of the iron and sulfur content of the sulfide minerals and use 

that to fix carbon dioxide. Unlike chemolithotrophs, organotrophic microorganisms are not 

capable of using such mechanisms, instead they acquire their energy by consuming organic 

materials. However, while non-sulfidic ores such as phosphate minerals may contain no 

energy source for microorganisms 16, they can provide access to vital nutritional requirements 

such as phosphate  for both chemolithotrophs and organotrophs. Both groups can access the 

phosphate content of phosphate minerals via the breakdown of the mineral matrix, 

chemolithotrophs through the production of inorganic acids (sulfuric acid) and organotrophs 

through the production of organic acids such as oxalic or acetic acids. 

The mechanisms by which microorganisms are able to mobilise metals 3,4,61 can broadly be 

categorised as (1) producing organic or inorganic acids (acidolysis); (2) oxidation and 

reduction reactions (redoxolysis); and (3) the excretion of complexing agents (complexolysis) 
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3. Microbes can use any of these mechanisms in three models of bioleaching 3,4,62. Firstly, in 

contact leaching the microorganisms are attached to the mineral surface and leaching reactions 

take place in the extracellular polymeric substance (EPS) matrix at the interphase between 

attached cells and mineral particles. Secondly, in non-contact leaching the microorganisms are 

suspended in solution without having contact with the minerals and by producing lixiviants, 

such as ferric iron and sulfuric acid they dissolve minerals and release metal(s) or other 

compounds. The third model is cooperative leaching model, a combination of contact and non-

contact leaching. In the case of monazite as a phosphate mineral, Fathollahzadeh et. al (2018-

a) proposed acidolysis, complexation of REE with organic acids and phosphate uptake by 

microorganisms as the driving forces of bioleaching 28.  

1.3.1 Bioleaching mechanisms for phosphate minerals 

Previous studies on monazite, an important commercially exploitable rare-earth phosphate 

mineral containing light REEs (La, Ce, Pr, Nd), showed that bioleaching is a potential approach 

for the extraction of REEs. The indigenous microbial community, acidophilic iron and sulfur 

oxidising bacteria, and phosphate solubilizing bacteria have been used as the bioleaching 

agents 15,28,46,47,63.  

Building upon many studies on bioleaching of sulfide minerals, Fathollahzadeh et. al. (2018 

and 2019) proposed a conceptual model for bioleaching of phosphate minerals such as 

monazite 15,28. However, the detailed mechanisms are different from that of the extensively 

studied sulfide minerals bioleaching. In the proposed model for the contact leaching of 

phosphate minerals, microorganisms attached to the surface of minerals produce and release 

organic acids into their environment. Phosphate anion and REE cations are released from 

phosphate minerals into the liquid phase due to the acidic attack by the released protons (H+) 
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(Reaction 1). This process is known as acidolysis. The released phosphate (Reaction 2) is taken 

up by microbial cells. Uptake of the phosphate from the environment changes the equilibrium 

of the chemical interaction (Reaction 2), thus more phosphate can be released and dissolved 

into the environment. This is one of the main forces driving bioleaching of phosphate minerals. 

Another major driving force of this phenomenon is hypothesised to be the interaction of the 

release of REE cation with the organic acid anions such as acetate, citrate, oxalate, and malate 

and the formation of secondary minerals (Reaction 3). This will further change the dissolution 

equilibrium by removing the dissolved REE cation to a certain extent.  

RCOOH ↔ RCOO- + H+         (1) 

REEPO4 (s) ↔ REE3+ (aq) + PO4
3- (aq)        (2) 

(RCOO-)3 + REE3+ 
(aq) ↔ (RCOO)3 REE 

(aq)       (3) 

 

In the proposed non-contact bioleaching model 15,28, the microbial cells are not attached to 

the surface of the phosphate minerals. The cells release organic acids into the environment 

and the protons released from these organic acids attack the surface of the mineral and 

release the REE cation and phosphate anions. This process is very similar to chemical leaching 

(chemical model). However, the presence of microorganisms in the environment adds 

another factor (hence, biochemical model) in a sense that microorganisms take up the 

released phosphate and the organic acid (OA) anions released by the cells into the 

environment interact with the released REE cations and form REE-OA complexes 15,28. As 

explained before, the cooperative model is a combination of contact and non-contact model, 

where attached cells take up phosphorus released by acid attack facilitated by organic acid-
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producing suspended cells, or where suspended cells take up phosphorus released by acid 

attack facilitated by attached cells.  

 

1.4 The significance of microorganism and microbial activity in bioleaching 

1.4.1 Attachment of microorganisms on the mineral surface  

Attachment of microorganism to the mineral surface is the first step of biofilm formation, and 

it is important to understand where this occurs on the mineral surface 64. Attachment to 

mineral surfaces is mostly a microbial effort to find nutritional resources and is due to the 

high affinity of organic compounds on the microbial cell surfaces toward the mineral surface 

65-67. In contact bioleaching, attachment and subsequent biofilm formation enhances the 

leaching capacity of microorganisms by providing a unique microenvironment between the 

microbes and the mineral surface 68. Some studies on the bioleaching of pyrite and 

chalcopyrite using acidophilic bacteria such as A. ferrooxidans showed that attachment of 

these bacteria and further biofilm formation on the surface of such minerals are not random 

and microorganisms are attracted to specific surface properties including the 3-D 

imperfections such as pits, cracks, and holes, or areas with certain physicochemical properties 

such as lower crystallinity degree, certain chemical composition, or local anodes and cathode 

on the surface. 67-70. However, this tendency may not exist for some specific surface properties 

and microbes; for example, Fathollahzadeh et al. (2018-a) demonstrated that K. aerogenes 

attachment on the monazite surface showed no tendency toward specific area relevant to 

chemical composition 28.  

1.4.2 Biofilm 
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The majority of natural microbial communities exists in a three-dimensional multicellular 

microbial structure known as “biofilm”. The cells in the biofilm are referred to as sessile cells, 

while those suspended in the aqueous phase are referred to as planktonic cells. The biofilm 

is defined as microbial aggregations enshrouded by a self-produced matrix of extracellular 

polymeric substances (EPS) 71. Compared to planktonic cells, sessile cells are physiologically 

and behaviourally integrated and form highly structured microbial communities, thus can 

survive very harsh conditions. Planktonic cells are sensitive to changes in environmental 

conditions and can be eradicated very quickly and easily. In contrast, biofilms are a dynamic 

micro-ecosystem actively controlled by the microorganisms 72,73. They can be either 

advantageous or disadvantageous, depending on their impact on humans, the environment 

and industry. For example, biofilms pose significant challenges in both medical settings and 

various industries. In hospital wards, biofilms can develop on vents, medical equipment, and 

surfaces, creating reservoirs of pathogens that are difficult to eradicate. These biofilms enable 

pathogens to persist in the environment, increasing the risk of hospital-acquired infections 

71,74. In industrial settings, biofilms contribute to corrosion and fouling, which can have severe 

economic and safety implications. Biofilms can form on metal surfaces in pipelines, water 

systems, and storage tanks, accelerating the corrosion process through microbial activity 74. 

This phenomenon, known as microbiologically influenced corrosion (MIC), occurs when 

microorganisms in the biofilm produce corrosive substances such as acids or sulfides. These 

substances degrade metals, leading to structural failures, leaks, and contamination of 

products 74., In the oil and gas industry, MIC can cause pipeline ruptures, resulting in costly 

repairs and environmental damage 74, and similarly, in water treatment facilities, biofilm-

induced corrosion can compromise the integrity of infrastructure, leading to service 

disruptions and increased maintenance costs. 
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Biofilm benefits are seen in some industries and are utilised in several biotechnological 

applications, including the filtration of drinking water, the degradation of wastewater and 

solid waste, as biocatalysis in the production of bulk and fine chemicals, as well as biofuels 71. 

The mining industry is one of the key sectors that exploits biofilm activity and research has 

shown that microbial biofilms can greatly enhance bioleaching yields 5,9. From a bioleaching 

point of view, they act as environments where microorganism can release and preserve a high 

concentration of organic acids and use them for biosorption, bioprecipitation, chelation, and 

complex formation processes 68,71,74.  

1.4.3 Role of EPS in biofilm formation, and bioleaching (attachment and adhesion) 

In general, the self-produced matrix of extracellular polymeric substances is a means of 

attachment by microorganism to abiotic (e.g., mineral surface) or biotic surfaces (e.g., other 

microbial cells). Moreover, many of the diverse structural and functional properties of biofilm 

come from the EPS, as reviewed by Flemming et al. (2010 and 2016) and Hunter and Beveridge 

(2008) 71,73,75. The quantity and quality of EPS production in planktonic and especially in sessile 

cells is highly dynamic, in a constant state of turnover, and responsive to the changes in the 

environment 73. EPS can mediate the early attachment of planktonic cells to surfaces and 

further assists with the formation of a strong, cohesive, and three-dimensional polymer 

network 76. It also has many ionisable functional groups (i.e., carboxyl, phosphoryl, amino and 

hydroxyl) and may contain organic acid contents that not only are important as a proton 

source for acidolysis, but also can stimulate and form complexes with the released metallic 

and non-metallic ions and compounds (an important functionality in a bioleaching) 68,73,77. In 

general, EPS composition and function in planktonic and sessile cells have some similarities, 
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yet there are some significant differences 73,76. For example, the complexation capacity of the 

EPS in sessile cells is significantly higher than that of planktonic cells73.  

1.4.4 Role of organic acids in bioleaching 

Several studies using fungi as the bioleaching microorganism and showed that organic acids 

produced such as citric 29,38,78, oxalic 29,38,53,54,78,79, and gluconic acid 27,29,78 had a major role in 

the mobilization of metals from the mineral ores or wastes. Bacteria also produce organic 

acids such as oxalic 30,36,37, citric, lactic 80, and gluconic acid32,37 as essential lixiviants for 

bioleaching. In the case of the bioleaching of phosphate minerals, production of oxalic, 

gluconic, citric, acetic and several other organic acids have been reported as the lixiviant 

agents 15,28,32,40,47. The two important roles for organic acids in the bioleaching process are 

acidolysis, and complexolysis. The organic acids may act solely as a dissolving agent 27, similar 

to the role of sulfuric acid in the bioleaching of sulfide minerals, (acidolysis). however, contact 

leaching is responsible for high bioleaching yields. The bioleaching of REE-bearing zircon with 

gluconic acid resulted in 60-80 % mobilization in contact experiments while non-contact 

bioleaching efficiency was dramatically decreased to only 4% 36. Fathollahzadeh et al. (2018) 

showed that the leaching efficiency of REE dissolution was highest for contact bioleaching, 

then non-contact bioleaching and abiotic leaching, respectively 28. Organic acids can also form 

complexes with the released metals, specifically REE, as explained by Ceci et al. 53,54 for fungal 

bioleaching of phosphate minerals and Fathollahzadeh et al. 15,28,47 for bacterial bioleaching 

of phosphate minerals. It is demonstrated that the produced REE-organic acids complexes 

may either precipitate or be a water-soluble salt 40,53,54.  

1.4.5 Microbial mediated changes on the surface of minerals  
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Microbes can impose many changes on the surface and subsurface of minerals through either 

contact and non-contact bioleaching 81. Non-contact bioleaching changes are similar to those 

of chemical leaching using non-organic and organic acids, that is, the surface and subsurface 

of a mineral are changed as a result of chemical reactions. These reactions change the 

chemical structure of a mineral on the surface or subsurface by the mobilization of elements 

and compounds. Examples are the dissolution of phosphate or REE during leaching of 

phosphate minerals, and formation of jarosite during leaching of sulfide minerals 36,66,67. The 

mobilization and immobilization also change the 3-D physical structure. Although chemical 

leaching, non-contact bioleaching, and contact bioleaching processes can impose such 

changes, it has been shown that the latter resulted in more extensive changes compared to 

that of chemical leaching or non-contact bioleaching. For example in contrast to superficial 

etching pits through partial dissolution of the surface of minerals through chemical leaching, 

contact-bioleaching of carrollite using a consortia of acidophilic bacteria resulted in the 

formation of deep corrosion patterns and groove- or channel-like cavities 82,83, bioleaching of 

pyrite using A. ferrooxidans resulted in the formation of deep corrosion pores 84, and fungal 

bioleaching of vanadinite resulted in deep corrosion pattern by digging holes in the mineral 

grain (hyphae penetration into the subsurface) 54.  

 

1.5 Methods to study bioleaching and microbe-mineral interactions 

There has been a great deal of research on microbe-mineral interactions during bioleaching 

from a range of views such as microbial, physical and chemical, utilizing a large range of 

methods.  



23  

Microscopy techniques are essential analytical methods for studying microbe-metal 

interaction. Confocal laser scanning microscopy (CLSM) or epifluorescence microscopy (EFM) 

were used to study the formation, structure, and function of biofilms and the EPS in microbial 

biofilms, for example in the bioleaching of pyrite and chalcopyrite using acidophilic bacteria 

such as A. ferrooxidans and A. caldus 73,85-87. Staining with membrane permeable or 

impermeable specific fluorescent dye for particular polymers, (bio) chemical bonds, or metals, 

utilises these microscopy techniques to monitor the change in the polymeric composition and 

function of a biofilm matrix. For example, to study changes in protein, lipid, polysaccharide 

and extracellular DNA (eDNA) content of the EPS, or the bonding capacity and distribution 

pattern of the interactions between EPS or cells with metals 73. McCutcheon and Southam 

(2018) reviewed the application of electron microscopy such as transmission electron 

microscopy (TEM) or scanning electron microscopy (SEM) in biofilm studies 88, and when 

combined with analytical equipment such as energy dispersive X-ray spectroscopy (EDS), 

RAMAN spectroscopy, TEM and SEM provided critical information about the chemical 

composition of biological and mineral samples. However, there are problems with the 

electron microscopy of biological samples (in particular biofilms). EPS has a 97% water 

content, thus, subjecting such samples to chemical fixation and a vacuum environment 

impose extensive changes to the biofilm 73,88,89. Cryo-fixation has been used as a promising 

approach in biofilm and EPS microscopy studies, since the cells and their biofilm polymers are 

snap-frozen and physically fixed, or vitrified, in space and time 5,73,88. Another useful 

microscopy technique is atomic force microscopy (AFM) which can be used to image a surface 

or to determine the adhesive force between different samples, in particular between a 

biological sample such as biofilm with a mineral surface 34,64,76,90,91. In fact, AFM is one of the 

few techniques available for quantitative measurement of molecular interactions during 
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microbial attachment to a surface. It utilises repulsive and attractive forces in order to 

determine the topographic, force and electrochemical properties of surface interactions. It is 

considered as a method with little or no destructive changes on biological samples, thus can 

be used for in situ study of biofilms 92.  

While microscopy is useful for visualizing biofilm behaviour and microbial-mediated changes 

to the surface of minerals, the changes on the physical structure and integrity of the minerals 

require a detailed understanding of microbe-metal interactions, covering chemical changes 

that have need of the combination of microscopy techniques with analytical equipment. 

Energy-dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) have 

been used for chemical or elemental mapping, determining the oxidation state of elements, 

and identifying the functional group in biological samples 5,73, while Raman micro-

spectroscopy has been used for non-destructive chemical characterization of wet biofilm 

samples 5.  

Secondary ion mass spectroscopy (SIMS) can provide information about the chemical 

composition of a surface, biofilm mapping, elemental or isotope mapping, and interaction 

(uptake) of isotopes with biological samples such as EPS or cells 5,93-95. Focused ion beam (FIB) 

can be combined with electron microscopy, SIMS spectroscopy, Time of Flight (ToF) 

spectroscopy, and X-ray based spectroscopy to provide information about the 3-D structure 

of a sample (3-D tomography) and 2-D or 3-D chemical mapping of both organic and inorganic 

materials 96-98. Utilisation of these techniques can permit the study of how a PSM such as K. 

aerogenes interact with a mineral surface, how the physical and chemical properties of the 

surface and subsurface changes due to microbial activity, and if the organic acids produced 

by PSM forms complexes with the released REE.   
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Microbiological analysis to study bioleaching, biofilm formation, and microbe-metal 

interaction can range from basic methods such as monitoring and measuring the growth of 

microorganism (growth rate), to more complex or sophisticated methods to study the 

production of particular molecules or polymers through gene expression, metabolomics, 

genomics, transcriptomics, proteomics or meta-OMICs analyses. 

2. Significance of the current study 

Research in the field of bioleaching has focussed extensively on sulfide minerals. Moreover, 

our knowledge of microbe-mineral interactions and the mechanisms of metal mobilization is 

limited to a few microorganisms and minerals. Energy important minerals, in particular, 

phosphate minerals, have been of interest for biomining over the last few years (see section 

1.2). These mineral ores are of great interest because of their rare earth elements contents 

(as in the case of monazite and xenotime), or other energy important metals such as 

vanadium (vanadinite) and lithium (lithiophilite). These metals are of significant importance 

for current and yet to be developed technologies due to their special physical, chemical, and 

electrical attributes. Due to their numerous applications in new and developing technologies, 

there is a high demand for these metals, which is predicted to increase further. Using 

conventional extraction methods means dealing with serious economic and environmental 

drawbacks, while biohydrometallurgical approaches as an alternative offer some advantages 

(see section 1.1).  

When compared to the bioleaching of sulfide minerals there is little information on the 

bioleaching of phosphate minerals, and much less is known about the microbe-mineral 

interactions and metal mobilization from these minerals. Addressing the microbe-mineral 

interaction will provide additional information to our current understanding of microbial 
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mediated leaching, mineralization, weathering, remediation, fouling, corrosion, and other 

similar biogeochemical processes. Hence, as explained in section 1.3, understanding this 

process is not just a matter of fundamental microbial ecology and biogeochemistry, but can 

also enhance the environmental and industrial application of using phosphate solubilizing 

microorganism in biomining or agriculture industries.  

In general, microbial attachment to surfaces and possible biofilm formation are universal 

phenomena of microbial life 99. Bacterial attachment and subsequent biofilm formation 

(contact bioleaching) are very important prerequisites to achieving higher bioleaching 

efficiency 68,70. In a previous study, Fathollahzadeh et al. (2018-a) clearly showed that non-

contact leaching is a valid model in the bioleaching of phosphate minerals28. In this study, we 

aim to validate contact leaching by investigating microbial attachment and formation of 

biofilm on the surface of monazite using advanced microscopy techniques. Moreover, we aim 

to investigate whether PSM use complexolysis as one of their bioleaching mechanisms. 

 

3. Objectives and research methods 

3.1 Objective 1 

To determine the importance of biofilm formation in the bioleaching of phosphate-REE 

minerals.  

For this objective, a high-grade monazite ore (HGMO), as a rare earth bearing phosphate 

mineral was subjected to bioleaching by Klebsiella aerogenes. The following analyses were 

performed: 

1- Biofilm formation and its stages 
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Confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) were 

employed to evaluate initial attachment and biofilm development over a time course 

experiment. Biofilm development was then studied both quantitatively and qualitatively.  

2- Localisation of microbial colonisation and biofilm formation 

It is important to understand if microorganisms have a tendency to attach to certain physical 

surface properties such as structural imperfections like grooves, pits, holes, cracks, and 

scratches. It is also important to determine if microbial colonisation is preferred around 

certain mineralogy or chemical composition. Understanding any preference in colonisation 

can be used to improve bioleaching process. CLSM, SEM and energy dispersive X-ray 

spectroscopy (EDS) were used for this aim. 

3- Microbial behaviour during the early stage of the attachment 

Microbial attachment at the early stage is a determining factor in the further development of 

a biofilm. This objective had two aims, one to determine if microorganisms produce 

extracellular DNA (eDNA) on REE-phosphate mineral, and if eDNA plays a role in the initial 

attachment. The second aim was to determine how the ratio of planktonic to sessile 

subpopulations changes in response to changing environmental factors such as initial cell 

number. eDNA production was studied by staining K. aerogenes’ biofilm with TOTO-1, a 

fluorescent dye specifically targeting eDNA in live samples. The second aim required 

developing a fast and reliable methodology to enumerate bacterial cell number without any 

further processes but staining with specific fluorochromes. This research uses “attachment” 

and “adhesion” interchangeably to describe the act of attachment, irrespective of its 

mechanism or strength. However, “adsorption” is employed when referring to eDNA 

attachment to surfaces or its influence on the attachment of microbial cells to a surface.  
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4) Adopting and developing a reproducible fast method based on flow cytometry for 

enumeration of bacterial cells  

Flow cytometry was used to assess the ratio of attached vs. planktonic cells in a time course 

experiment. The attachment capacity (biofilm formation capacity) of the planktonic cells after 

exposure to the mineral was evaluated based on the ratio of planktonic vs. sessile cells over 

the first 4 hours after inoculation of the media with the microorganism. The samples were 

stained using nucleic acids specific fluorescent dyes. 

3.2 Objective 2 

To determine the microbial-mediated chemical and structural changes on the surface and 

subsurface of a mineral. 

For this objective, the mineral surface and subsurface was investigated by exposing REE-

mineral(s) to abiotic (chemical) leaching, and bioleaching. The following changes were 

monitored to provide information about the type and level of changes in the mineral 

properties due to microbial activities, and chemical speciation of the mineral compounds 

during bioleaching. The changes on the surface structure in terms of erosion and weathering 

and or forming physical imperfections such as pits, holes, cracks, scratches that have been 

reported in sulfide minerals were examined. Any changes in the mineral and elemental 

mapping of surface and subsurface of the mineral ore was studied using Scanning 

transmission electron microscopy (STEM) and microanalysis using high-resolution EDS (XEDS). 

Focused ion beam (FIB) was used to prepare the STEM samples and FIB-SEM was used to 

study the biofilm structure from a cross-section. 
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3.3 Objective 3 

To determine the importance of complexolysis as a bioleaching mechanism for REE-

phosphate minerals.  

Although previous studies hypothesised complex formation between REE cation and organics 

acid anions as one of the bioleaching mechanisms of REE-phosphate mineral employed by 

PSM, as yet there is no empirical evidence. Time of flight secondary ion mass spectrometry 

(TOF-SIMS) was used to investigate REE-OA complex formation on monazite after bioleaching 

by K. aerogenes, and to detect any potential REE-OA complex formation on the minerals 

surface or within the biofilm.  
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Chapter Two 

Methodology development for reproducible 

rapid enumeration of bacterial cells using flow 

cytometry  
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Abstract 

Flow cytometry is a widely used methodology to study both eukaryotic and procaryotic cells. 

Although there is a systematic approach for the minimum information required to report flow 

cytometry results on eukaryotic cells, such a systematic approach has not been adopted in 

the flow cytometry of prokaryotes. This study presents a systematic approach to determine 

the optimal condition for flow cytometry of bacterial samples. Klebsiella aerogenes was used 

as the model microorganism to define optimal conditions for flow cytometry. SYTO85, a DNA 

specific fluorochrome was used to stain the microbial sample. The flow cytometry was 

conducted on an Attune NxT flow cytometer. Several parameters were tested to evaluate 

optimised conditions for flow cytometry. These included: side scatter (SSC)and forward 

scatter (FSC), separation index, swarm detection of positive events, acquisition volume, and 

pretreatment of microbial cells with ethylenediaminetetraacetic acid (EDTA). Finally, the 

impact of bacterial cell shape and wall structure on the reproducibility of the developed 

method was tested by using the optimised conditions on bacteria with different shapes (cocci 

and bacilli) and cell wall structure (Gram-positive and Gram-negative) including Bacillus 

megaterium, Burkholderia cepacia, Kocuria rhizophila, Klebsiella pneumoniae, and 

Pseudomonas putida. A significantly higher separation index (500 times) was determined 

when using SSC, compared to using FSC. Both cell concentration of the bacterial suspensions 

and the employed flow rate of the instrument significantly affected the accuracy of the flow 

cytometry. At the lower detection limit of the instrument, the background noise was detected 

as a false positive resulting in an inaccurate count of the true positive events. On the other 

hand, high concentrations of bacterial cells in the sample or using a high flow rate on the 

instrument can result in coincident detection of two or more true positive events as one, 

known as swarm detection, leading to an underestimation of the true positive events. 
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Moreover, the accuracy of the event counts even at optimal cell concentration was affected 

by the acquisition volume. Higher acquisition volumes led to an underestimation of the true 

positive events, because of a decline in the fluorescent intensity of the fluorochrome due to 

the longer time required for analysis of the sample.  

The results of the reproducibility test using other microorganisms further confirmed that for 

all bacteria, FSC resulted in the lowest separation index while SSC provides a higher separation 

index regardless of bacterial shape or cell wall structure. Overall, the cell concentration 

calculated using flow cytometry was accurate and at the same range of the cell count as 

determined using plate count method.  
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1. Introduction 

Enumeration of microbial cells, irrespective of the technique employed, is a fundamental 

practice in microbiology1. Since the beginning of modern microbiology, this simple yet 

significant aspect of microbiological practices has been facing many challenges, due to 

questions about reproducibility and speed of the employed methods whether it is a direct 

counting method such as counting chamber or plate count, or an indirect method like 

turbidometery2. One the direct counting methods is flow cytometry, a powerful technique 

widely employed for the rapid and precise analysis of eukaryotic cells, and microbial 

populations, including bacteria 3. The ability to rapidly assess numerous cells at the single-cell 

level has notably advanced the understanding of cellular physiology, ecology, and even 

functional analysis 4. Flow cytometry has found diverse applications in the study of 

microorganisms allowing the examination of microbial community structures, microbial 

ecology, antibiotic susceptibility, cell cycle analysis, and the study of microbial response to 

environmental stressors 5,6.  

Flow cytometry employs light scattering and fluorescence whereby a laser beam intersects 

cells in a fluid stream to provide detailed information regarding cell number, size, cellular 

complexity, presence or absence of specific metabolite or polymers such as certain proteins 

or polysaccharides. Scattering occurs due to cellular structural properties of a microorganism 

such as size or complexity, while fluorescence intensity reflects probe binding 7. Flow 

cytometer instruments collect and measure two patterns of the scattering light, the forward 

scatter (FSC) which is measured along the path of the laser and is representative of the 

relative size of the cells or particles, and the side scatter (SSC) which is measured at 90 degrees 

relative to the laser direction and indicates the internal complexity of the cells 8. Therefore, 
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FSC is used to differentiate the cells based on their size but can be of no use or problematic if 

the particles of interest are too small, and SSC is used to differentiate the cells based on the 

internal or even external complexity regardless of their size.  

While flow cytometry is a powerful tool, it has  challenges and limitations and faces issues 

such as autofluorescence, background noise, data analysis complexity, and potential biases in 

microbial community analysis 9. 

As the complexity of microbiological questions increases, there is a growing need for 

innovative methodologies that can overcome the limitations of conventional flow cytometry 

approaches and enhance the accuracy and depth of bacterial analysis. While bacterial flow 

cytometry has become an indispensable tool in microbiological research, ensuring the 

reproducibility and optimization of flow cytometry data is essential for accurate and reliable 

results. Challenges in standardisation, variations in instrument settings, and inconsistent 

sample preparation can lead to discrepancies in experimental outcomes in both eukaryotic 

and bacterial cells 10. For example. Swarm detection is one of the main challenges in flow 

cytometry where multiple particles are simultaneously illuminated by the laser beam and 

counted as a single positive event signal 11. In general, when particle size is smaller than the 

detection limit for flow cytometers, or if the flow rate in the cytometer is set too high, multiple 

particles may appear in the measurement area at the same time and register in the system as 

one event. This has been termed “swarm” detection and leads to an underestimation of the 

total event number 11-13. Moreover, while analysis of the separation index of the employed 

settings on a flow cytometer instrument is a requirement of flow cytometry of eukaryotic cells, 

it has been neglected in some studies concerning flow cytometry of prokaryotic cells 14-16. The 

significance of this parameter and how to measure it has been discussed in detail elsewhere 
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17,18. In brief, the separation index is a parameter that measures the separation between the 

stained population and the unstained population or the background noise, and is thereby 

used to monitor the sensitivity of the instrument and detection methodology 17,18. 

Determining the separation index is an objective method enabling comparison of the 

performance of different instruments, electronics, filters, parameters, and fluorochromes in 

a biologically significant manner 18.  

The reproducibility of a flow cytometry method for analysis of bacterial populations is the 

bottleneck to its application or further methodology development. Some of the previously 

reported methodologies do not have sufficient information on numerous parameters 

including their sample preparation, gating and thresholding strategies, adjusted setting to 

provide a high enough separation index to avoid false positive detection, reasons for using 

FSC instead of SSC, or how swarm detection was tackled during flow cytometry analysis 15,19,20. 

Some studies had no information on their flow cytometry settings of the bacterial populations, 

and hence lack reproducibility potential 14,21,22. The three major neglected, overlooked or 

missed information in flow cytometry of bacterial samples are: 1) the separation index of the 

used settings to distinctively separate the background noise, that can lead to false positive 

detection, from true positive events; 2) the upper and lower detection limit of the used 

instrument; and 3 swarm detection of the positive events which leads to underestimation of 

the true positive events.  

In this study, we present a methodology aimed at enhancing the reproducibility and 

optimisation of bacterial flow cytometry analysis to address several gaps in the previous 

studies mainly: 
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1) Separation index using different filters and different parameters, particularly gating 

strategies based on voltage optimisation and separation index of FSC versus SSC.  

2) A systematic approach to determine the upper and lower detection limit of a flow 

cytometer instrument.  

3) The potential occurrence of swarm detection in response to different bacterial cell 

concentrations or flow rates of the equipment itself.  

4) Validation of the reproducibility of the methodology, by conducting a series of controlled 

experiments with various bacterial genera of different shapes (cocci and bacilli) and cell walls 

(Gram-positive and Gram-negative). 

 

2. Experimental procedures  

2.1 Microorganisms  

The microorganism used in this study were Klebsiella aerogenes ATCC 13048, Bacillus 

megaterium DSMZ 2894, Burkholderia cepacia RPH WACC 1351, Kocuria rhizophila (formerly 

known Micrococcus luteus) ATCC 9341, Klebsiella pneumoniae, and Pseudomonas putida 

DSMZ 1693. All of the bacteria used in this study are culturable, hence CFU can be used as a 

control for flow cytometry counted cells.  

All microorganisms were grown and maintained in National Botanical Research Institute's 

Phosphate medium (NBRIP) with the following composition: 5 g L-1 MgCl2(H2O)6, 0.25 g L-1 

MgSO4(H2O)7, 0.2 g L-1 KCl, 0.1 g L-1 NH4SO4, 1 g L-1 KH2PO4, 1 g L-1 K2HPO4, 30 g L-1 glucose, pH 

 

1 RPH stands for Royal Perth Hospital, with the following Western Australian culture collection reference number. 
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6.2±0.4 23, and incubated at 30°C, under aerobic conditions at 100 rpm. For all tests, cultures 

were 18-24 h old when used for flow cytometry, meaning the microbial culture was in the log 

phase of the growth. Using log-phase culture ensured a minimal influence of dead cells on the 

flow cytometry count of the cells. Samples were diluted in sterile phosphate free NBRIP and 

kept on ice during sample preparation and analysis on the flow cytometer. Cell numbers in 

undiluted cultures were calculated using the Helber chamber method 1 or by measuring 

colony forming unit (CFU) using plate count prior to running on the flow cytometer. To keep 

cell number consistent in all experiments, cultures were diluted in fresh sterile NBRIP to reach 

~ 4 × 108 cell mL-1. All dilutions were then prepared using the initial culture.  

2.2 Live Cell Staining with SYTO 85 

Samples were stained using 5 µL mL-1 SYTO85 (5 mM, Invitrogen) for a minimum of 15 min in 

dark on ice. Three controls were prepared and run for each experiment: unstained NBRIP 

(negative media control), stained NBRIP (media and stain control), unstained bacterial sample 

(negative bacterial control). All samples were kept in the dark and on ice until they were 

processed on the flow cytometer.  

2.3 Flow cytometry 

2.3.1 Flow cytometer instrument 

An Attune NxT Flow Cytometer (Invitrogen, Thermo Fisher) used in this study was equipped 

with four lasers (Figure S-1-A). Violet laser at 405 nm wavelength, Blue at 488 nm, Yellow at 

561 nm, Red at 637 nm, with a total of 16 detection channels. It had 6 flowrates, two non- 

acoustic flowrates at 12.5 µL min-1 and 25 µL min-1, and four acoustic focusing (100, 200, 500 

and 1000 µL min-1). The forward scatter was collected using photodiode detector with 488/10 

nm bandpass filter. The side scatter was collected using photomultiplier tubes with default 
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488/10 nm bandpass filter. The 488/10 nm filter was the default setting; and hereafter this 

filter is referred to as baseline settings/filters. The instrument uses another side scatter filter 

called 488/10 nm OD2 with an optional 405/10 nm bandpass filter for detection of small 

particle, with a theoretical detection limit of 100 nm in size. Hereafter 488/10 nm OD2 filter 

is referred to as small particle detection settings/filters. Furthermore, hereafter the optional 

405/10 nm filter is referred to as the violet laser filter (since it is on the 405 nm violet laser). 

The full schematic of the filter setting is shown in Figure S-1- A and B.  

2.3.2 Initial settings of the flow cytometer 

For each filter “Height” “Weight” or “Area” can be used for visualization of the events of 

interest. In this study “Heights” (H for short) of the SSC and FCS parameters were used and 

abbreviated as SSC-H and FSC-H. All controls were run on the Attune NxT flow cytometer 

before running any test sample.  

The initial experiment to gate positive stained bacterial event was tested on baseline filters. 

Preliminary settings were determined using stained bacteria at 107 cell mL-1. The SSC-H 

threshold parameter was set to minimum of 0.1 and maximum of 1000000. The voltage of 

yellow laser (YL-1) channel, which is used to detect SYTO85 positive events, was initially set 

at 500. Both SSC and FCS voltage were changed from 50 to 650 to visualise and separate 

SYTO85 positive events from the background. An initial voltage of 500 mV was selected for 

both parameters in which a distinct bacterial event was recorded (Figure 1).  
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Figure 1. Gating of SYTO85 positive bacterial events on Attune NxT using the preliminary 

settings and baseline filters (488/10 nm) filter. A) Screenshot of all the recorded events 

distinctively separated as a SYTO85 positive population (R2) against the background using 

SSC-H and SYTO85-H. B) Screenshot of the time plot showing the lag phase from acquisition 

time, and when the flow of the SYTO85 positive events is stable.  

2.3.3 Evaluation of separation index 

The resolution of SSC or FSC parameter to distinguish bacterial events from the background 

was evaluated by calculating the separation index 17. The separation index was calculated for 

SCC-H and FSC-H of the baseline filter arrangement (Figure S1) and the small particle filter 

arrangement (Figure S2). The separation index was also calculated for SSC-H of the violet laser, 

as part of the small particle filter arrangement.   

An overnight K. aerogenes culture was diluted on a log scale to prepare cell suspensions 

containing cell concentrations ranging from neat (~108 cell mL-1) to 102 cell mL-1. The initial 

cell number was evaluated using the Helber Counting Chamber. A plate count was performed 

using the same cell suspensions and was used as the gold standard (control) for cell 

A B 

(S) 
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enumeration. For the plate count standard, a 100 µL of dilution series were lawn inoculated 

on nutrient agar. The plates were then incubated at 37°C for 24 h prior to cell enumeration. 

The flow cytometer was set to an acquisition volume of 25 µL at a flow rate of 25 µL min-1. All 

SSC and FSC values were using height (H) parameter. For baseline setting filters, the voltages 

were evaluated from 50-650 mV at 50 mV intervals. For small particle filters, the SSC voltage 

was tested from 50-350 mV at 25 mV intervals but were evaluated from 50-650 mV at 50 mV 

intervals for the FSC laser SSC. To calculate the median of the SSC-H and FSC-H, each 

parameter was tested in triplicate.  

The recorded cell counts using flow cytometry were reported as flow cytometry counted 

events (FCE) and were plotted and compared against the recorded CFU count acquired from 

the plate count standard method. Hereafter, the word “FCE” in the text refers to the flow 

cytometry counted events.  

2.3.4 Swarm detection in response to cell concentration and flow rate 

A K. aerogenes culture (~ 4.45 ± 0.73 × 108 CFU mL-1) was used to prepare cell suspensions at 

108 cell mL-1. This cell concentration is considered the neat concentration and was used to 

prepare a log scale dilution series, to prepare cell suspensions ranging from 107 -102 cell mL-

1. After staining with SYTO85, samples were run on the flow cytometer at a 25 µL acquisition 

volume at flow rates of 12, 25, 100, 200, 500 and 1000 µL min-1. The cell count, and the robust 

standard deviation (rSD) of all filters were extracted from the meta data and the separation 

index was calculated for each of the tested flow rates and cell concentrations. The recorded 

cell counts using FCE were compared with the recorded CFU.  

To evaluate the accuracy of the bacterial cell count using flow cytometer compared to the 

plate count method, the enumeration test using 25 µL min-1 flow rate was repeated in 
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triplicate for all the cell suspensions. The cell concentration of the neat sample was calculated 

from the recorded FCE events per dilution sample using equation 2 and compared with the 

recorded CFU of the neat sample17.  

Cell concentration of the neat sample = Y× 40 × 10n cell mL-1    (2) 

Y = FCE recorded events 

40 = Converting index of the recorded event in 25 µL to events in 1 mL 

n = dilution factor to power of 10 

2.3.5 Effect of acquisition volume and EDTA on the calculate cell number 

Cell suspensions of K. aerogenes were prepared at 104 and 105 cell mL-1. After staining with 

SYTO85, samples were run on the flow cytometer at different acquisition volumes of 10, 25, 

50, 100, and 200 µL at the non-acoustic flow rate of 25 µL min-1 and the acoustic flow rate at 

100 µL min-1. The recorded cell counts using FCE were compared with the recorded CFU.  

The effect of EDTA concentration (0-100 mM) on the separation index and FCE recorded 

events was assessed using the optimised acquisition volume.  

2.3.6 Validation of the optimised method for different bacterial genera.  

The optimised flow cytometer setting was employed on both Gram-positive and Gram-

negative bacteria including Bacillus megaterium DSMZ 2894, Burkholderia cepacia RPH WACC 

1352, Kocuria rhizophila ATCC 9341, Klebsiella pneumoniae, and Pseudomonas putida DSMZ 

1693. 
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2.3.7 Statistical analysis 

Attune™ NxT Software v5.3 (Invitrogen) was used for the initial flow cytometry acquisition. 

All flow cytometry data analysis was done using FlowJo v10.7 (BD Biosciences). The 

components of these plots are shown in Figure S-2. All FlowJo plots shown in this study 

maintain the scaling and units detailed in Figure S-2. Data preparation for statistical analysis 

was conducted in Microsoft Excel (2016) and GraphPad Prism v.9. The tests were conducted 

in a minimum of triplicate, unless otherwise specified. The data were first tested for normal 

distribution, and if successful, one-way analysis of variances (ANOVA) or two-way ANOVA 

were used for comparison with a p-value ≤0.05 considered significant. The accuracy of flow 

cytometry counted events was measured through comparison with the CFU count recorded 

for the same test. The influence of tested factors such as cell concentration, flow rates, 

acquisition volume and addition of EDTA were evaluated by comparing the FCE against CFU 

count recorded in the relevant test for accuracy. The FCEs were compared against each other 

to determine if, and how changing each factor affected the accuracy of the FCE. An example 

of a multiple comparison is provided in Figure S-14. Hereafter, the word “significant” in the 

text implies a statistical analysis with a p-value ≤ 0.05. All of the p-values are provided in the 

supplementary material.  

3. Results and Discussion 

Flow cytometry is routinely employed to enumerate eukaryotic cells, prokaryotic and small 

vesicles such as peroxisomes 7,24,25. Some studies 16,26,27 used forward scatter combined with 

a shift in fluorescent intensity of the fluorochrome to gate bacterial event and enumerate the 

cell numbers. However, information regarding the gating strategy, whether they studied the 

possibility of swarm detection of true positive events, higher and upper limits of the bacterial 
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cell concentrations, and logics behind using forward scatter instead of side scatter for flow 

cytometry of bacterial samples were not reported or discussed adequately. Moreover, the 

separation index for the used setting and the resolution of these setting in isolating 

background noise and false positives from true positive event was the most noticeable criteria 

neglected or missed information in studies that used flow cytometry for bacterial population. 

The current study focused on a systematic approach in using flow cytometry for bacterial 

samples to address such gaps.  

In this study, six culturable microorganisms were used. This enabled the use of CFU counts of 

these microorganisms as a benchmark to compare flow cytometry-detected cell numbers 

against CFU. Since all live-cells of these culturable microorganisms grew on agar plates, a high 

level of accuracy using CFU count was obtained, thereby narrowing the gap between the CFU 

count of the microorganisms and the flow cytometry-detected cells. Thus, considering these 

factors, the accuracy of the flow cytometry cell count was determined by how closely it 

aligned with the CFU count.3.1 Evaluation of Separation Index 

With the preliminary settings a distinct bacterial population (Figure 1, left panel, gate R2) was 

observed. The time plot (Figure 1, right panel) showed a 30 second lag from the sample 

acquisition until the positive population is detected by the instrument. At approximately 50-

60 seconds the positive events are detected at a relatively stable pace. Therefore, it is 

important to always look at the time plot and only start the acquisition when the flow of 

events is stable. Moreover, as expected, using the control samples showed no false-positive 

bacterial event (Figure-2 panels O-Q).  
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In this study, as part of the adjustment and optimisation, the optimum voltage is selected 

based on two factors, a higher separation index and an accurate FCE count where FCE count 

is comparable to the CFU count.  

The maximum separation index was calculated for the SSC of the small particle filter, (Figure 

2-A), at ~400 arbitrary unit using 250 mV. Using lower and higher SSC voltage resulted in a 

significant decline in separation index. Looking at the FCE count, SSC voltage from 150 to 300 

mV recorded a relatively similar cell count, comparable to the recorded CFU. On the other 

hand, the separation index of the FSC parameter (Figure 2-D), of the same filter (0.7 arbitrary 

unit) was the lowest. The very low separation index of FSC is mainly due to bacterial size and 

the detection limit of the instruments. Most prokaryotic cell and viral particles are not big 

enough in size to be distinguished by flow cytometry, as their size range is below the detection 

limit of these instruments6,28. In contrast, side scatter works based on the cell complexity, 

hence provides a better resolution to distinguish small cells and particles. In this study, the 

SSC of the small particle filter was 600 times stronger than its FSC in terms of separation index, 

signifying that FCS is not recommended for detection of positive events. 

In the next step, the separation index of the violet laser was tested. Note that, this filter is a 

part of the small particle detection configuration (Figure 2-B) but is using a different laser 

source. The highest separation index for the violet laser was ~25 and using 400 mV which is 

significantly lower (~95%) of what recorded for the SSC of the small particle. 

The highest separation index of the SSC parameter for baseline filter was ~50 arbitrary unit 

(Figure 2-E), which is significantly lower than the recorded value for SSC of the small particle 

filter and is still much stronger (70×) than FSC. The FCE cell count (Figure 2-F) gradually 

improved by increasing the voltage and reached a relatively consistent number for an SSC 
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value of 250 mV and above, where the recorded FCE count was equal to the CFU number. 

Based on the closeness of CFU and FCE count, any voltage from 350 to 600 mV provides a 

similar cell count to plate count with a separation index of 50±10. For the next experiments 

using this filter, a voltage of 550 mV was used. Since not all flow cytometry instrument are 

equipped with a small particle detection unit, the rest of the optimisation test was carried out 

for both configurations (baseline and small particle filter). 

 

Separation Index 
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Figure 2. Optimisation of the voltage for baseline filter (488/10 nm OD2) and small particle 

filters 488/10 nm, and parameters SSC-H and FSC-H. The SSC of violet laser (405/10 nm) was 

also collected as part of the small particle detection system. Two cell suspension of the 

dilution series were tested for this step, 105 cell mL-1 (purple line) and 106 cell mL-1(green line). 

The final counts of using colony forming unit (CFU) and flow cytometry counted events (FCE) 

were calculated back to the concentration in the neat sample. Optimal conditions are selected 

based on higher separation index (A, B, D and E) and accurate cell enumeration where FCE 

count is closest to CFU count (C and F). At these optimal conditions, the SYTO85 positive 

Flow cytometry plots of the stained bacterial samples 

Controls 
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bacterial population is well separated from the background (G-N). The control samples 

including sterile media control without SYTO85 (O), sterile media with SYTO85 (P) and 

unstained bacteria control (Q) showed false positive events.  

 

3.2 Swarm detection 

In addition to separation index, the potential of swarm detection has been another important 

overlooked factor in bacterial flow cytometry. Swarm detection, also referred to as 

coincidence detection, is when an instrument is not capable of separating two or more events 

apart and report it as one11,29.  

3.2.1 Effects of cell concentration 

To evaluate occurrence of swarm detection, the calculated cell number in the neat sample 

using the recorded FCE count was compared to the recorded CFU counts of the original 

sample using both small particle (Figure 3-A) and base line (Figure 3-B) filters. The FCE count 

of the higher cell concentrations (108 and 107 cell mL-1) was significantly underestimated using 

the small particle filter, compared to the CFU counts. At 106 cell mL-1 a similar FCE count to 

plate count at lower flow rates (12-100 µL min-1) was observed but there was a significant 

underestimation of the cell count at the higher flow rates of 200-1000 µL min-1. At lower cell 

concentrations of 103, 104, and 105 cell mL-1, the FCE and CFU counts were in a similar range. 

Moreover, the recorded rSDs (Figure 3-C and D) for these cell concentrations were relatively 

stable for all the tested flowrates and were significantly lower than the two highest 

concentrations.  
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Figure 3. Optimisation of cell concentration and flow rate based on closeness of the FCE to 

CFU count and stability of the rSD values for the small particle filter (488/10 nm) A) and 

baseline filter (488/10 nm OD2) (B). Note that different cell suspensions from the dilution 

series were tested here and the final CFU and FCE were calculated back to the cell 

concentration in the neat sample. 

By lowering the cell concentration to 102 cell mL-1, it was not possible to separate the 

background noise from SYTO85 positive events and resulted in very low resolution between 

true and false positive events. At this low cell concentration, depending on the gating strategy 

employed, the FCE count may vary significantly. It could be lower than the CFU 

(underestimation), particularly when a small gating approach is adopted to minimise false 

positives. On the other hand, there might be an overestimation of cell numbers with a larger 

gating strategy to include as many potential positive events (Figure 4).  
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Figure 4. Over and underestimation of FCE count at the lower detection limit of Attune NxT 

using SYTO85 using 102 cell mL-1 suspension of the dilution series. The final CFU and FCE were 

calculated back to the cell concentration of the neat sample. FCE count for the small particle 

filter (488/10 nm) (A) and baseline filter (488/10 nm OD2) (B) at different flow rates. The flow 

cytometry plots are shown in C and D panels. The red oval shape is the regular size gate used 

for gating SYTO85 positive bacterial events at higher tested cell suspension. Blue oval shape 

is potential SYTO85 positive events based on their SYTO85 fluorescent intensity.  

C 

D 

Flow rate (μL min -1)  

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
2

10
3

10
4

10
5

10
6

488/10 nm  

488/10 nm OD2 

A B 
FC

E 
ce

ll 
co

n
ce

n
tr

at
io

n
 (

e
ve

n
ts

/m
L)

 

12.5 25 100 200 500 1000

107

108

109

PC

12.5 25 100 200 500 1000

107

108

109

PC

Underestimation

Overestimation

PC=Plate Count

488/10 nm OD2 488/10 nm 

12.5 µL min-1           25 µL min-1                  100 µL min-1                  200 µL min-1               500 µL min-1              1000 µL min-1 

 

12.5 µL min-1           25 µL min-1                  100 µL min-1                  200 µL min-1               500 µL min-1              1000 µL min-1 

 



56  

 From this research, the lower detection limit of bacterial events using SYTO85 on Attune NxT 

is 102 cell mL-1 and the upper detection limit was 106 cell mL-1. The lower detection limit needs 

to be avoided as it results in overestimation or underestimation of the positive events due to 

the higher interference rate of background noise with true positive bacterial events. 

Therefore, for samples with very low cell concentration (e.g., drinking water), it is better to 

concentrate the cells by centrifuging from a high sample volume. Similarly, the upper 

detection limit should be avoided as well. The upper detection limit is where swarm detection 

of the co-incident positive events occurs due to high number of bacteria in the cell 

suspension29,30. When a very high concentration of true positive events is passing through the 

instruments electronics at once, the flow cytometer detects several positive events as one, 

hence swarm detection, resulting in significant underestimation of the positive events. To 

tackle the issue, diluting the sample to the upper detection limit and lower is recommended 

29,30.  

3.2.2 Effects of the flow rate 

For both small particle and baseline filters, the flow cytometry plots (Figure S3-S8) showed 

that increasing the flow rate from 12.5 to 1000 µL min-1 shifted the background noise position 

on the x-axis (SYTO85). At cell concentrations of 108 cell mL-1, the background noise was not 

visible for any of the tested flow rates (Figure S3-S8, panel A). At 107 cell mL-1 the background 

noise was only visible and distinguishable from the SYTO85 positive events only at lowest flow 

rate of 12.5 µL min-1, and was lost at higher flow rates (Figure S3-S8, panel B), while at 106 cell 

mL-1 (Figure S3-S8, panel C) it was faded from lower flow rate to higher flow rates and almost 

vanished at the highest flow rate of 1000 µL min-1. The loss of background noise may occur 

when a large number of positive events overwhelm the instrument's detector, leading to 
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decreased resolution as the background shifted, merging into the signal area, making it 

impossible for the system to differentiate between the signal and the noise. This shift of the 

background noise location is visible for cell suspensions below the upper detection limit. At 

cell concentrations of 105 cell mL-1 and lower (Figure S3-S8, panels D, E, F and G) the 

background noise shifted to the right side of x-axis with increasing flow rates, nevertheless, it 

was still visible and distinguishable from the SYTO85 positive events.  

Using cell suspensions above the upper detection limit (106, 107, 108 cell mL-1) also revealed 

that increasing the flow rates exacerbate the underestimation of the true positive events, 

indicating that the flow rate can also contribute to underestimation due to swarm detection. 

For example, there was a three-log difference (further underestimation) between the FCE 

count of the cell suspensions with 107 cell mL-1 at the highest flow rate compared to the lowest 

flow rate.  

Finally, analysing relative stability of the rSD (Figure 5) showed that while using the cell 

suspension containing 104 and 105cell mL-1 had the most stable rSD between all filters and 

parameters, 103 cell mL-1 cell suspension showed significant variation in the recorded rSDs 

between the flow rates.  
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Figure 5. Stability of the rSD values at different cell concentrations and flow rates for the small 

particle filter (488/10 nm) (A) and baseline filter (488/10 nm OD2) (B).  

In conclusion, using any bacterial concentrations in the suspension ranging from 103 cell mL-1 

to 106 cell mL-1, provided an accurate FCE count compared to the CFU count. However, the 

ideal condition was the middle range of 104 cell mL-1 or 105.cell mL-1, ensuring the most stable 

rSD, minimum interference from background noise (overestimation), and avoiding 

underestimation due to swarm detection.  

3.3 Optimising the acquisition volume and EDTA concentration 

Studying the effects of acquisition volume, using acoustic (100 µL min-1) or non-acoustic (25 

µL min-1) flow rates, and supplementation of the cell suspension with EDTA to inhibit cell 

aggregation may also affect the accuracy of flow cytometry. Based on previous data the effect 

of acquisition volume was determined with cell suspensions containing 104 and 105 cell mL-1. 

Two flow rates were tested in these experiments, 25 µL min-1 representative of non-acoustic 

flow rate, and 100 µL min-1 to represent the acoustic flow rate. At a non-acoustic flow rate of 

25 µL min-1 the FCE count was comparable to CFU counts for using lower acquisition volumes 

of 10 to 50 µL. However, while the FCE remained close to CFU using higher acquisition 

volumes for 104 cell mL-1 cell concentration, it declined for the higher cell concentration at 

105 cell mL-1 (Figures 3 C). Using higher acquisition volumes means the instrument needs more 

time for analysis of such volumes. Longer analysis times lead to photobleaching of 

fluorochromes 31 and consequently declining the fluorescent intensity of fluorochromes.  

With an acoustic flow rate of 100 µL min-1, the recorded FCE and CFU of 104 cell mL-1 cell 

concentration sample remained analogous for all the tested acquisition volumes. For the 



59  

higher cell concentration of 105 cell mL-1, the FCE count declined for 200 µL acquisition volume 

only. For the next step, an acquisition volume of 25 µL was used. 

 

Figure 6. Effects of acquisition volume and EDTA supplementation on the accuracy of FCE 

count compared to CFU count using 25 µL min-1 as the non-acoustic flow rate and 100 µL min-

1 as the acoustic flow rate. A) Flow cytometry plots of the 104 cell mL-1 cell suspension sample 

at different acquisition volume B) FCE count versus CFU count for each acquisition volume. C) 

Flow cytometry plots of the effects of EDTA concentrations. D) FCE count versus CFU count 

for the EDTA concentrations. Note that two different cell suspensions from the dilution series 

were tested here and the final CFU and FCE were calculated back to the cell concentration in 

the neat sample. 
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Previous studies suggested adding EDTA for better cell separation, inhibiting aggregate 

formation, or detaching adherent cells to improve flowcytometry enumeration32,33. However, 

treating the sample with EDTA did not result in any improvement in terms of separation index 

or FCE counts (Figure 6-D). However, using high concentrations of EDTA negatively affected 

the sample quality (Figure 6-B), decreased the separation index (data not shown), and 

increased the background noise. This could be due to minimal sample preparation used in this 

methodology development study. Most flow cytometry studies of bacterial population use 

centrifugation in their sample preparation. This can lead to separation of the extracellular 

polymeric substances (EPS) from the bacterial cells 34. EPS can keep planktonic cells separated 

from each other and inhibit aggregation to some extent, therefore removing it can lead to 

creating more adherent bacterial cells 35. However, at higher concentrations, EDTA adversely 

affected the SYTO85 intensity of the bacterial cell because EDTA adversely affects outer 

membrane permeability36, hence affecting bacterial cells ability to retain SYTO85 inside, or 

even result in cell lysis. 

3.4 Evaluating the optimised settings for other Gram-positive and Gram-negative bacteria  

The reproducibility of the methodology was tested by employing the optimised conditions 

achieved for K. aerogenes which is a Gram-negative bacterium, for other Gram-negative and 

Gram-positive bacterial samples, and resulted in an accurate FCE count compared to the CFU 

count for all other bacteria. However, different SSC voltages were evaluated to determine if 

the best separation index would change for different bacteria. The best separation index for 

all other bacteria was 250 mV (Figure 7 A). This provided a very distinct SYTO85 positive 

bacterial events from the background as shown in the flow cytometry plots (Figures S 9-S14). 

The FSC had the lowest resolution in terms of separation index as was seen for K. aerogenes. 
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For the baseline filter arrangement any voltage from 400 mV to 550 mV provide a good 

separation index. The optimised voltage to achieve the best separation index was similar for 

a cocci-shaped bacterium Kocuria rhizophila (Gram-positive) and rod shape bacteria including 

Bacillus megaterium (Gram-positive), Burkholderia cepacia (Gram-negative), Klebsiella 

aerogenes (Gram-negative), Klebsiella pneumoniae (Gram-negative), and Pseudomonas 

putida (Gram-negative). The FCE count of all bacteria was comparable to that of the CFU count 

records determined by the plate count. Therefore, the methodology was reproducible 

regardless of the shape or cell-wall structure. It also demonstrated that the SSC provided the 

best separation index and FSC provided the lowest separation index.  
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Figure 7. Separation index of Bacillus megaterium, Burkholderia cepacian, Klebsiella 

pneumoniae, Kocuria rhizophila (and Pseudomonas putida, using small particle filter (488/10 

nm) SSC (A) violet laser (405/10 nm) SSC (B), small particle filter FSC (C) and baseline filter 

(488/10 OD2) SSC (D). 

 

4. Conclusion  

The accuracy of flow cytometry-based enumeration of bacterial events is notably affected by 

several factors including sample preparation, concentration of bacterial in the cells 

suspension, the instruments’ filters, using SSC or FSC, and employed flow rate on the 

instrument. These parameters need to be optimised prior to any flow cytometry, to find the 

best separation index, a quantifiable parameter representative of distinguishability between 

true positive events from background noise. Not using optimised conditions can lead to using 

settings with a lower separation index, for example using FSC instead of SSC that negatively 

impact cellular representation. Furthermore, employing settings that would consequently 

lead to significant underestimation of the events of interest as a result of swarm detection is 

possible. Moreover, using too high acquisition volume or long acquisition time can also lead 

to underestimation due to photobleaching of the fluorophores. On the other hand, in samples 

that have lower cell concentration (at or below the lower limit) like drinking water, 

underground water, or using too dilute sample, there will be a higher influence of the 

background noise, hence the events of the interest can be significantly overestimated as a 

result of an incorrect gating strategy to compensate the low cell concentration. For such 

samples it is recommended to concentrate cells by centrifugation. Therefore, to ensure 
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reproducibility of flow cytometry-based study of bacterial population, it is important to 

systematically optimise the conditions for any fluorochromes and instrument.  
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Figure S-1. A) Filter configuration for baseline setting. B) Filter configuration for small particle 

detection setting. 
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Figure S-2 Flow cytometry plot created using FlowJo V.10. The oval gates represent SYTO85-

positive events, while the square gate indicates background noise. In all flow cytometry plots 

in this study, the X-axis represents SYTO-85 fluorescence intensity. The Y-axis depicts the light 

scattering pattern, either side scatter (SSC) or forward scatter (FSC). The unit scales are 

arbitrary, logarithmic (base 10) and remains constant for each filter-light scattering pattern. 
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Figure S-3 Flow cytometry plots of K. aerogenes using 488/10 nm filter using SSC-H and 

SYTO85-H. Bacterial samples were prepared in dilution series from 108 cell mL-1 (A) 102 cell 

mL-1 (G) and using different flow rates from 12.5 µL min-1 (1) to 1000 µL min-1(6). Bacteria are 

stained with SYTO85. Red oval shape in the plot represents the gate where SYTO85 positive 

bacterial population is detected. 
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Figure S-4 Flow cytometry plots of K. aerogenes using 488/10 nm OD2 filter using SSC-H and 

SYTO85-H. Bacterial samples were prepared in dilution series from 108 cell mL-1 (A) 102 cell 

mL-1 (G) and using different flow rates from 12.5 µL min-1 (1) to 1000 µL min-1(6). Bacteria are 

stained with SYTO85. Red oval shape in the plot represents the gate where SYTO85 positive 

bacterial population is detected. 
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Figure S-5 Flow cytometry plots of K. aerogenes on 405/10 nm filter (violet laser) using SSC-H 

and SYTO85-H. Bacterial samples were prepared in dilution series from 108 cell mL-1 (A) 102 

cell mL-1 (G) and using different flow rates from 12.5 µL min-1 (1) to 1000 µL min-1(6). Bacteria 

are stained with SYTO85. Red oval shape in the plot represents the gate where SYTO85 

positive bacterial population is detected. 
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Figure S-6 Flow cytometry plots of K. aerogenes on 450/40 nm filter (violet laser) using SSC-H 

and SYTO85-H. Bacterial samples were prepared in dilution series from 108 cell mL-1 (A) 102 

cell mL-1 (G) and using different flow rates from 12.5 µL min-1 (1) to 1000 µL min-1(6). Bacteria 

are stained with SYTO85. Red oval shape in the plot represents the gate where SYTO85 

positive bacterial population is detected. 
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Figure S-7 Flow cytometry plots of K. aerogenes on 488/10 nm using FSC-H and SYTO85-H. 

Bacterial samples were prepared in dilution series from 108 cell mL-1 (A) 102 cell mL-1 (G) and 

using different flow rates from 12.5 µL min-1 (1) to 1000 µL min-1(6). Bacteria are stained with 

SYTO85. Red oval shape in the plot represents the gate where SYTO85 positive bacterial 

population is detected. 

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0 10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

10
6

A-1 A-2 A-4 A-5 A-3 A-6 

B-1 B-2 B-4 B-5 B-3 B-6 

C-1 C-2 C-4 C-5 C-3 C-6 

D-1 D-2 D-4 D-5 D-3 D-6 

E-1 E-2 E-4 E-5 E-3 E-6 

F-1 F-2 F-4 F-5 F-3 F-6 

G-1 G-2 G-4 G-5 G-3 G-6 

12.5 µL min-1           25 µL min-1          100 µL min-1           200 µL min-1          500 µL min-1         1000 µL min-1  



75  

 

 

Figure S-8 Flow cytometry plots of K. aerogenes on 488/10 nm OD2 using FSC-H and SYTO85-

H. Bacterial samples were prepared in dilution series from 108 cell mL-1 (A) 102 cell mL-1 (G) 

and using different flow rates from 12.5 µL min-1 (1) to 1000 µL min-1(6). Bacteria are stained 

with SYTO85. Red oval shape in the plot represents the gate where SYTO85 positive bacterial 

population is detected. 
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Figure S-9. Flow cytometry plots of Bacillus megaterium using small particle filter (488/10 nm) 

SSC and FSC and violet laser (405/10) SSC.  

 

Figure S-10. Flow cytometry plots of Burkholderia cepacia using small particle filter (488/10 

nm) SSC and FSC and violet laser (405/10) SSC.   
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Figure S-11. Flow cytometry plots of Klebsiella pneumoniae using small particle filter (488/10 

nm) SSC and FSC and violet laser (405/10) SSC.   

 

 

Figure S-12. Flow cytometry plots of Kocuria rhizophila using small particle filter (488/10 nm) 

SSC and FSC and violet laser (405/10) SSC.   
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Figure S-13. Flow cytometry plots of Pseudomonas putida using small particle filter (488/10 

nm) SSC and FSC and violet laser (405/10) SSC.   
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Figure S-14. Extract of the multiple comparison of the CFU count vs FCE count using Two Way 

ANOVA test.  The “Summary” column shows if the calculated p value was significant.  
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Chapter Three 

Biofilm formation on the surface of monazite and 

xenotime during bioleaching 
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Notes on chapter three: 

1- Some parts of this chapter were originally submitted as the milestone two and three at 

Curtin University. As per Curtin University regulation, all the data from milestone one, 

milestone two, and milestone three, including the writing pieces can be used in the final thesis 

with or without any changes.  

2- This chapter is published at Microbial Biotechnology Journal, Applied Microbiology 

International (AMI) society, Wiley.  

First published: 08 June 2023  

https://doi.org/10.1111/1751-7915.14260.  
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Abstract 

Microbial attachment and biofilm formation is a ubiquitous behaviour of microorganisms and 

is the most crucial prerequisite of contact bioleaching. Monazite and xenotime are two 

commercially exploitable minerals containing rare earth elements (REEs). Bioleaching using 

phosphate solubilizing microorganisms is a green biotechnological approach for the 

extraction of REEs. In this study, microbial attachment and biofilm formation of Klebsiella 

aerogenes ATCC 13048 on the surface of these minerals were investigated using confocal laser 

scanning microscopy (CLSM) and scanning electron microscopy (SEM). In a batch culture 

system, K. aerogenes was able to attach and form biofilms on the surface of three phosphate 

minerals. The microscopy records showed three distinctive stages of biofilm development for 

K. aerogenes commencing with initial attachment to the surface occurring in the first minutes 

of microbial inoculation. This was followed by colonisation of the surface and formation of a 

mature biofilm as the second distinguishable stage, with progression to dispersion as the final 

stage. The biofilm had a thin-layer structure. The colonisation and biofilm formation were 

localised toward physical surface imperfections such as cracks, pits, grooves and dents. In 

comparison to monazite and xenotime crystals, a higher proportion of the surface of the high-

grade monazite ore was covered by biofilm which could be due to its higher surface roughness. 

No selective attachment or colonisation toward specific mineralogy or chemical composition 

of the minerals was detected. Finally, in contrast to abiotic leaching of control samples, 

microbial activity resulted in extensive microbial erosion on the high-grade monazite ore.  

Keywords:  

Biofilm, Contact Bioleaching, Klebsiella aerogenes, Monazite, Phosphate Minerals, Xenotime   
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1. Introduction 

The depletion of high-grade mineral resources, and high energy consumption and 

environmental issues of traditional mining processes have led the mining industry to search 

for alternative ore processing strategies 1,2. Bioleaching, the dissolution of minerals and 

mobilization of elements from insoluble ores, concentrates or wastes through biological 

activity, has been used at a commercial scale for the extraction of uranium and metals such 

as copper, cobalt, zinc, nickel, and pre-treatment of refractory sulfidic gold ores. More 

recently, it has been explored for the extraction of rare earth elements (REEs) 1,3,4.  

The REEs are 17 elements in the periodic table of elements, including scandium, yttrium, and 

15 elements of the lanthanide series, which have many applications in the current and future 

technologies 5. Conventional pyro- and hydrometallurgical REEs extraction and refining 

processes use high temperatures and concentrated alkalis (sodium hydroxide) or acids 

(sulfuric acid). Large quantities of toxic waste containing radionuclides (thorium, uranium), 

hydrogen fluoride, hyperacidic, or hyperalkaline wastewater, dust and associated pollutants 

can be produced, which results in significant environmental consequences, greenhouse gas 

emissions and large carbon footprint 6,7.  

Previous studies on monazite, an important commercially exploitable phosphate mineral 

containing light REEs (La, Ce, Pr, Nd), suggest bioleaching as a potential green approach for 

REEs extraction 8,9. Indigenous microbial communities, acidophilic iron and sulfur oxidising 

bacteria, and phosphate solubilizing microorganisms (PSM) were used as the bioleaching 

agents 8,9. Amongst the tested phosphate solubilising bacteria, Klebsiella aerogenes, formerly 

known as Enterobacter aerogenes, had a very high phosphate dissolution efficiency from 

tricalcium phosphate at 43%, and the highest REE bioleaching performance from monazite at 
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2 10. Further studies showed adding K. aerogenes to the native microbial community of 

monazite significantly promoted the REE extraction to 20 mg L-1 through syntrophic effects 8. 

In our previous studies, the changes in pH, phosphate concentration, and released REE has 

been reported. A 4-8 mg L-1 bioleaching yield was reported for K. aerogenes. Furthermore, 

through a synergic effect, 3 days of bioleaching with K. aerogenes preconditioned the system 

for Acidithiobacillus ferrooxidans growth and resulted in the highest reported REE dissolution 

from monazite at 40 mg L-1 8-11. Fathollahzadeh et al. (2018-a) and Corbett et al. (2018) also 

reported evidence of both fungal and bacterial attachment to monazite ore. However, the 

process of microbial attachment and biofilm formation on the surface of these minerals is not 

understood. 

Microbial attachment to surfaces and biofilm formation are universal phenomena of 

microbial life 12. In a bioleaching environment, attachment and subsequent biofilm formation 

have been shown to be vital prerequisites of the bioleaching and result in higher bioleaching 

efficiency 13,14. A mechanism of bioleaching monazite by phosphate solubilising 

microorganisms has been proposed by Fathollahzadeh et al. (2018-a and 2019), who 

suggested microbial attachment to the mineral is essential. The research demonstrated that 

the leaching efficiencies in the absence of microbial contact were significantly lower than 

when microorganisms were in contact with the mineral, signifying the importance of 

microbial contact in comparison to non-contact leaching 4,11. Many studies have showed iron 

and sulfur oxidizing microorganisms are capable of colonizing the surface of sulfide minerals 

and form a biofilm 13-15. Colonisation of a sulfide mineral surfaces by these microorganisms is 

favoured on and around surface areas with physical imperfection or lower degrees of 

crystallization. Furthermore, microbial activity resulted in more severe changes on the surface 

and subsurface of sulfide minerals compared to abiotic controls 13-15. With detailed evidence 



86  

on the bioleaching of sulfide minerals and microbial biofilm formation on their surface, it is 

reasonable to hypothesise a similar mechanism of action for phosphate minerals. 

Nevertheless, these subjects have not been studied for phosphate minerals. In this study, 

microbial attachment and biofilm formation of K. aerogenes, localization of the biofilm 

formation toward physical or chemical properties of the surface, and microbial mediated 

changes on the surface of monazite and xenotime samples were investigated using advanced 

microscopy techniques.  

 

2. Material and methods 

2.1. Minerals and their characterisation 

A high-grade monazite ore was provided by Lynas Rare Earths, Australia, and was sized into 

50-200 µm. The sample was gamma radiated at 50 kGy for 11 h (ChemCentre, Bentley, 

Western Australia) to inactivate any indigenous microorganisms. A monazite and a xenotime 

crystal were also used. The mineralogical characterization and composition analysis of these 

samples were undertaken by using X-ray diffraction (XRD), inductively coupled plasma mass 

spectrometry (ICP-MS), and TESCAN Integrated Mineralogy Analyser (TIMA)  

For the XRD-phase identification, the high-grade monazite ore was micronized and front-

loaded into a specimen holder, and diffraction data was collected with a Bruker D8 Discover 

diffractometer with Ni-filtered Cu Kα radiation (40 kV, 40 mA) over the range 7 – 120° 2θ, 

with a step size of 0.015°. Phase identification was carried out in Bruker EVA 5.2 using the 

COD database. TIMA Analyses were conducted at 25 kV accelerating voltage, in dot mapping 

mode at an analytical resolution of 3 microns for Back-scattered Electron Detector (BSE) 

acquisition and 9 microns for Energy-dispersive X-ray spectroscopy (EDS) point spectroscopy 
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analyses. Post-processing of the acquired data was performed using TIMA software v. 2.1.1 

(TESCAN, Czech Republic). The Laser Ablation ICP-MS analysis was conducted by Bureau 

Veritas following their guidelines (https://www.bureauveritas.com.au/laser-ablation-icp-ms).  

2.2. Microorganism 

Klebsiella aerogenes ATCC 13048 (formerly known as Enterobacter aerogenes ATCC 13048) 

was maintained on nutrient agar (Sigma, Germany) and prior to the experiments, was 

transferred into 100 mL National Botanical Research Institute's Phosphate medium (NBRIP: 5 

g L-1 MgCl2(H2O)6, 0.25 g L-1 MgSO4(H2O)7, 0.2 g L-1 KCl, 0.1 g L-1 NH4SO4, 1 g L-1 KH2PO4, 1 g L-1 

K2HPO4, 30 g L-1 glucose, pH 6.2±0.4) 16 and incubated at 30°C, under aerobic conditions at120 

rpm for 3-5 days. 

 

2.3. Cell enumeration by flow cytometry 

Absolute bacterial cell numbers were determined using flow cytometry. Bacterial cells were 

fixed in glutaraldehyde solution (final concentration of 2%; Sigma, Germany) and assessed in 

log-fold dilution series in NBRIP media. Bacteria were suspended in a final volume of 1 mL of 

filter sterilised (0.22 µ, Millipore) NBRIP medium and stained with 5 µL of 1.67mM solution 

SYTO85 (Invitrogen, USA) per one millilitre of bacterial suspension for 20 minutes at room 

temperature, in the dark.  

Samples were kept on ice in the dark before acquisition. Bacterial numbers were acquired on 

the four-laser configuration (405nm, 488nm, 561nm and 638nm) Attune NxT Acoustic 

Focusing Flow Cytometer (Invitrogen, USA). The cytometer was set to acquire 50 µL of sample 

at an acquisition rate of 25 µL/min. The threshold was set to the lowest SSC-H value (0.1×103) 
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to determine true bacterial events from that of electronic noise, using negative controls that 

contained NBRIP alone, unstained bacteria in NBRIP or NBRIP with SYTO85 (Figure S-5).  

A primary gate was used to identify bacteria through 488nm SSC profiles and the fluorescence 

signal of SYTO85. Data was exported as FCS3.0 files and analysed in FlowJo v10.7 (BD 

Biosciences). Bacterial SYTO85+ events were divided by the total acquisition volume to obtain 

the concentration of cells mL-1. This value was used to determine the volume of stock bacterial 

culture needed to achieve a final concentration of 1×107 cells mL-1in the test flasks.  

 

2.4. Evaluation of biofilm formation  

Confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) were 

used to monitor initial attachment and colonisation of the minerals surface, localization of 

biofilm formation, and microbial mediated changes on the surface of the minerals by K. 

aerogenes 17.  

The bioleaching setting was designed following our previous studies 8,9,11. The high-grade 

monazite ore, monazite-muscovite crystal, and xenotime crystal (0.5-2 mm) samples were 

subjected to bioleaching by K. aerogenes in NBRIP medium using these mineral samples as 

the sole source of phosphate. Ore and crystal samples were fixed on pre-autoclaved standard 

microscope slides (glass, Westlab, Australia) using an epoxy adhesive that provides glass-like 

transparent curing (E6000 Multipurpose Adhesive, USA). The slides were sterilised by 

submerging them in 70% ethanol for 10 minutes and then exposed to UV for one hour on 

each side. The slides were then placed inside flasks containing 100 mL phosphate free NBRIP 

medium with an initial pH of 6.2±0.4 and an initial inoculum size of ~1×107 cells/mL pre-

enumerated using flow cytometry. The flasks were incubated at 30ºC. In previous studies a 
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shaking speed of 120 and 130 rpm were used 8,9,11. However, 120 or 130 rpm was not enough 

to provide enough oxygen when the slides were used in the system. Hence, 140 rpm was used 

as the shaking speed. Slides were removed from the media at 4, 8, 16, 24 hours, and 2, 3, 5, 

8, 11 and 14 days. 

Immediately after sample collection, samples were washed with 25 mL sterile NBRIP media 

to remove planktonic and loosely attached cells from the surface of the samples. This step 

was repeated five times. A silicon cavity (Proscitech, Australia) was fixed on the slides and 

filled with 500 μL of staining mixture containing Hoechst 33342 (1 µM) and DiTO-1 (1 µM) in 

phosphate and glucose-free NBRIP media, incubated in the dark at ambient temperature for 

a minimum of 20 minutes. The samples were washed with 25 mL sterile NBRIP medium to 

remove the staining solution 18. These two fluorochromes were used to maximise cell 

visualization. Hoechst 33342 (AATBio, USA) is a membrane permeant dye that stains any DNA 

molecule inside and outside the cells, genomic and extracellular DNA (eDNA), respectively. 

DiTO-1 (AATBio, USA) is a membrane impermeant dye that only stains the DNA molecules 

external to the cell walls of living cells (eDNA) and the genomic DNA of the dead cells, or lives 

cells with compromised membrane. 

The samples were air-dried at room temperature. Then 500µL glycerol was added to the 

cavity; the cover slide was then sealed with clear nail polish. The samples were kept in the 

dark and cold (4⁰C) until CLSM imaging. Chemical leaching was tested using sterile Milli-Q 

water and sterile NBRIP medium at three pH values (pH 6, 5, and 4) and was used as a control 

to study any changes in the autofluorescence of the samples. Samples were imaged using a 

Nikon A1+ point scanning confocal microscope with NIS elements software (Nikon 

Instruments, Tokyo, Japan). Hoechst 33342 was excited at 405 nm laser and detected through 
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450/50 filter. DiTO-1 was excited at 457 nm laser and detected through 525/50 filter. The 

colonisation and biofilm formation were studied using 10× and 20× objectives. 

2.5. Live imaging  

Bioleached mineral samples were studied using live mode CLSM imaging. Bioleaching was 

conducted in conical flasks with phosphate free NBRIP medium at a 1% slurry of monazite as 

the sole phosphate source and an inoculum of ~1×107 cells mL-1. Samples of the high-grade 

monazite ore were taken at 4, 8, 16, 24 hours, and 2, 3, 5, 8, 11 and 14 days. To further 

evaluate the changes in the biofilm after the initial dispersion stage sampling was continued 

to day 70 (at days 20, 25, 30, 35, 40, 45, 50, 60, and 70). The samples were collected in 

microtubes and allowed to settle at room temperature for 1 minute. To remove the 

planktonic and unattached cells from sediments, the supernatant was discarded, 1 mL glucose 

and phosphate-free NBRIP medium added and microtubes mixed by gentle inversion, the ore 

allowed to settle, and the supernatant discarded. This was repeated five times. The staining 

procedure followed the same methodology as above using NBRIP with glucose to support 

metabolic activity of the cells. After staining, the mixture was transferred to a µ-Slide 2 Well 

Glass Bottom microscope slide (ibidi, Germany).  

CLSM images were collected in Z-stack mode with 3.5-7-micron intervals (×10 and ×20 

objective lenses) or ≤1 micron intervals (×40 and ×100 objective lenses). The images were 

analysed in Nikon NIS elements software and were visualised in Maximum Intensity 

Projections mode. The 3D structure of the samples was created and recorded. In the case of 

high-grade monazite samples, the acquired Z-stack CLSM images were reanalysed in Imaris v 

9.7 (Oxford Instruments, UK) to detect selective attachment of the cells to specific surface 

properties. The surface of the monazite samples was reconstructed using the “Surface” tool 
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and the cells were modelled using “Spots” tool to provide a better 3D view of both cells and 

the surface. To assess autofluorescence of the samples, abiotic leaching was conducted in 

NBRIP media and Milli-Q water at three different pH values: 4, 5 and 7.  

 

2.6. Fluorescent microscopy 

Live fluorescent microscopy was used to study bacterial attachment 10 minutes after 

inoculation. K. aerogenes pre-stained with Hoechst 33342 was added to a high-grade 

monazite ore sample in 500 µL NBRIP medium in a µ-Slide 2 Well Glass Bottom microscope 

slide. Hoechst 33342 was visualised using WB: blue excitation (wide band) filter (Ex 465/15, 

FT 500, LP 515).  

 

2.7. SEM-EDS 

After obtaining the CLSM micrographs of the immobilised monazite and xenotime samples, 

the same samples were used for SEM imaging and EDS analysis. Samples were subjected to 

carbon (10 nm) and platinum (3 nm) coating (CMCA, WA) for high resolution imaging and 

studied on TESCAN Clara FESEM microscope using TESCAN Essence software ((John de Laeter 

Centre (JdLC), Curtin University, Australia) at an operating voltage of 5 or 10 kV and beam 

intensity of 300 pA. Images were taken using secondary electrons (SE), or a dual detector 

using SE and backscattered electrons (SE/BSE). For SE an accelerating voltage of ≥5 kV and 

beam intensity of 300 pA were used, for EDS analyses an accelerating voltage of ≥15 kV and 

beam intensity of 1 nA were used, and for SE/BSE imaging either of the two setting were used. 

2.8. Focused Ion Beam- Scanning Electron Microscopy (FIB-SEM) 
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Cross-sectional analysis of the biofilm on high-grade monazite ore was conducted using a 

TESCAN Lyra3 FIB-SEM located at JdLC, Curtin University, which has a monoisotopic 69Ga+ 

liquid metal ion source. This dual-beam system can achieve an imaging resolution of <2.5 nm 

(at 30 kV) for the Cobra FIB column, and 1 nm (at 30 kV) for the SEM column. A 1-µm thick 

platinum (Pt) layer was deposited through electron beam and ion beam to protect the surface 

profile of the region to be analysed. The electron beam deposition is a non-destructive 

process which provides the best protection of the biofilm. Subsequently a 30 kV ion beam 

was employed to cross-section the region of interest by sputtering approximately 10 µm of 

material away and progressively polishing the cross-section with lower currents. 

 

3. Results 

3.1. Mineral characteristics 

The mineral characterisation analyses of the high-grade monazite ore (Figures S-1 and S -2 

and Tables S-1 to S-4) indicated that monazite was the main mineral group in this sample. 

Crandallite, florencite, beryl, quartz, goethite, hematite/magnetite and several other minerals 

were also present in this sample. Moreover, TIMA mineral mapping showed difference in the 

mineralogy and chemical composition between different grains of the high-grade monazite. 

Due to the high mineral complexity, some grains and regions were rich in elements specifically 

Al, Ca, Si, Fe, and REE, while others contained less or none of these elements (Figure S1 and 

S14).  

The monazite-muscovite ore mainly consisted of two major mineral plates, the monazite 

plates rich in REEs-phosphate and aluminium silicate plates determined as muscovite using 
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TIMA analysis (Figure S3). This sample also contained florencite, hematite and several other 

minerals. 

Xenotime crystal showed relatively homogenous mineralogy (Figure S-4), mainly containing 

xenotime group of minerals.  

 

3.2. Biofilm formation 

No or negligible autofluorescence due to abiotic leaching was detected using CLSM, signifying 

no or negligible effect of mineral autofluorescence on the recorded fluorescence of the 

bioleaching samples (Figure S-6). Therefore, the recorded fluorescence of the bioleaching 

samples was only representative of microorganisms.  
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Figure 1. Visualisation of Klebsiella aerogenes biofilm on the surface of high-grade monazite 

ore (a and d), monazite-muscovite crystals (b) and xenotime crystals (c). CLSM images are the 

merged images of Hoechst 33342 (blue) and DiTO-1 (green) to maximise microbial cell 

visualisation and transmitted light channels. The image shows the Maximum Fluorescent 

Intensity of the acquired Z-stack images where blue, green or cyan colours on the surface of 

the ore grains (the dark grains) are representative of the microbial biofilm, the red circles in 

secondary electron SEM images (panel d) indicate on the small number of bacteria on the 

surface. 

K. aerogenes was able to use high-grade monazite ore as the sole source of phosphate and 

the planktonic cell number increased from ~1 × 107 cell/mL to ~1×109 cell/mL in 2 to 3 days 

(data not shown). It was also capable of growing on both monazite and xenotime crystals. K. 

aerogenes was capable of attachment to the surface of high-grade monazite ore (Figure a & 

1-d, Figure S-7 and S-10), monazite-muscovite crystals (Figure 1-b, Figure S-8), and xenotime 

crystals (Figure 1-c, Figure S-9). Biofilm formation and development occurred over three 

stages, initial attachment during the first 8 hours after inoculation, colonisation and 

maturation from day 1 to day 8, and dispersion at day 11 onward.  

Initial attachment occurred very early after bacterial inoculation. Ten minutes after 

inoculation, K. aerogenes cells were already attached to the surface of the high-grade 

monazite (data not shown). The CLSM records 4 and 8 hours after bioleaching showed a high 

extent of attachment to some of the ore grains. This initial attachment led to the second stage 

of biofilm formation, the colonisation of the surfaces (16-24 h) and the formation of a mature 

biofilm over the following days (day 2 to day 8) (Figure S-7 and S-10).  
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From day 11, CLSM and SEM records indicated a reduction in the biofilm, marking the third 

stage, dispersion, with a significant proportion of the sessile population detaching from the 

biofilm as shown by a dramatic decrease of the biofilm-related fluorescence on the surface of 

the ore grains (Figure S-7). At day 14, while very few cells were attached to the surface for 

some of the ore grains, some other grains partially harboured active biofilm. Scanning 

electron microscopy confirmed these findings showing cell numbers attached to the surface 

of the ore were increasing from early attachment to colonisation and maturation stage, and 

then was decreasing by day 14 (Figure S-10). The live microscopy records of the high-grade 

monazite ore continued to 70 days after inoculation and showed signs of active re-

colonisation and dispersion after the first dispersion at days 11 and 14 (Figure S-11). A similar 

pattern was observed for the other two mineral samples, monazite-muscovite (Figure S-8) 

and xenotime (Figure S-9) crystals. Moreover, the SEM and CLSM micrographs showed that 

the biofilm structure was a thin-layer biofilm (Figure 2, and S-12). 

 

a 
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Figure 2. SEM micrographs of (a) high-grade monazite grain covered in Klebsiella aerogenes 

mature biofilm, and (b) a FIB cross-section as the surface of the grain revealing a ~500 nm 

thick biofilm on the surface of the mineral. A 1-µm thick Pt protection layer was deposited on 

the region of interest before the FIB cut to keep the surface profile of the region. Red arrows 

indicate bacteria, yellow bracket indicate the 1-µm thick Pt protection layer, and blue bracket 

shows the subsurface of high-grade monazite in the cross section. 

 

b 
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3.3. Localization of attachment and biofilm formation to physical imperfections 

Attachment, further localization and the resultant formation of biofilm of K. aerogenes were 

directed toward specific areas on the minerals’ surface, namely physical imperfections (cracks, 

grooves, dents, scratches, holes, pits, edges, etc.) on the surface of high-grade monazite ore 

(Figure 3-e and 3-f), monazite-muscovite (Figure 3 -c and 3-d, and Figure S-13), and xenotime 

crystals (Figure 3 –a and –b, and Figure S-14). SEM micrographs showed that while the 

reasonably flat surface of xenotime or monazite-muscovite crystals could harbour bacterial 

cells, the greatest intensity of biofilm formation was on and around the surface imperfections. 

A similar attraction and a higher density of microbial biofilm in areas with physical 

imperfections were also observed for high-grade monazite ore (Figure 3-e and 3-f). 
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Figure 3. Localization of Klebsiella aerogenes biofilm on the surface of xenotime crystal 

visualised by CLSM (a) and secondary electron SEM (b), monazite-muscovite crystal visualised 

by SEM (c, d), and high-grade monazite ore by SEM (e) and CLSM (f). In panel “a” the golden 
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area is representative of bacterial biofilm. In panel “f”, the surface and the bacteria are 

reconstructed from CLSM Z-stack images using Imaris software. Bacteria are the blue/green 

spheres (blue for genomic-DNA, green for eDNA) and the surface is semi-transparent white 

area.  

 

3.4. Localization of attachment and biofilm formation to specific mineralogy or chemical 

composition 

Biofilm formation was localised on and around physical imperfections; however, no specific 

localization based on the differences in chemical or mineral composition was observed. K. 

aerogenes developed small micro-colonies on both monazite (Figure 4-a, white regions in the 

SEM micrograph) and muscovite (Figure 4-a, dark regions in the SEM micrograph) plates of 

monazite-muscovite crystals. In the case of high-grade monazite ore, biofilm formed on all 

ore high-grade grains, independent of the mineral or chemical composition such as aluminium 

rich, iron rich or rare earth rich regions (Figure 4-c and 4-e and Figure S-15 and S-16).  
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Figure 4. Klebsiella aerogenes biofilm on monazite-muscovite crystals where monazite are the 

white regions, and muscovite plates are the dark plates (a), and high-grade monazite ore (b). 

K. aerogenes cells are the small black/grey bacilli shapes on the surface. The SEM (SE/BSE dual 

detector imaging) micrographs (a, c, e) were obtained with backscattered electron imaging; 



102  

hence heavier elements depicted brighter and light elements are depicted darker. The SEM-

EDS elemental map analysis shows chemical composition of different mineral plates and 

grains in the samples (b & d). The black regions in the SEM-EDS maps (b & d) represent 

absence of an element of interest and the coloured area represent the areas on the surface 

where the related EDS signal was detected for that specific element.  

 

3.5. Changes on the surface and subsurface of the monazite minerals due to microbial 

activity 

SEM was used to investigate changes to the mineral surface as a result of microbial activity 

since CLSM was not a suitable tool to study such changes in detail (data not shown). After two 

weeks of bacterial activity, some of the grains of high-grade monazite ore samples showed 

dramatic surface erosion due to microbial activity; however, such erosion patterns were not 

observed in abiotic control samples (Figure 5). 

 

Figure 5. Visualisation of the surface of high-grade monazite ore monazite after 14 days of 

abiotic leaching (a) and bioleaching in the presence of Klebsiella aerogenes (b). 

Abiotic Biotic  
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4. Discussion 

Biofilm is a universal attribute and the prevalent form of microbial life in natural ecosystems 

for most microorganisms, if not all 19. Biofilm formation is of value in bioleaching based 

technology. Of the three proven mechanisms for bioleaching of sulfide minerals, contact, non-

contact and cooperative models 2,20,21, two mechanisms (contact and cooperative) require 

biofilm formation. Fathollahzadeh et al. (2018-a) conceptualised the bioleaching of 

phosphate minerals in the same three mechanisms and showed that the leaching efficiencies 

in the absence of contact to minerals were significantly lower than in contact with minerals, 

which signifies the importance of microbial contact in comparison to non-contact leaching 4,11. 

The current study provides evidence to validate the most critical aspect of REE contact 

leaching, the formation of microbial biofilm on the surface of the REE minerals. 

Similar to other in vivo or in vitro studies of microbial biofilm formation, the microscopy data 

confirmed the three main stages of biofilm formation for K. aerogenes on the surface of 

phosphate minerals. The first step in forming a biofilm involves introduction of the bacteria 

to a surface 22,23. The initial attachment of K. aerogenes started very early after exposure to 

the high-grade monazite ore. This early phase of initial attachment is a dynamic and reversible 

process which is in response to nutrient availability, hydrodynamic or repulsive forces 23. 

However, given enough time, the early attachment leads to colonisation and further 

development of mature biofilm, the second major distinguishable stage of biofilm 

development. This occurs when the cells are ready to commit to a biofilm lifestyle which 

requires irreversible attachment to the surface 23,24. The colonisation continued further until 

almost the whole available surface of the high-grade monazite ore and a notable area on the 
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monazite or xenotime crystals were covered with bacterial biofilm which marks the 

maturation stage. The maturation stage favours a higher expression of factors favouring 

sessile state such as those associated with extracellular polymeric substances (EPS) 

production 23,25,26. Although biofilm architecture is continuously changing as a result of the 

external and internal factors, it finds its most complex and stable form at the maturation stage. 

The SEM records of K. aerogenes mature biofilm demonstrated that the formed biofilm on 

the surface of phosphate minerals was a thin-layer structure (Figure 2). The complexity of the 

biofilms’ 3D structure varies for different microorganisms and environmental conditions with 

single species-biofilm of some bacteria such as Pseudomonas aeruginosa capable of forming 

multi-layer complex structures known as the mushroom-shaped biofilm 23. One reason for the 

simple structure of K. aerogenes biofilm could be due to a relatively high fluid shear force 

generated from shaking at 140 rpm which can affect the structure, density and attachment 

strength, or even metabolic activity of a biofilm 27.  

The final stage of a biofilm development cycle is dispersion 19. Detachment is dynamic and 

heavily affected by the external and internal factors such as pH, temperature, and chemotaxis 

inside the biofilm matrix 19,22. However, at some point after the maturation stages a 

considerable proportion of the sessile subpopulation leaves the biofilm lifestyle. For K. 

aerogenes this process was initially observed at days 11 onward when a notable decrease in 

the biofilm was recorded in both CLSM and SEM records in contrast to the maturation phase 

(days 1-8). Dispersion rarely involves the entire biofilm and occurs through passive or active 

mechanisms 19. The fluid shear force, erosion and sloughing by fluid frictional force, and 

abrasion due to collisions of biofilm with floating mineral particles can lead to passive 

detachment of K. aerogenes biofilm 19,22,28. Moreover, live microscopy performed between 

days 20 to 70 (Figure S-11) show signs of active re-colonisation and dispersion of the ore 
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grains after the initial dispersion observed at day 11 onward indicating an active seeding 

dispersal mechanism 19 for K. aerogenes.  

A critical question in biofilm studies is regarding the localization of microbial biofilm. Microbial 

colonisation of a surface and biofilm formation are not entirely random processes and can be 

influenced by topography and chemical or physical properties of a surface 12,14,26. In 

bioleaching settings, biofilm formation is predominant on the sites with higher surface 

roughness, physical imperfections, and surfaces with lower degrees of crystallization 13,14,29. 

The formed biofilm on xenotime crystal (Figure 3 and S-14) shows the localization of K. 

aerogenes biofilm on and around physical imperfections of the surface (dents, grooves and 

cracks). The CLSM micrograph (highlighted in gold –Figure 3-a, Figure S-14) represents the 

biofilm and is well matched with the physical imperfections. The SEM of the same surface 

demonstrated the number of attached cells on the reasonably flat surfaces with minimum 

topographical imperfections was lower than on and around physical defect sites of the surface 

where some micro-colonies were formed. A similar pattern was observed for monazite-

muscovite crystals, (Figure 3, and S-13). The same was also observed for high-grade monazite 

ore in which both SEM (Figure 3-e) and computer-aid reconstructed CLSM image (Figure 3-f) 

demonstrate localization of biofilm on the grooves. It is notable that the total biofilm-covered 

area vs. biofilm-free area on the monazite-muscovite crystals or xenotime crystals was lower 

than that of the high-grade monazite. This could be due to differences in the surface 

properties of the samples, including roughness, imperfections and crystallinity degree as the 

high-grade monazite ore has a higher surface roughness compared to the other two mineral 

samples.  
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Previous research on bioleaching biofilms 13,26,30,31 showed that Acidithiobacillus ferrooxidans 

selectively attaches and forms biofilms predominantly on and around physical and 

topographic imperfections sites on the surface of the minerals (such as pits, pores, holes, 

cavities, cracks and scratches, dents, steps and layers), crystal properties (degree of 

crystallization, crystal defects, grain boundaries and crystallographic orientation), and areas 

with different surface charge imbalances or hydrophobic/hydrophilic areas.  

Easier attachment due to more favourable surface properties such as energy, charge 

imbalance, hydrophobicity-hydrophilicity 14, and degree of crystallinity 29 are suggested as 

reasons for selective attachment and biofilm formation on and around the topographical and 

physical imperfections by some microorganism. Moreover, such locations on the surface 

provide a higher nutrient availability due to these sites being potential active dissolution 

regions on the surface, and also provides safety from the sheer fluid force 26. Furthermore, 

the transitory chemotactic attraction of electrically charged microbial cells toward dissolution 

sites may lead to the formation of anode and cathode regions on minerals' surface, which 

drives the dissolution process further. In such a system, the EPS of a biofilm fills the space 

between the microbial cells and the surface of the mineral as the matrix interface of the 

leaching reaction 14. The reconstructed 3D models from recorded CLSM micrograph during 

dispersion stage (Video S-1) shows that the developed biofilm inside some visible 

topographical imperfections stands still at the dispersion stage. Therefore, the topographical 

imperfections also provide protection against passive detachment due to weaker impacts of 

fluid shear forces or collisions with mineral particles floating around 26,28.  

Another critical question of the current study was to see if K. aerogenes shows selective 

attachment toward specific mineralogy or chemical composition on the surface. In addition 
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to physical properties, it has been shown that specific mineralogy or chemical composition of 

a surface, ionic strength, and presence of certain ions can influence the interaction, 

attachment, and biofilm development behaviour of microorganisms 14,26. Figure 4-a and b 

demonstrates K. aerogenes attachment and micro-colony formation occurred on both 

mineral plates of monazite-muscovite sample, the monazite plate which is rich in REEs 

phosphates such as cerium (Ce) and phosphate (P) and muscovite plate rich in aluminium (Al) 

and silicate (Si). The same pattern was observed for the high-grade monazite sample with a 

much more complex mineralogy (Figure 4-c, d and e and Figures S-15 and S-16). Despite 

having a diverse range of minerals and chemical distribution of elements on the high-grade 

monazite sample, K. aerogenes biofilm formed on all high-grade monazite ore grains. 

Xenotime crystals did not show complex mineralogy and were not used for this experiment. 

Therefore, unlike some of the iron and sulfur oxidizing microorganisms 26, K. aerogenes 

showed no selectivity toward specific chemical or mineral composition under the tested 

conditions. Nevertheless, this observation cannot be generalised to other phosphate minerals 

or phosphate solubilizing microorganisms, since the current study is the only available study 

addressing this aspect of biofilm formation on such minerals and using such microorganisms. 

Changing the surface topography, dissolution of some elements, and formation of secondary 

minerals can occur as a result of both biotic and abiotic leaching and has been reported for 

both sulfide15,26,32 and phosphate minerals 33. The SEM images of K. aerogenes activity 

revealed that after 14 days of bioleaching, the surface of some of the high-grade monazite 

ore grains subjected to the microbial activity notably changed in the form of an eroded surface, 

while the abiotic leaching controls with similar pH did not show drastic visible topographical 

changes and erosion patterns (Figure 5). Fathollahzadeh et al. (2018-a) reported a similar 

observation on MWM monazite, another sample from Lynas Corporation 11.  
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Based on the finding of this study, it is reasonable to say in a controlled environment like 

bioreactor-based bioleaching, a pre-processing such as grinding and milling to fine particles 

can be done on ore or waste samples to increase the total available surface well as physical 

properties of the surface to promote microbial attachment and as a result leaching efficiency.  

5. Conclusion 

K. aerogenes, as the model phosphate solubilizing microorganism, was able to colonise the 

surface of monazite and xenotime and form a thin-layer biofilm. Biofilm development 

occurred in three distinctive stages, initial attachment, maturation and dispersion. 

Colonisation and biofilm formation were selective toward physical imperfection such as 

grooves and cracks but not toward specific mineralogy or chemical composition on the 

surface. The selective colonisation on and around the physical imperfections could be due to 

easier access to nutrient on and around these dissolution sites. Such topographical 

imperfections provided K. aerogenes sessile population with protection against the fluid shear 

forces during initial attachment of the bacterial cells and maturation of the biofilm. The 

biofilm formed in the grooves and cracks were also protected from passive detachment due 

to weaker impacts of fluid shear forces or collisions with mineral particles.  
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Supplementary material 

Table S-1. The reference chemical composition of the detected minerals in this study 

Mineral Composition Comments 

Monazite 
group 

MTO₄ Monazite Group: Where M = REE, Th, Ca, Bi; T 
= P, As. Monazite-(Ce) and Cheralite were used 
in these Quantitative X-ray Diffraction QXRD 
refinements. 

Goethite (Feₓ M₁₋ₓ)O(O H) Goethite: Where M=Al and various other 
cations 

Quartz SiO₂   
Kihlmanite Ce2TiO2(SiO4)(HCO3)2·H2O Kihlmanite: Kihlmanite-(Ce) was used in these 

QXRD refinements. The peak identified can be 
overlap with other phases. Further 
investigation would be required for more 
accurate classification. 

Xenotime YPO4 Xenotime: Xenotime-(Y) was used in these 
QXRD refinements. 

Hematite 
group 

R₂O₃ Hematite group: Where R=Al, Cr³⁺, Fe³⁺, V³⁺. 
Hematite was used in these QXRD refinements. 

Crandallite 
group 

CaAl₃(PO₄)(PO₃OH)(OH)₆ Crandallite group: Crandallite was used in these 
QXRD refinements. Crandallite and Florencite 
peaks overlap. Further investigation would be 
required for more accurate classification. 

Alunite group AB₆(SO₄)₄(OH)₁₂ Alunite group: Where A=Ag, Ca, (H₃O)₂, K₂, Na₂, 
(NH₄)₂, Pb; B=Al, Cu²⁺, Fe³⁺. Jarosite and 
Florencite-(Ce) were used in these QXRD 
refinements. Florencite and Crandallite peaks 
overlaps. Further investigation would be 
required for more accurate classification. 
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Figure S-1. High-grade monazite ore TESCAN Integrated Mineralogy Analyser (TIMA) mapping 

conducted at John de Laeter Centre, Curtin University.  
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Figure S-2. XRD phase identification of the high-grade monazite ore conducted at John de 

Laeter Centre, Curtin University. 
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Table S-2. XRD and phase identification of the high-grade monazite ore conducted by John 

de Laeter Centre, Curtin University. The COD ID refers to the phase’s identification number 

in the COD database (http://www.crystallography.net/) 

 Phase   COD ID Nominal elemental composition 

Monazite, Ce 9001646 CePO4 
Monazite, La 9001647 LaPO4 
Quartz 1011097 SiO2 
Goethite 9016178 FeOOH 
Florencite-Ce 9009361 Al3(Ce,La,Nd,Sm,Ca)(PO4)2(OH)6 

 

Note: Since crandallite group CaAl₃(PO₄)(PO₃OH)(OH)₆ and florencite peaks may overlaps, 

another QXRD analyses was done by Bureau Veritas (Perth, WA).  

  

http://www.crystallography.net/
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Table S-3. Quantitative XRD results (Crystalline phases only - wt%) of high-grade monazite. 

conducted by Bureau Veritas, Perth, Australia. 

Mineral Monazite Group Kihlmanite Crandallite group Alunite group Total  
65 3 15 18 100 

 

Table S-4. The inductively coupled plasma mass spectrometry, and TIMA composition 

analysis of high-grade monazite ore conducted by Bureau Veritas, Perth, Australia. 

 
Elements (%)    

Al 3.9 
Ca 1.8 
Fe 1 
K <0.01 
Mg 0.1 
Mn 0.06 
Na 0.1 
P 8.5 
Si 1.6 
Ti 0.4 
Y 0.18 
La 11 
Ce 15 
Pr 2.1 
Nd 7.2 
Sm 0.97 
S 0 
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Figure S-3. Quantitative TIMA mineral mapping of monazite-muscovite crystals. 
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Figure S-4. TIMA mineral mapping of xenotime crystals. 
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Figure S-5. The flow cytometry plots for sterile media and bacteria with and without SYTO9 

as the fluorochrome for DNA.  
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Figure S-6. The recorded autofluorescence of high grade monazite ore after 14 days of abiotic 

leaching using NBRIP and Milli-Q water at pH 4, 5 and 7.  
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Figure S-7. Visualisation of Klebsiella aerogenes biofilm on the surface of high grade monazite 

ore by CLSM. Hoechst 33342 (blue) and DiTO-1 (green) were used to maximum visualisation 

of the bacterial cells. CLSM image is a merged image (blue, green and transmitted light 

channels) using the Maximum Fluorescent Intensity of the acquired Z-stack images. Blue, 

green or cyan colours on the surface of the mineral grains (the dark grains) are representative 

of the microbial biofilm. The background blue colour around the mineral grains is 

autofluorescent from the epoxy glue.  
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Figure S-8. Visualisation of Klebsiella aerogenes biofilm on the surface of monazite-muscovite 

crystals by CLSM.  
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Figure S-9. Visualisation of Klebsiella aerogenes biofilm on the surface of xenotime crystals by 

CLSM.  
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Figure S-10. Visualisation of Klebsiella aerogenes biofilm on the surface of high grade 

monazite ore by SEM.   
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Figure S-11. Visualisation of Klebsiella aerogenes biofilm on the surface of high grade 

monazite ore, day 20-70.  
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Figure S-12. Figure S-12. CLSM cross-section of K. aerogenes mature biofilms on high grade 

monazite ore. The blue/green shapes in the CLSM images are representative of the microbial 

cells.   
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Figure S-13. Localization of K. aerogenes biofilm on and around the physical surface 

imperfections of monazite-muscovite crystal. (a) An overall SEM of the crystal. (b) A location 

on the crystal with an imperfection site (ridge) in the centre and fairly flat surfaces on the 

left and right of the ridge. (c) A location on the crystal with flat surface. (d-g) Other 

imperfection sites on the surface. 
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Figure S-14. Localization of K. aerogenes biofilm around the physical surface imperfections of 

xenotime crystal. (a) An overall CLSM image of the crystal surface in transmission light mode 

(physical imperfection only), florescence channel only, and merged image. (b-e) The SEM 

images of the same sample zooming on a smaller area (red box in panel-a) at different 

magnification. 
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Video S-1. Klebsiella aerogenes biofilm on the surface of high grade monazite ore monazite 

acquired using Z-stack imaging at maximum fluorescent intensity. The acquired Z-stack 

images are shown in a depth-coded rainbow coloured 3D image. The depth rainbow 

coloured area is representative of the biofilm and bacterial cells on the surface of the 

mineral. The colouring scheme represents the height of the sample where blue is closer to 

the top of the mineral grain and pink represent higher depth and is closer to the bottom of 

the mineral.  
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Figure S-15. SEM-EDS mapping of the mineral/chemical distribution and composition of high 

grade monazite sample. (a) The SEM overall image of the mapped area merged with the SEM-

EDS elemental map. (b-m) The chemical distribution of each element in different mineral 

grains. The black regions in the SEM-EDS maps represent absence of an element of interest 

and the coloured area represent the areas on the surface where the related EDS signal was 

detected for that specific element.  

 

 

j k 

l m 



143  

 

a 

100 µm 



144  

 

20 µm 



145  

 

20 µm 



146  

 

20 µm 



147  

 

20 µm 



148  

 

20 µm 



149  

 

20 µm 



150  

 

20 µm 



151  

 

20 µm 



152  

20 µm 



153  

`

20 µm 



154  

20 µm 



155  

20 µm 



156  

20 µm 



157  

20 µm 



158  

10 µm 



159  

 

Figure S-16. Investigating K. aerogenes biofilm localization toward specific mineralogy or 

chemical composition. An overall backscattered electrons SEM image of the sample is 

provided (a) with each grain numbered for reference. The regions of the mineral surface with 

heavy element such as Ce or La are seen with brighter white-grey shades in the backscattered 

electrons SEM image and lighter element are seen darker. Another backscattered electrons 

SEM image of each grain was captured at higher magnifications and the referenced number 

of each grain (panel-a) is provided at the bottom of the image. K. aerogenes cells are the bacilli 

shaped grey features on the surface of the mineral grains.  

20 µm 
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Chapter Four 

Quantitative analysis of the biofilm stages and 

extracellular DNA production by Klebsiella 

aerogenes in bioleaching settings 
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Abstract 

As an important prerequisite of contact leaching, Klebsiella aerogenes attaches and colonises 

the surface of rare earth (REE) phosphate minerals like monazite to form a biofilm. 

Quantification of biofilm coverage at different time points or measuring the important 

component of biofilm like extracellular DNA (eDNA) provide a comparative approach to 

monitor biofilm development and quantitatively study the changes in biofilm composition or 

function. To study the biofilm development stages, monazite was subjected to bioleaching 

and imaged at different time points using confocal laser scanning microscopy and electron 

microscopy. The recorded images were then quantitatively analysed using image processing 

software Imaris (version 9 and 10) and Image (version 2). Quantitative analyses confirmed the 

three distinctive stages previously observed in descriptive study of the biofilm. At the initial 

attachment stage, attached microorganisms covered approximately 10% of the mineral 

surface. At the mature biofilm stage, a significantly larger area (~70-80%, p ≤ 0.05) of the 

mineral surface was covered by K. aerogenes. Quantification of the biofilm coverage area 

indicates formation of the mature biofilm has two distinguishable substages, a colonisation 

step where approximately 50% of the mineral surface was covered by microorganisms, which 

further developed into a mature biofilm at which on average 80% of the surface was covered 

with bacterial cells for about eight days. During the last stage of the biofilm development, 

dispersion occurred with more than 80% of the biofilm detached from the surface. Moreover, 

eDNA production per µm2 of biofilm showed significant variation at each stage. The eDNA 

content of the mature biofilm was significantly higher (a twofold increase, p ≤ 0.05) compared 

to the initial attachment stage. While eDNA facilitates the initial attachment to the surface, a 

higher quantity of eDNA in the biofilm matrix is essential for the stability of the mechanical 

structure of the biofilm.The he eDNA content significantly decreased over the dispersion 
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stage, which could be a contributing mechanism employed by bacteria to trigger dispersion. 

Furthermore, K. aerogenes produced significantly more eDNA on monazite which contains 

light REE such as cerium, lanthanum, and neodymium, compared to xenotime which contains 

heavy REE such as dysprosium, which could be a physiological response to the surface 

chemistry and mineralogy. In addition to a physiological response to different mineralogy, 

different levels of eDNA production in the biofilm matrix could also be a physiological 

response to environmental stresses such as inhibitory concentrations of harmful compounds 

for microorganism such as antibiotics or heavy metals. Quantitative analysis of biofilms offer 

a measurable means of monitoring changes in biofilm, either by attachment efficiency and 

coverage area, or to monitor the concentration of  certain compounds or metabolites, or rate 

and efficiency of a function of interest. . Such quantification approaches are important to 

evaluate engineering processes aimed at enhancing biofilm formation or targeting biofilm 

eradication.  
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1. Introduction 

Microorganisms are extremely diverse omnipresent biological entities on the planet. One of 

their ubiquitous features is the ability to produced biofilms, an enclosed multicellular matrix 

(aggregation) of a single species or a consortium of multi-species of microorganisms sticking 

to each other and/or to surfaces or interfaces 1-3. A central hypothesis in microbial sciences is 

that biofilms are the predominant form of microbial life in almost all ecosystem with adequate 

amount of nutrients 1. Research first performed on biofilms by Hitchman’s in (1921)4 of a 

biofilm structure  suggested that attachment to a surface may benefit bacterial growth. Lloyd 

in (1930)5 studied bacterial population adherence to the suspended particles, and Waksman 

et al (1933)6, examined marine bacteria attachment to planktonic organisms, and microbial 

attachment and occupation of the glass surface by ZoBell and Anderson (1936) was described 

as micro-organic films 7. After about a century since the reports on biofilms, attachment to 

surface or interfaces has been accepted as another ubiquitous feature of microbial life 8 

building upon the second central hypothesis of microbial ecology that the majority of 

microorganisms on the planet are in a consortia of multispecies biofilms associated with a 

surface 1. Methods to study the attached microbial population on a surface, also known as 

the sessile population 9, has developed greatly since then 10,11; however there is still a need 

to adopt and develop new approaches for new or understudied surfaces or bacteria. While 

descriptive methodologies are important in providing fundamental information such as the 

morphology or complexity of a the biofilms, quantitative approaches are of high importance 

as they offer a mean to quantitatively measure and compare certain biofilm features of 

interest10. 
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Attachment and biofilm formation as the critical aspects of microbial bioleaching have been 

mainly studied for sulfide minerals12-14. It is one of the understudied subjects in bioleaching 

of other minerals, in particular rare earth elements (REE) bearing phosphate minerals. There 

is very limited data available regarding the behaviour of either the planktonic or sessile 

populations within these systems. Previous studies on the bioleaching of monazite 15,16, as 

one of the main REE-phosphate minerals, reported that the bioleaching rate was higher when 

microorganisms were in contact with the mineral surface than with suspended cells 15. The 

authors hypothesised that the sessile subpopulation had a critical role in bioleaching, mainly 

through organic acid production (acidolysis) and complex formation between released rare 

earth cations and organic acid residues 15,17. In the proposed mechanisms, the extracellular 

polymeric substances (EPS) was depicted as the matrix where acidolysis and complex 

formation occurred 17. Nevertheless, there was not enough information regarding the sessile 

subpopulation. Moreover, the methodology used to study this subpopulation was limited to 

electron microscopy and atomic force microscopy. There was not enough information 

regarding how a biofilm develops on REE-phosphate minerals, what is the efficiency of 

attachment, what percentage of the total available area for attachment on the mineral 

surface is covered in biofilm at each stage, and whether and how biofilm composition changes 

over time or on different phosphate minerals. This chapter focuses on quantitative analysis 

of biofilm development by K. aerogenes on Australian monazite and xenotime minerals, two 

important REE-phosphate minerals 18.  

Light microscopy has always been one of the main tools in microbial studies. Confocal laser 

scanning microscope (CLSM) has been proven as one of most advanced light-based 

microscopes to study biofilm19,20 with one of the main applications of CLSM in studying the 

microbe-mineral surface interaction is to monitor microbial attachment and colonisation of 
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the surface in a descriptive and/or semi-quantitative approach10. By using specific 

fluorochromes for certain biochemical compounds, for example DNA, proteins, or cell wall 

components such as cellulose, CLSM and other fluorescent based microscopy techniques 

allow monitoring of the microbial cells’ activities. For example, many studies used various 

fluorescent based microscopy techniques to monitor different stages of the biofilm formation 

or changes within the biofilm matrix 18,21,22. Changes in the attachment intensity has been 

used to identify different stages of microbial biofilm development over a time course. CLSM 

can be used to create a 3D structure of the biofilm and its morphology by recording several 

images from the same location (fixed on X and Y axis) at different height on the Z-axis, which 

is referred to Z-stacks. In addition to morphology of the biofilm, the Z-stacks can provide 

valuable information regarding biofilm complexity such as cellular arrangement, orientation, 

or specific functionality such as formation of water channels inside biofilms 23,24. However, 

the main bottleneck in using CLSM to study microbe-mineral interaction, is the inability to 

detect microbially imposed chemical changes on the mineral. Electron microscopy on the 

other hand is highly capable of enabling such studies and in addition to CLSM, scanning 

electron microscopy (SEM) has been widely employed for the analysis of microbial biofilms 

10,25. Although CLSM images and SEM micrographs primarily contains descriptive information 

about the biofilm, the recorded images from both methods can be processed and used for 

quantitative analysis 10. In chapter 3, we provided empirical evidence to address the biofilm 

formation and its stages in bioleaching of phosphate minerals. This chapter focuses on the 

further processing of the data used in Chapter 3, providing a quantitative analysis of the 

biofilm and its stages, and investigates whether the observed changes or stages are 

statistically significant. 
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2. Methods 

2.1 Microorganisms  

Klebsiella aerogenes ATCC 13048 was used for bioleaching experiments and grown on 

National Botanical Research Institute's Phosphate medium (NBRIP) as described by Van Alin 

et. al. (2022- a and b). Cells were enumerated using flow cytometry with an Attune NxT flow 

cytometer as described in chapter three. For all bioleaching tests the media were inoculated 

with K. aerogenes to reach a final cell number of 1 × 107 cell mL-1. For bioleaching experiments, 

microorganisms were grown in phosphate deficient media.  

2.2 Minerals: 

Two ores acquired from Australian mines, one a high-grade monazite ore (HGMO, Lynas Corp, 

WA, Australia) and a xenotime ore (Northern Minerals, WA, Australia) were used as the 

mineral of choice. Mineral characteristics and composition determined by X-ray diffraction 

(XRD) and inductively coupled plasma mass spectrometry (ICP-MS) for these samples have 

been published by Van Alin et. al. (2022 a and b).  

2.3 CLSM settings for analysis of microbe-mineral surface interactions 

CLSM imaging was conducted using Nikon A1+ point scanning confocal microscope with 405 nm, 

488 nm, 561 nm, 640 nm laser units, and a motorised XYZ stage. NIS-Elements software (V4.4, 

Nikon Instruments) and Imaris (V9 and V10, Oxford Instruments) were used for CLSM imaging 

analysis. Hoechst 33342 (AATBio) and DiTO-1 (AATBio) were used for staining as published in (Van 

Alin et al 2022). Hoechst 33342 was excited at 405 nm laser and detected through 450/50 filter. 

DiTO-1 was excited at 457 nm laser and detected through 525/50 filter. For autofluorescence the 

excitation/emissions at 561/595 nm and 650/700 nm were also collected.  
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To study the attachment of microorganisms and biofilm formation to the mineral surface, 

samples were stained with fluorochromes that target polymeric nucleic acids, polysaccharides, 

lipids, proteins and other metabolites. Nucleic acid content inside and outside the microbial 

cell was targeted by staining using two fluorochromes, Hoechst 33342 (1 μM) and DiTO-1 

(1 μM) following Van Alin et al (2022-a). Hoechst 33342 stains genomic DNA (gDNA) inside 

the cells and other DNA polymers that are produced for or trapped inside the extracellular 

polymeric matrix around microbial cells referred to as extracellular DNA (eDNA). In contrast, 

DiTO-1 is a membrane-impermeable dye, hence attaches to eDNA molecules of healthy living 

cells (their cell wall and cell membrane is intact). 

2.4 3D modelling in NIS-Elements and Imaris 

2.4.1 CLSM-Z-stack imaging 

For 3D modelling, CLSM imaging was done in Z-stack mode, at 1-3 µm height interval when 

low magnification imaging was employed using 10 × or 20 × objective lenses. This setting was 

used to quantify the biofilm covered area as it provided a very large analysis region(1 mm × 1 

mm at 100-300 µm hight). Covering a large area for analysis allowed for a more accurate 

measurements of the biofilm instead of averaging a small area on the surface of multiple 

particles through the acquisition and analysis of multiple images.  

At higher magnifications using 40 × - 100 × objective lenses a height interval of 0.5 µm was 

used for Z-stack recording. The Z-stack were used to create either a 2D Maximum 

(fluorescence) Intensity Profile (MIP) image, or a 3D model which allow illustration of the 

surface topography and some of the physical properties including grooves. This setting was 

used for the analysis based on cell number, permitting calculation (percentage) of eDNA 

producing cells. The Z-stack were converted to a 3D model in NIS-Elements (Ar and C packages) 
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and Imaris (V9 and V10) to create a virtual 3d model of the surface resembling the same size, 

shape and to some extent the topographical features of the surface.  

 2.4.2 Computer aided modelling of the surface, microorganisms, and differently stained 

chemical properties of biofilm/microorganisms 

The Z-stack were converted to 3D models in NIS-Elements using 3D tool at MIP. On Imaris, 

the Z-stack are automatically converted into 3D model at MIP. In Imaris, the mineral surface 

was recreated using “Surface” tool utilising the background noise and/or the samples’ 

autofluorescence recorded on 561/595 nm and 650/700 nm filters. Using the same 

methodology, the g-DNA or e-DNA signal were used to create another surface representing 

the area covered with biofilm using the specific signal acquired on 450/50 and 525/50 

channels. Given that biofilm formation and coverage were not uniform processes, Z-stack 

CLSM images covering extensive areas of the sample (1000 µm × 1000 µm × 300 µm) were 

modelled and utilised for quantifying biofilm coverage. This method enabled the definition of 

the entire surface area of each particle in the field of view in its 3D form, ensuring that the 

biofilm’s heterogeneity did not impact the quantification. The measured area and the 

percentage of the biofilm covered area against the total available surface was used to 

quantitatively compare the changes in the intensity of K. aerogenes attachment at different 

stages.  

Additionally, microbial cells were 3D modelled in Imaris using “Spot” tool. This tool created 

representative objects (spherical or oval shaped) per each individual signal acquired from 

each cell inside the biofilm, allowing relatively accurate counts of an event of interest, e.g., 

number of the cells attached to the surface. The gDNA of each bacterium stained with 

Hoechst 33348 (Figure 2-C) was represented as a blue sphere in the 3D model, and the eDNA 
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signals which only produced by cells that were also stained with DiTO-1 were represented in 

green. The produced 3D models were used to differentiate the cells that produce eDNA 

(yellow arrow) from those that did not (red arrow). For quantitative analysis, the number of 

recreated spheres for each signal was extracted from the metadata and used to calculate and 

compare the percentage of the cells that produced eDNA at a given stage of the biofilm 

formation.  

2.5 SEM-based quantitative analysis of microbe-mineral interactions. 

After CLSM imaging, the samples were airdried, then moved to a desiccator for 

dehumidification. The samples then coated with carbon and platinum prior to SEM analysis. 

SEM imaging was conducted with a TESCAN Clara FESEM microscope using TESCAN Essence 

software (John de Laeter Centre [JdLC], Curtin University) at 5 kV operating voltage and 300 

pA beam intensity. Changes in the bacterial attachment intensity to a surface was calculated 

on ImageJ software (https://imagej.net, Version 2) by measuring the surface area covered by 

microbial cells against the total surface area. The three image processing steps for 

quantification of these regions are shown in Figure 2. 

2.6 Biofilm thickness and complexity analysis 

Quantitative analysis of the biofilm thickness was tested using cross section analysis by both 

CLSM and FIB-SEM. For CLSM based analysis, the cross-section requires Z-stack imaging. The 

thickness of the biofilm was measured across the samples, averaging a minimum of 20 

locations per sample.  

FIB-SEM analysis was done using a TESCAN LYRA3 GM (TESCAN instruments, JDLC, Curtin 

University) instrument. It was employed to make cross-sections of the region of interest, or 

to prepare TEM lamellas. Prior to any FIB analysis a 1-µm thick platinum protection layer was 

https://imagej.net/
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deposited on the region of interest, to minimise curtaining effects and protect the mineral 

surface and microbial biofilm from the ion beam 26. A high current (10nA) focused ion beam 

was used to mill a trench and expose the cross-section under the protection layer. 

Subsequently low currents (1nA, 300pA) ion beams were used to polish the cross-section and 

minimise the surface damage and roughness. High resolution (nm scale) images acquired with 

tilt corrected SEM ensure measurements were in the direction orthogonal to sample surface. 

The cross sections were analysed using SEM and the lamellas were analysed using TEM. 

2.7 Statistical analysis 

When relevant, data preparation for statistical analysis was done in Microsoft Excel (2016) 

and GraphPad Prism v.9 from a minimum of two replica. Depending on the data, T-test, One-

way ANOVA or Two-way ANOVA were used for comparison and a p-value of ≤0.05 was 

considered significant. Hereafter, the word “significant” in the text implies a statistical 

analysis with a P-value ≤ 0.05. 

 

3. Results and discussion 

3.1 Evaluating the computer aided modelling  

3.1.1 Computer aided modelling of CLSM data 

Evaluating the 3D models created in NIS-Elements and Imaris showed that although both 

provide 3D- MIP images (Figure 2-A and B), only Imaris was capable of recreating accurate 3D 

models of microbial cells (representing the biofilm, Figure 1, panels C-H), mineral surface 

(Figure 1-I), or a combined image (Figure 1-K and L)).  
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Figure 1.  A) Biofilm’s Maximum Intensity Profile (MIP) model was created using NIS-Elements 

software, and B) Imaris. C) Hoechst 33348 stained bacteria produced the fluorescent signal 
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for genomic DNA (g-DNA). D) Each g-DNA signal from a bacterial cell was modelled as a blue 

sphere. E) DiTO-1 specifically targeted and produced a fluorescent signal for extracellular DNA 

(e-DNA). F) The e-DNA signal from a bacterial cell was modelled as a green sphere. G) MIP 

image of merged g-DNA (blue) and e-DNA (green) signals. H) The final model where blue 

spheres represent cells (red arrow) without e-DNA production, while half blue-half green 

spheres represent e-DNA producing cells (yellow arrow). I) Imaris “surface” tool recreated the 

mineral surface, shown from a bottom perspective. J) Merged models of e-DNA producing 

bacterial cells on the surface, using the e-DNA signal. K) Merged models of the mineral surface 

and bacterial cells producing g-DNA and e-DNA on the surface. 

 

The recreated mineral surface (Figure 1-I) offered a detailed view of the topography and 

facilitated the measurement of the total surface area of each mineral particle. The same method 

was employed using g-DNA or e-DNA signals to create a surface representing the biofilm-covered 

area, enabling the calculation of the biofilm coverage percentage on the mineral surface. Using 

higher magnification during imaging with 40× - 100× objective lenses provided clear images of 

each bacterial cell (Figure 1, panels C-H), making it possible to distinguish the specific signal of 

Hoechst 33348 (for g-DNA) and DiTO-1 (for e-DNA) for each cell. The recreation of bacterial cells 

using distinct g-DNA and eDNA signals into circles allowed enumeration of cells in Imaris, as well 

as distinguishing eDNA-producing cells (Figure 1-yellow arrow) from non-producing cells (Figure 

1-red arrow). Then, these values were used for a quantitative comparison of the percentage of 

cells producing eDNA at each biofilm formation stage. 

3.1.2 Computer aided modelling of SEM data 

By utilising the three image processing stages (Figure 2, A, B and C) in ImageJ, the final image 

was ready for a quantitative analysis. The surface shape area was automatically computed 
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(Figure 2-D, black region), with enclosed shapes within this space representing bacterial cells 

(Figure 2-D, yellow region). A comparison of these two regions’ areas revealed the percentage 

of mineral surface covered by bacterial cells at each biofilm development stage 

 

Figure 2. Image processing steps used on SEM acquired images using ImageJ software. A) the 

original SEM image, with dark grey rod-shaped spots on the mineral particle indicative of 
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bacteria. B) Converting the region of interest into a high-contrast image. Mineral particle is 

the white region, and the black spots represent bacteria. C) Conversion of the high-contrast 

image into a line image. Bacterial cells are the enclosed small shape area inside the borders 

of the mineral particle. D) The microbial representative shapes are selected (yellow) and used 

to measure the area occupied on each particle. 

 

3.2 Autofluorescence of the surface before and after abiotic treatments  

To study the interaction of microorganisms with a surface it was important to ensure the 

surface did not have an autofluorescence, and if it did, the autofluorescence should not 

interfere with the studied parameters. This is important for both descriptive and quantitative 

analyses. In quantitative analysis, such interfering autofluorescence signals would lead to 

false creation of bacterial cells that do not exist on the surface, resulting in the wrong 

measurement of an event of interest. The tested minerals in this study had negligible 

autofluorescence when assayed through excitation/emissions at 561/595 nm (Figure 3-A) and 

650/700 nm (data not shown) channels. Therefore, 561/595 nm and 650/700 nm filters were 

not used to study the biofilm, instead the recorded signals from these two channels were 

used to model the entire surface of the mineral grains in its 3D shape, with detailed surface 

topography (Figure 1-I).  No autofluorescence was recorded on 450/50 and 525/50 filters 

(Figure 3-B), hence they were used for studying the biofilm using two DNA-based 

fluorophores, Hoechst and DiTO-1 respectively, as there was no interference between the 

samples natural autofluorescence and biofilm study (Figure 3-C). 
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Figure 3. High-grade monazite ore samples glued to a glass slid. A) Autofluorescence of the 

sample before bioleaching shows signal at 561/595 nm excitation/emission channels. B) The 

same sample was imaged after bioleaching but before staining on 450/50 and 525/50 filters 

and showed no autofluorescence interference. C) Imaging the sample after staining bacterial 

DNA with Hoechst and DiTO-1. The golden spots represent the microbial biofilm.  Scale bar = 

100 µm. 
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3.3 CLSM-based quantitative analysis of biofilm development  

In chapter 3 a descriptive analysis of microbe-mineral interactions in a bioleaching setting was 

provided, specifically using K. aerogenes and HGMO, and three distinctive stages for K. 

aerogenes biofilm formation were shown (Figure 4). At initial attachment (Figure 4-A) K. 

aerogenes were attached to a small proportion (11.8 ± 4.4 %) of the total available surface 

(Figure 4-D and E). As mentioned in the previous chapter, second stage is when a mature 

biofilm is formed (Figure 4-B). Quantitative analysis indicates two substages during forming 

mature biofilm. The second stage started with bacteria colonising significantly more surface 

area (Figure 4-D and E) compared to the initial stage. Approximately 16 h after microbial 

exposure to HGMO, 50 % of the mineral surface was colonised by K. aerogenes. Subsequently, 

there was a further transition toward forming a mature biofilm where bacteria covered a 

significantly larger proportion (71.3 ± 8.7 %) of the total available area of the mineral surface 

for about eight days. At the third stage microbial cells detached from the surface (Figure 4-C) 

resulting in a significantly smaller area of mineral surface being covered by a biofilm (13.8 

±10.2 %). 
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Figure 4. Descriptive and quantitative analysis of Klebsiella aerogenes biofilm development 

on high-grade monazite ore over a time-course experiment. MIP image of the biofilm at A) 

Initial attachment stage B) Mature biofilm stage with two substages, colonisation (16 h) and 

forming mature biofilm (day 1-8, image is from day 3) C) Biofilm dispersion stage at day 11 

and 14 (image is from day 11). The golden-colour area on the surface is representative of the 

biofilm. D) Biofilm coverage in percentage of the total available area for attachment on the 

high-grade monazite ore grains. E) Average surface covered by the biofilm at different 

development stages. Scale bar = 100 µm 

D E 
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Both descriptive and quantitative analyses are fundamental in studying the efficiency of 

enhancing strategies on biofilm formation in particular for studying beneficial biofilms 27. 

Descriptive analysis provides a visualised approach to how biofilms respond to a treatment or 

strategy in terms of morphology and complexity, and it provides a basic perspective on the 

relative thickness and coverage efficiency. On the other hand, quantitative analysis offers a 

measurable approach where the thickness, attachment efficiency, surface coverage efficiency 

or other measurable feature can be compared before and after a treatment or environmental 

change 27. This is also important for studies on eradication of harmful biofilms such biofilm 

formed by pathogens or corrosive and undesirable microbial biofilms 28,29.  

 

3.4 SEM based study of microbe-mineral surface interactions 

Quantitative analysis of the biofilm development on monazite with K. aerogenes using high-

resolution SEM imaging confirmed the same pattern (Figure 5). An initial attachment with 

only ~3% of the available mineral surface covered by microbial cells. It was followed by the 

second stage, development into forming mature biofilm with two substages, colonisation 

(covering ~30 % of the surface) and then mature biofilm (covering ~80% of the surface). And 

the final stage, dispersion, at which about 95% of the biofilm was detached from the surface.  
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Figure 5. Quantitative analysis of scanning electron microscopy data, detailing Klebsiella 

aerogenes biofilm coverage on high-grade monazite ore at different stages of biofilm 

development. 

 

The reason for the difference between the measured values by CLSM and SEM, in terms of 

the percentage of the covered surface by bacteria, was most likely due to the different 

measurement mechanisms employed by these instruments. With SEM analysis, only the main 

body of the cells were considered in calculation because the extracellular polymeric 

substance of the microorganism was not easily detectable by SEM. To visualise the EPS, 

several tedious fixation, staining and dehydration are usually required 25,30, which was 

avoided in this study by altering the protocol to have minimal processing. In this study the 

samples were air dried, followed by dehumidification and coating. On the other hand, CLSM 

analysis involved both main body of the bacterial cells by recording the g-DNA signals as well 
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as the EPS through e-DNA signal. Hence, some difference was expected between the values 

measured by SEM and CLSM. Regardless, the general pattern was the same.  

3.5 Biofilm thickness 

The biofilm thickness was recorded at 0.98 ±0.24 µm from CLSM imaging of the live cells, and 

0.50 ± 0.20 µm using FIB-SEM or TEM imaging of air-dried biofilm. The lower value for SEM 

was due to shrinking cell size after air-drying and dehumidification processes for SEM 

preparation. Compared to 10-500 µm biofilm produced by other bacteria such as 

Pseudomonas spp 31, or biofilms formed in industrial scale bioreactors 32 and environmental 

biofilm33, this was not considered a thick biofilm. Hence, it is not structurally thick enough to 

form complex organisational structures such as water channels within the biofilm 23,24.   

3.6 Changes in the biochemical properties of the extracellular polymeric substances (e-

DNA in particular)  

Changes in the biochemical properties of the microbial populations was recorded in terms of 

e-DNA during the three stages of the biofilm formation (Figure 6), and as a physiological 

response to different mineralogy. Although descriptive analysis showed that K. aerogenes 

produced e-DNA at all three stages of its biofilm development on monazite 18,34, it failed to 

capture the difference in terms of quantity. Analysing the average fluorescent intensity per 

µm2 of the biofilm mass revealed K. aerogenes produced significantly more e-DNA when the 

biofilm is at the mature stage. The recorded fluorescent intensity for e-DNA gradually 

increased from ~80-90 arbitrary unit per µm2 during initial attachment and colonisation, to 

~180 arbitrary unit at the mature stage.  
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Figure 6. Changes in the e-DNA fluorescence intensity in K. aerogenes biofilm at different time 

points (A) and Stages (B) of the biofilm development. The fluorescence intensity was 

normalised per µm2.  

As discussed in our previous study (chapter 5), during the initial attachment phase, the e-DNA 

content of the EPS around the main body of the planktonic cells facilitated K. aerogenes 

attachment to the monazite 34. The two-fold increase in e-DNA content of K. aerogenes during 

the mature biofilm stage (from day 2 to day 8) indicated that there was another important 

role for e-DNA in K. aerogenes biofilm on monazite. Previous studies have discussed the 

significant roles of e-DNA content in biofilm 35 with the most important role of this increased 

eDNA content in mature biofilm attributed to providing a better mechanical stability of the 

biofilm structure 36,37. As mentioned in previous chapter, K. aerogenes biofilm formed on a 

very strong sheer force produced due to shaking at 140 rpm.  

On the other hand, some studies reported that removing e-DNA from biofilms reduced the 

structural stability and resulted in eradication of the biofilm over time 37-39, confirming the 
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important role of e-DNA in improving the structural stability of the biofilm. Additionally, it can 

also explain the sharp decrease in e-DNA content of the biofilm at dispersion stage where 

biofilm detaches from the surface. Not only biofilms with reduced e-DNA content are more 

prone to detachment due to sheer force of the liquids around them 37,40, but it is also shown 

that active removal of e-DNA is a strategy employed by some bacteria such as Pseudomonas 

aeruginosa to trigger dispersion of the biofilm41. 

Quantitative analysis of K. aerogenes cells on monazite and xenotime ores showed that on 

average 77.8 ± 10.0 % of the cells produced e-DNA when forming a biofilm on HGMO, 

however it was significantly less on xenotime with an average of 39.9 ± 3.2 % cells. The lower 

e-DNA production on xenotime could be a physiological response to exposure to surfaces with 

different chemical composition42. Changing the e-DNA content in biofilm is also a physiologic 

response to toxic compounds for microorganisms such as antibiotics or heavy metals 41,43. 

Xenotime contains heavy rare earths such as dysprosium whereas monazite mainly contains 

light rare earths such as lanthanum, cerium and neodymium, with both groups known to have 

toxic effects on microorganisms 44,45. However, their toxicity level and the microbial response 

to different REEs has not been studied in Klebsiella genus or similar bacteria to the best of our 

knowledge.  

4. Conclusion 

Quantitative and qualitative studies of biofilms both have their own significance. One 

approach answers question regarding morphology and complexity, while the other provides 

a comparable measurement to evaluate the effects of different conditions or treatments. The 

quantitative study of K. aerogenes biofilm formation on monazite confirms the previously 

observed stages in our descriptive analysis. However, it showed that the maturity stage can 
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be divided into two sub-stages based on the significant difference in the percentage of the 

surface covered by biofilm. Development of mature biofilm by K. aerogenes started with a K. 

aerogenes’ cells colonising mineral surface. At this point the coverage efficiency increased 

significantly compared to the initial attachment stage but the eDNA content is still at a similar 

level per µm2. But over time it led to formation of a mature biofilm, covering about 80% of 

the mineral surface with a much higher e-DNA content per µm2. The quantification of changes 

of e-DNA in the biofilms also showed significant variation at each stage. Quantitative analysis 

of biofilms opens new avenues in identifying potential targets for enhancing biofilm formation 

in some biotechnological applications such as bioleaching, or to eradicate them in some other 

ecosystems like biofilms that contain pathogens.  
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Statistical analysis of biofilm coverage measurement using SEM 
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Statistical analysis of eDNA production 
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Chapter Five 

Klebsiella aerogenes adhesion behaviour during 

biofilm formation on monazite 
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Notes on chapter five: 

1- Some parts of this chapter were originally submitted as the milestone two and three at 

Curtin University. As per Curtin University regulation, all the data from milestone one, 

milestone two, and milestone three, including the writing pieces can be used in the final thesis 

with or without any changes.  

2- This chapter is published at Microorganisms Journal, MDPI.  
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Abstract 

The adsorption behaviour of micro-organisms during the initial attachment stage of biofilm 

formation affects subsequent stages. The available area for attachment and the 

chemophysical properties of a surface affect microbial attachment performance. This study 

focused on the initial attachment behaviour of Klebsiella aerogenes on monazite by 

measuring the ratio of planktonic against sessile subpopulations (P:S ratio), and the potential 

role of extracellular DNA (eDNA). eDNA production, effects of physicochemical properties of 

the surface, particle size, total available area for attachment, and the initial inoculation size 

on the attachment behaviour were tested. K. aerogenes attached to monazite immediately 

after exposure to the ore; however, the P:S ratio significantly (p = 0.05) changed in response 

to the particle size, available area, and inoculation size. Attachment occurred preferentially 

on larger-sized (~50 µm) particles, and either decreasing the inoculation size or increasing the 

available area further promoted attachment. Nevertheless, a portion of the inoculated cells 

always remained in a planktonic state. K. aerogenes produced lower eDNA in response to the 

changed surface chemical properties when monazite was replaced by xenotime. Using pure 

eDNA to cover the monazite surface significantly (p ≤ 0.05) hindered bacterial attachment due 

to the repulsive interaction between the eDNA layer and bacteria. 

Keywords: biofilm; Klebsiella aerogenes; monazite; extracellular DNA (eDNA); surface 

attachment 
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1. Introduction 

In each ecosystem, micro-organisms live in two distinctive subpopulations: free-living or 

planktonic cells and sessile or biofilm-forming cells 1. Biofilms are a universal feature of 

microbial life and, from a human point of view, can be both detrimental and advantageous 

depending on the circumstances 2. Biofilms can pose a great health risk by causing more 

severe symptoms in patients and can lead to significantly higher resistance to antimicrobials 

3,4. In the oil and gas industry, biofilms have been documented as causing biofouling and 

corrosion. In contrast, biofilms are advantageous for industries benefiting from 

biotechnological processes such as bioleaching, biofuel cells, bioremediation, and 

biofertilisers 5. Prevention or promotion of biofilm formation and development requires 

detailed understanding of the underlying mechanisms as well as the intrinsic and extrinsic 

factors affecting the effectiveness of attachment. Adherence to a surface is one of the main 

capacities of the sessile subpopulation; regardless, attachment to a solid surface is not a 

requirement to form a biofilm 6,7. In surface-attached biofilms, only the bottom layer of the 

cells are directly attached to a substratum 6. However, in non-surface biofilm, microbial cells 

are attached to each other and form flocs of biofilm. Some bacteria, such as Pseudomonas 

aeruginosa, establish chronic infections by forming biofilm flocs 8,9 and in natural 

environments, marine particles gel and form clumps during cyanobacteria and microalgal 

blooms 9 which are some examples of non-surface-attached biofilms. Micro-organisms are 

capable of attaching to any surface in general, both biotic such as micro-organisms and abiotic 

such as minerals, with the ability to attach or detach from a surface in response to the 

environmental conditions 2. These cycles of attachment and detachment can promote either 

planktonic or biofilm lifestyle over the other. Each of these populations has a functional role 

in the ecosystem, and changes in the planktonic to sessile (P:S) ratio in any ecosystem can 
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change the microbial functions in that ecosystem 5,10. This simple yet significant feature of 

microbial life can be employed to engineer microbial functions to demote or promote certain 

activities, such as bioleaching, bioremediation, biodegradation, bioconversion, or 

antimicrobial resistance. 

Bioleaching has attracted enormous interest in the mining industry in recent decades 11 and 

despite the numerous studies on the significance of planktonic and biofilm subpopulations in 

bioleaching of sulfide minerals, the translation of this research for promoting or demoting 

either of these subpopulations to whole processes is still in its infancy. In the bioleaching of 

rare earth elements (REE) bearing phosphate minerals, very limited data is available regarding 

the behaviour of either the planktonic or sessile populations within these systems. Previous 

studies on the bioleaching of monazite 12,13 refer to microbial attachment, and van Alin et al. 

(2023) is the only study addressing biofilm formation on monazite and xenotime. 

Fathollahzadeh et al. (2018) reported that the bioleaching rate is higher when micro-

organisms are in contact with the mineral surface 12. Our previous studies have shown that K. 

aerogenes biofilm formation occurs in three characteristic stages 14. Initial attachment 

occurred during the first 4–8 h of microbial exposure to the ore surface (1), followed by (2) 

colonisation of the surface, with a mature biofilm maintained for several days, and (3) finally, 

cells detached from the ore surface, marking the last stage, biofilm dispersion 14. Physical 

imperfections of REE-phosphate ore surfaces enhanced microbial attachment and, as a result, 

biofilm formation by K. aerogenes. However, in contrast, the mineralogy or chemical 

composition of the ores’ surface neither promoted nor demoted microbial attachment or 

biofilm formation 14.  

As the initial attachment can be critical in determining the progression to biofilm 

development, promoting a higher sessile or a planktonic lifestyle 2,5 can strongly influence the 
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bioleaching process. Extrinsic factors, such as the chemophysical condition of a surface, 

environmental conditions, the size and shape of the available particles, and the total number 

of the planktonic cells per given space of attachment, can all contribute to the successful 

attachment and colonisation of a surface 2. Additionally, intrinsic factors, such as extracellular 

appendages or the composition of extracellular polymeric substances (EPS) produced by 

microbes, can change the attachment behaviour 2,15,16. EPS is known to play a critical role in 

mediating the initial adhesion of planktonic cells to surfaces, aiding in the stability of the 

biofilm structure, and providing safety from environmental stresses 15-17. In bioleaching, EPS 

increases the interface reaction in favour of leaching 18. EPS also plays another critical role by 

providing a microenvironment where some of the bioleaching processes, such as dissolution 

or complexation, occur, hence acting as a micro-biochemical reactor 19,20. The detailed role of 

EPS as a microenvironment for bioleaching is described elsewhere 20,21. In brief, a 50–100 nm 

space between the outer membrane of micro-organisms and the surface layer of metal-

containing ores is filled with EPS. This EPS matrix acts as a biochemical bridge connecting the 

surface of the substratum and microbes, where micro-organisms release or store the 

biochemical agents for bioleaching, such as organic/inorganic acids, metal reducing/oxidising 

enzymes, chemical shuttles capable of reducing or oxidising metals or some other elements, 

such as sulfur, and bio-chemical shuttles capable of complex formation with the dissolved 

metals 21,22. Extracellular DNA (eDNA) is one of the main components of EPS and is involved 

in many of its functions, such as initial attachment and the integrity and stability of the biofilm 

structure 17,23,24. The presence of eDNA can play critical roles in the attachment of micro-

organisms to sulfide minerals 25 or metallic surfaces 26 and largely influences microbial 

behaviour at the surface of the ore 24,27,28. Whether eDNA promotes the microbial attachment, 

for example, Shewanella chilikensis attachment to steel 26, or demotes it, as in Caulobacter 
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crescentus attachment to polystyrene and polyvinylchloride 28, seems to be specific to each 

type of micro-organism and surface. 

In our previous studies on monazite, the changes in pH, phosphate concentration, and 

released REE were tested using different phosphate solubilizing micro-organisms 13,29, and K. 

aerogenes had the highest phosphate dissolution rate and REE bioleaching performance from 

monazite 30. We also explained the role of planktonic and sessile subpopulations of K. 

aerogenes during the bioleaching of monazite 12,31 and biofilm formation 14. The effect of 

differences in chemical and physical properties of the monazite ore surface on K. aerogenes 

attachment and biofilm formation has been discussed by van Alin et al. (2023). The current 

study aims to shed light on the very first stage of K. aerogenes biofilm formation on monazite 

surfaces. The effects of both the physical and chemical properties of the ores’ surfaces on 

attracting or deflecting either planktonic or sessile populations were studied. Moreover, 

eDNA production, its role, and the mechanism of action in K. aerogenes attachment were 

studied.  

2. Methods 

2.1. Minerals 

A high-grade monazite ore (Mt Weld Mine, Laverton, Western Australia) and xenotime 

beneficiation concentrate (mineral beneficiation is a process by which valuable constituents 

of an ore are concentrated by means of a physical separation process; the sample was 

donated by Louis de Klerk, Northern Minerals, WA, Australia) were sterilised by gamma 

irradiation at 50 kGy for 11 h (ChemCentre, Bentley, Western Australia) to inactivate 

indigenous micro-organisms. Monazite has high concentrations of light rare earth metals and 

xenotime has a high concentration of heavy rare earth metals (Tables S1–S3), as determined 
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by X-ray diffraction (XRD), and inductively coupled plasma mass spectrometry (ICP-MS). The 

main minerals in the high-grade monazite were monazite in the form of (Ce, La, Pr, Nd, 

Sm)PO4 and florencite Al3(Ce, La, Nd, Sm, Ca)(PO4)2(OH)6, and main minerals in the xenotime 

beneficiation concentrate were quarts (SiO2) and aluminosilicate minerals (Al2SiO5), and 

xenotime (Y, Dy, ER, Yb, Gd)PO4. 

2.2. Microorganism and Culture Conditions 

All biological experiments were performed using Klebsiella aerogenes ATCC 13048. The 

National Botanical Research Institute’s phosphate medium (NBRIP (g L−1): 5 MgCl2(H2O)6, 

0.25 MgSO4(H2O)7, 0.2 KCl, 0.1 NH4SO4, 2 KH2PO4, 30 glucose, pH 6.2 ± 0.4) was used as the 

growth medium. The cultures were incubated at 30 °C and 120 rpm. 

2.3. Cell Enumeration with Flow Cytometry 

A flow cytometry assay for enumerating bacteria was used in this study, as previously 

described 14, with some modifications. Bacterial samples were fixed in 2% glutaraldehyde 

solution (Sigma, Roedermark, Germany) and assessed in a log-fold dilution series. First 100 µL 

of the fixed bacterial sample was stained with 1 µL of SYTO 85 (5 mM; Invitrogen, Waltham, 

MA, USA) for 20 min at room temperature in the dark. Then bacteria were suspended in a 

final volume of 1 mL of 0.22 µM filter-sterile NBRIP medium and kept on ice in the dark before 

acquisition on a 4-laser (405 nm, 488 nm, 561 nm and 640 nm) Attune NxT Acoustic Focusing 

Flow Cytometer (Invitrogen, USA) equipped with side-scatter filters on BL-1 (488 nm) and VL-

1 (405 nm) detectors, to aid in small particle discrimination. The cytometer was set to acquire 

a volume of 50 µL at a flow rate of 25 µL min−1 and was set to trigger at an SSC-H threshold 

value of 0.1 × 103. True bacterial events were discriminated from electronic noise using 

negative controls that contained NBRIP only or NBRIP and SYTO 85 in the absence of bacteria. 
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A primary gate was used to identify bacterial events through 405 nm and 488 nm SSC profiles, 

followed by SYTO 85 fluorescence. The concentration of bacteria in each sample was derived 

by dividing the number of SYTO 85+ events by the acquisition volume. Data was exported from 

the Attune NxT software as FCS3.0 files and analysed in FlowJo v10.7 (BD Biosciences, Franklin 

Lakes, NJ, USA). 

2.4. Bacterial and eDNA Attachment Behaviour 

Bacterial and eDNA attachment behaviour were studied using monazite and K. aerogenes 

cells and/or DNA. 

2.4.1. Effects of the Inoculum Size and Available Surface Area for Attachment on Bacterial 

Adsorption Behaviour 

The bacterial adsorption to the mineral surfaces was studied in terms of the ratio of 

planktonic cells against sessile (attached) cell subpopulations. The number of the planktonic 

cells of K. aerogenes was determined using flow cytometry at different experimental settings. 

The number of the attached cells was calculated by deducting the enumerated planktonic 

cells from the initial inoculum size (1 × 107 cell mL−1) and used to calculate the 

planktonic:sessile population ratio (P:S ratio). 

The  microbial attachment to a surface was dependent on two variables: the initial number of 

bacteria and the initial available surface area for attachment. The effects of changing any of 

these two variables on the attachment behaviour were studied (1) using various inoculation 

sizes (1 × 106, 1 × 107, 5 × 107 cell mL−1) with a fixed available area for attachment (1% 

monazite slurry), and (2) changing the total available area for attachment in terms of 

monazite slurry percentage (0.5, 1, 2, 5, and 10%) with a fixed inoculation size of 1 × 107 cells 

mL−1. Samples were taken at 1, 10, 30, 60, 120, 180, and 240 min and immediately fixed with 
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glutaraldehyde (final concentration of 2%) and refrigerated until analysis. This experiment 

was performed in triplicate. The attachment performance of cells on glass surfaces was 

studied in conical flasks using phosphate-deficient NBRIP and NBRIP amended with dissolved 

phosphate. These samples were also used as the growth controls. Since phosphate is essential 

for microbial growth, the sample with no phosphate did not support growth of K. aerogenes. 

The control sample with phosphate, allowed for growth and cell division. The effects of 

microbial growth (cell division) was determined by comparing the cell number of these two 

samples.  Attachment to monazite was tested by adding 1% monazite to the flask using 

phosphate-free NBRIP medium. 

2.4.2. Effects of the Surface Chemical Properties on Bacterial Adsorption Behaviour 

DNA was extracted from a 10 mL aliquot of a pure culture of K. aerogenes grown in NBRIB 

media after harvesting cells by centrifugation at 10,000× g. The supernatant was discarded, 

and the cell pellet was used for DNA extraction using DNeasy Kit (Qiagen, Hilden, Germany), 

following the manufacturer’s procedure. The DNA quantity was measured using Qubit kit 

(Invitrogen, USA), following the manufacturer’s guidelines. The extracted DNA was used as a 

pure source of K. aerogenes eDNA to evaluate its attachment of eDNA and its impact on 

bacterial attachment. 

The eDNA attachment on monazite surfaces was assessed at concentrations of 5, 25, 50, and 

100 ng mL−1 in glass flasks containing NBRIP medium in the absence of bacterial cells. The 

attachment of eDNA to glass flask surfaces was used as the control, also in the absence of 

bacterial cells. The effects of attached eDNA on K. aerogenes adsorption behaviour were 

studied using monazite ore with and without preconditioning with eDNA. In the absence of 

bacteria, monazite surface was initially exposed to various concentrations (0, 5, 25, 50 and 

100 ng) of eDNA for 60 min. Then, K. aerogenes was added to the flasks at an initial cell 
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number of 1 × 107 cell mL−1 and the flasks were incubated at 30 °C and 120 rpm for four hours. 

Samples were taken at 1, 10, 30, 60, 120, 180, and 240 min and immediately fixed with 

glutaraldehyde (final concentration of 2%) and refrigerated until enumeration of the 

planktonic population. The experiment was performed in triplicate. 

2.5. Live Imaging and Evaluation of eDNA Production 

To visualise the eDNA production during all three stages of biofilm formation, confocal laser 

scanning microscopy (CLSM) was performed with live bacteria attached to monazite minerals. 

Genomic DNA was stained with Hoechst 33342 (AATBio, Sunnyvale, CA, USA) and eDNA was 

stained with DiTO-1 (AATBio, USA), a highly specific fluorochrome dye that stains DNA 

external to the cell walls of living cells, i.e., eDNA. Samples were taken from bioleaching 

experiments conducted in conical flasks (phosphate-free NBRIP medium, 1% slurry of 

monazite, 107 cells mL−1 inoculum size) with monazite grains extracted at 4, 8, 16, 24 h, and 

2, 3, 5, 8, 11, 14 days after inoculation. The samples (1 mL) were collected in microtubes and 

allowed to settle at room temperature for 1 min. The supernatant containing the planktonic 

subpopulation was discarded, and the solids were gently washed with sterile NBRIP medium 

to remove any remaining planktonic or loosely attached cells from the minerals. Samples 

were stained with the two fluorochromes (1 µL mL−1) for 20 min and then, transferred to a µ-

Slide 2 Well Glass Bottom microscope slide (ibidi, Gräfelfing, Germany). CLSM images were 

collected in Z-stack mode with 3.5–7 micron intervals (×10 and ×20 objectives) or ≤1 micron 

intervals (×40 and ×100 objectives). The images are shown in Maximum Intensity Projections 

mode or Maximum Intensity Projections in 3D. To further visualise eDNA production, the 

acquired Z-stack CLSM images were reanalysed in IMARIS v 9.7 (Oxford Instruments, Oxford, 

UK). The surface of monazite samples was reconstructed using the “Surface” tool, and the 
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cells were modelled using “Spots” tool following IMARIS v 9.7 user guidelines to provide a 

better 3D view of both cells and the surface. 

2.6. Fluorescent Microscopy 

In order to study bacterial behaviour during the first minutes (1–10 min) of K. aerogenes 

contact with high-grade monazite ore, images from bacterial attachment were recorded using 

Olympus BX51 upright microscope. Pre-stained cells with Hoechst 33342 (1 µL mL−1, 20 min) 

were added to 10 mg of each mineral sample in microtubes at 107 cells mL−1, gently mixed, 

and immediately studied using WB: blue excitation (wide band) filter (Ex 465/15, FT 500, LP 

515). 

2.7. Measurement of Surface Electrical Potential 

A ZS ZEN3600 Zetasizer (Dispersion Technology Software v5.10, 2008, Malvern, UK) and low-

volume plastic disposable cuvettes (ZEN112, Malvern, UK) were used to measure the surface 

electrical potential 32. 

2.8. Statistics 

Data preparation for statistical analysis was conducted in Microsoft Excel (2016) and 

GraphPad Prism v.9. Two-way ANOVA was used for comparison, and a p-value < 0.05 was 

considered significant. The statistical analysis, including calculated p-values, is provided as 

supplementary material. 

3. Results 

3.1. Attachment Behaviour in Response to the Monazite Particle Size 

K. aerogenes attachment to monazite occurred immediately after adding the microbial 

culture to the system (Figure 1). Depending on the particle size, the microbial behaviour was 

different. K. aerogenes cells were mainly gathered around small (approximately ≤10 µm) and 



205  

mid-size (~20 µm) monazite particles while they were attached to the surface of larger 

monazite particles (~50 µm) (Figure 1). 

 

Figure 1. Epifluorescence microscope images of Klebsiella aerogenes on high grade monazite 

ore over the first 10 min after inoculation. (a) Bacterial cells gathering around small particles 

of approximately ≤10 µm, (b, c) partially attached and partially gathered around larger ore 

particles of ~10–20 µm (d) and bacterial cells mainly attached to the surface of larger particles 

(≥50 µm). Black arrows point to the small particles. Black arrows point to the small particles. 

Scale bar 20 µm. 
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3.2. Cell Attachment Behaviour in Response to the Nutrient Amendment and Surface 

Material Available for Attachment 

In control samples (no monazite), glass was provided as the only available surface for 

attachment. The absence (phosphate (PO4) deficient control) or presence (dissolved PO4 

control) of phosphate did not cause a significant change in the attachment of the bacteria on 

glass with an inoculation size of 1 × 107 cell mL−1 (p ≥ 0.05, Figure 2a). Moreover, there were 

no significant changes in the cell number (p ≥ 0.05), signifying no or very slow reproduction 

rate for the K. aerogenes during the first 4 h of inoculation. Bacteria rapidly and consistently 

attached themselves to the glass over the first 30 min. The P:S ratio of the two control samples 

decreased from 9:1 (~10% attachment efficiency) in the first minute to approximately 1:1 (~50% 

attachment efficiency) after 30 min. Then, the attachment efficiency gradually decreased to 

40% (P:S ratio of 1.5:1) by two hours and remained relatively stable until the end of the 

experiment (4 h). In the presence of monazite (1% slurry, 1 × 107 cell mL−1), the attachment 

efficiency was relatively higher than the glass controls and improved to ~60% of the initial 

inoculated cells (a P:S ratio of ~1:1.5) after 30 min, compared to ~50% efficiency of the control 

samples. The planktonic subpopulation continued to decrease to ~25% of the initial inoculum 

size (a P:S ratio of ~1:3) by the end of the experiment (Figure 2a). 
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Figure 2. The percentage of planktonic Klebsiella aerogenes during the early attachment 

phase of biofilm formation on glass and high-grade monazite ore. (a) Attachment to glass 

surface in NBRIP medium at an initial inoculum size of 1 × 107 cell mL−1, with (dissolved P) or 

without (P deficient) phosphate in the medium, and to both glass and monazite using 1% 

slurry monazite as the only source of phosphate and (b) with varying initial inoculum sizes 
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with 1% slurry of monazite, and (c) with varying amounts of monazite at a fixed initial 

inoculum size of 1 × 107 cell mL−1. The depicted data are bacterial cells enumerated by flow 

cytometry. 

3.3. Cell Attachment Behaviour in Response to the Changes in the Initial Inoculum Size 

In the presence of a fixed amount of monazite (1% slurry), varying the cell numbers 

significantly changed the efficiency of the attachment (p ≤ 0.05) (Figure 2b). The attachment 

behaviour of K. aerogenes to monazite at a lower inoculum size of 1 × 106 cell mL−1 was fairly 

similar to that of the 1 × 107 cell mL−1, but at a slightly lower efficiency. At the very first minute 

of exposure to monazite, the number of attached cells with an initial 1 × 106 cell mL−1 was 

similar to when 1 × 107 cell mL−1 was used (P:S ration 0f 9:1). The attachment efficacy 

improved over time, from approximately 10% to 60%. In contrast, increasing the inoculum 

size to 5 × 107 cell mL−1 changed the attachment behaviour of K. aerogenes. The planktonic 

subpopulation decreased to half within the very first minute of exposure to monazite, 

resulting in a P:S ratio of 1:1 compared to 9:1 (10% attachment ratio) for the other samples 

(Figure 2b, black line). The attachment efficiency fluctuated to ~40% at 10 min and then 60% 

after 30 min. However, the attachment behaviour of the bacteria changed after this time 

point. Two hours after exposure to monazite, the attachment efficacy of both 1 × 106 and 1 × 

107 cell mL−1 inoculum sizes improved to ~60%, an increased P:S ratio of 1:1.5 (Figure 2b, red 

and green lines). It remained unchanged to the end of the experiment for the lower inoculum 

size, while it continued to improve for the initial inoculum size of 1 × 107 cell mL−1 (75% 

attachment efficiency, an enhanced P:S ratio of 1:3 after 4 h). In contrast to these two groups, 

the attachment behaviour of K. aerogenes at a higher initial inoculum size of 5 × 107 cell mL−1 

drastically changed after 30 min. The attachment behaviour reversed and largely decreased 
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from ~66% (a P:S ratio of 1:2), to ~25% (a P:S ratio of 3:1) at 60 min. This sharp drop continued 

to ~7% (a P:S ratio of 13:1) by the end of the experiment. 

3.4. The Effects of the Available Area for Attachment on the Attachment Efficiency 

The inoculum size is not the only influencing factor changing the attachment efficiency. In the 

presence of monazite, at a constant inoculum size of 1 × 107 cells mL−1, varying the available 

area for attachment in terms of changing the slurry percentage of monazite resulted in 

different attachment behaviours (Figure 2c). While the general pattern was a continuous 

decrease in the planktonic subpopulation, the attachment efficiency was significantly 

different (p ≤ 0.05). Attachment behaviour of the bacteria using higher amounts of monazite 

(2, 5, and 10%, slurry, Figure 2c) was fairly similar; sharp attachment efficiency was observed 

during the very first minute of exposure to monazite, which was significantly higher than what 

was observed for 1% slurry (p ≤ 0.05). The attachment efficiency of samples with ≥1% 

monazite slurry significantly improved over time (p ≤ 0.05) and stabilised at a P:S ratio of ~1:3, 

approximately 75% attachment efficiency 3 h after inoculation. Increasing the slurry to 2, 5, 

and 10 percent significantly improved the attachment efficiency in terms of both attachment 

efficiency (P:S ratio) and time (p ≤ 0.05). For 2% and 5% slurry, approximately 87% and 89% 

attachment efficiency were achieved after 2 h, and using 10% slurry, 91% attachment 

efficiency was recorded just an hour after inoculation. In contrast, halving the available 

monazite (0.5% slurry), resulted in lower attachment efficiency with gradual improvement to 

a P:S ratio of 1:1 (50% attachment efficiency) two hours after inoculation, followed by a 

reversal of the attachment behaviour in favour of the planktonic subpopulation, where the 

attachment efficiency dropped to 40% by the end of the experiment. 
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3.5. eDNA Production by K. aerogenes 

The CLSM live imaging of K. aerogenes biofilm demonstrates eDNA production in all three 

stages of biofilm development (Figure 3); however, not all cells were involved in the 

production of eDNA. Moreover, the reconstructed models showed that eDNA production 

differed between different mineral grains. A major proportion of cells attached to some of 

the mineral grains produced eDNA (blue-green spheres), while for the other grains, very 

limited eDNA production was detected (blue-only spheres, Figure 4). Therefore, different 

mineralogy could explain the different patterns of eDNA production. Since CLSM is not 

capable of determining the mineral composition of different grains in the sample, another 

phosphate mineral (xenotime) was used to test this hypothesis. The CLSM images clearly 

showed that eDNA production by K. aerogenes cells was different on xenotime (Figure 5). The 

bacteria produced much less eDNA on xenotime compared to high-grade monazite. 

 



211  

 

Figure 3. Confocal laser scanning microscopy (CLSM) images of Klebsiella aerogenes on the 

surface of high-grade monazite ore show eDNA (green fluorescent dye) presence at the three 

stages of biofilm development. Scale bar = 10 µm 
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Figure 4. Three-dimensional model of Klebsiella aerogenes attachment to the surface of high-

grade monazite ore reconstructed using CLSM Z-stack images in IMARIS software (v4). 

Genomic DNA identification was obtained using Hoechst 33324. In the reconstructed 3D 

models, cells that were positive for Hoechst 33324 were depicted as a blue sphere. eDNA 

production was studied using DiTO-1, an eDNA-specific stain (shown in green). Each sphere 

represents a single bacterial cell. Cells with a positive signal for eDNA were depicted as blue-

green spheres against blue-only spheres, which represent no eDNA production. 
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Figure 5. The 3D model of Klebsiella aerogenes attachment to xenotime surface reconstructed 

in IMARIS software (v 9.7). Scale bar: 10 µM. For info on green and blue spheres, please see 

the caption for Figure 4. 

3.6. Role of eDNA in Early Attachment and Interaction with the Surface 

The eDNA interaction with the surface of minerals was tested using DNA extracted from K. 

aerogenes. In the control sample, where no bacteria were present, the DNA extracted from 

K. aerogenes adhered to the glass surface (Figure 6). By adding monazite to the system, 

significantly higher attachment was recorded for all tested eDNA concentrations (5–100 ng 

mL−1). eDNA attachment to the glass surface followed a relatively similar pattern (Figure 6), 

with an improved attachment rate to the glass surface in the beginning followed by a gradual 

detachment of the adsorbed eDNA, reaching a relatively stable value. In contrast, in the 

presence of 1% monazite slurry, the general pattern of eDNA adsorption to the surface was a 
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sharp adsorption rate to the surface over the first 60 min of exposure, followed by continuous 

attachment until a major proportion (~90–95%) of eDNA was attached to the surface. Using 

100 ng mL−1 eDNA, the eDNA progressively adsorbed to the surface and reached 97% 

efficiency by the end of the experiment. 

 

Figure 6. The adsorption of pure eDNA of Klebsiella aerogenes to glass (marked as control), 

and monazite and glass (marked as monazite), in the absence of microbial cells. The 

attachment efficiency is represented by the eDNA concentration remaining in NBRIP medium. 
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3.7. Effects of the Surface Preconditioning with eDNA on Attachment of K. aerogenes Cells 

To understand the role of eDNA in K. aerogenes attachment to the surface, monazite grains 

were preconditioned with eDNA prior to bacterial inoculation. The pretreatment of the 

monazite surface with eDNA drastically changed the attachment efficiency of K. aerogenes 

(Figure 7). In the control sample (absence of eDNA at an initial cell concentration of 1 × 107 

cell mL−1 and 1% slurry monazite), cells continually attached to the surface over the four hours 

of the test period. During the first 10 min of inoculation, regardless of the amount of eDNA 

used for preconditioning, all of the preconditioned samples showed a higher attachment of 

K. aerogenes compared to the control flask. In the control flask, K. aerogenes attachment 

efficiency increased steadily over the course of the experiment. However, looking at the 

general pattern, the preconditioning of the surface with eDNA reduced the attachment 

efficiency from 30 min onward (Figure 7, green, black, blue, and purple lines). Preconditioning 

showed an inhibitory effect on the attachment efficiency, with a noticeable difference in the 

measured cell numbers between the three biological replicas at each time point and 

inconsistent attachment efficiency between different time points. This signifies a larger 

adsorption/detachment dynamic in preconditioned samples, therefore resulting in significant 

fluctuations in attachment efficacy within and between each sampling time point. 
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Figure 7. The effect of surface preconditioning with eDNA on the early attachment of 

Klebsiella aerogenes to monazite. The experiment was conducted in NBRIP media with 1% 

slurry of high-grade monazite ore. Bacterial cells were enumerated using flow cytometry. 
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improve and advance bioleaching systems. 
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factors, such as nutrient availability in the liquid environment, particle size, which can directly 

affect nutrient accessibility from an ore, flow and shear forces, pH, ionic strength, physical 

properties of the surface such as topological imperfections, and chemical properties or 

mineralogy of the surface, play a role in microbial attachment. 

In this study, K. aerogenes attachment to monazite occurred immediately after inoculation. 

However, the attachment behaviour was different in response to the particle size of monazite. 

For larger particles of monazite (≥50 µm) a notable number of bacteria were attached to the 

surface over the first minutes of microbial inoculation, whereas for medium-sized (~10–20 

µm) and particularly small particles (≤10 µm) bacteria preferred to gather around the particles 

(Figure 1). Due to their small size, the microscopic particles offer a rapid dissolution rate 

compared to larger ore particles, thus providing easier access to the nutrient content of the 

ore, such as phosphate and trace elements 33.  

During the early attachment stage of the biofilm formation, a greater proportion of cells 

remained in the planktonic state in the absence of monazite, either with or without soluble 

phosphate, as compared to that observed in the presence of monazite without phosphate 

amendment. The adsorption-detachment dynamics of the K. aerogenes to and from the glass 

surface were maintained significantly (p ≤ 0.05) in favour of the planktonic subpopulation (40% 

attachment) with and without phosphate in the media. In contrast, the attachment efficiency 

of K. aerogenes was significantly (p ≤ 0.05) enhanced when cells were exposed to monazite, 

and by the end of the experiment, the attachment/detachment dynamic stabilised in favour 

of the sessile subpopulation (75% attachment). Therefore, the surface monazite significantly 

promoted the sessile subpopulation of K. aerogenes compared to a glass surface (p ≤ 0.05). 

Adding monazite to the system provided the cells with a source of phosphate, which could 

attract bacterial cells to the surface through chemotaxis 2. In addition, higher attachment 
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efficiency could be due to the nature of the physical surface properties of the glass and 

monazite. A glass surface provides a fairly smooth interface, while the surface of the high-

grade monazite ore is rough and rich in imperfections (Figure S1). The attachment and 

colonisation of K. aerogenes 14 were more favourable in the presence of surface physical 

imperfections, such as cracks or grooves. Similar results have been reported for 

Acidithiobacillus ferrooxidans attachment to pyrite 19. Therefore, a surface with more physical 

irregularities can attract more planktonic cells to attach to and colonise it.  

In addition to the physical or chemical quality of a surface, the total available area on the 

surface altered the attachment efficiency and behaviour of K. aerogenes. A planktonic 

lifestyle is favoured by a higher cell number or a smaller available area. By halving the 

available space for attachment (decrease from 1% to 0.5% slurry), a lower attachment 

efficiency was observed. However, using more monazite (2, 5, and 10% slurry) in the system 

led to a significantly higher (p ≤ 0.05) rate of attachment in a shorter time. Moreover, altering 

the rate of inoculation changed the attachment behaviour when the available area remained 

unchanged. By varying cell numbers, significant (p ≤ 0.05) changes in the efficiency and/or the 

attachment behaviour of K. aerogenes were recorded. Although, by lowering the inoculum 

size, the attachment efficiency decreased, the general pattern was that of promoting higher 

attachment over time. In contrast, using higher cell density reversed the attachment 

behaviour in favour of a planktonic lifestyle. 

Regardless of the initial cell numbers or the available area for attachment, the planktonic and 

sessile subpopulations will reach equilibrium. At a lower available area or a higher cell density 

(inoculum size), the equilibrium of planktonic vs. sessile subpopulations shifted towards 

higher attachment, whereas using a smaller initial inoculum size or providing a higher 

available area for attachment and colonisation shifted the equilibrium towards the sessile 
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lifestyle. Nevertheless, a portion of the cells remained in the planktonic state even in a very 

high available area for attachment (10% monazite slurry). In brief, factors such as competition 

for space, nutrients, and safety from environmental stresses contribute to the switch from a 

planktonic lifestyle to a sessile lifestyle and vice versa. For bioleaching activities, biofilm 

formation (i.e., sessile lifestyle) is more favourable, as it results in higher dissolution rates of 

rare earths from monazite ore 12. Therefore, changes in the P:S ratio and resulting attachment 

behaviours affect the microbial stability and bioleaching performance. While a higher 

attachment efficiency can result in timely and optimal biofilm formation, it has been 

demonstrated that a sharp decrease in planktonic cell number or removal of this population 

can significantly (p ≤ 0.05) change the bioleaching efficiency 34. Therefore, considering the 

higher efficiencies reported for contact bioleaching of monazite using K. aerogenes 12, this 

case study indicates that using relatively larger particle sizes with rough surfaces, a higher 

slurry concentration, or an optimised microbial inoculum size to prompt biofilm formation, 

promotes contact leaching. 

In addition to the chemo-physical conditions of the surface and the environmental conditions, 

intrinsic microbial properties such as their extracellular appendages and the composition of 

their EPS can affect attachment efficiency 2,6,35The CLSM images (Figure 3) clearly showed that 

K. aerogenes cells produced a significant amount of extracellular DNA, with production 

detected in all three stages of biofilm formation. Further examination of the eDNA production 

using a reconstructed 3D model (Figure 4) of the ore grains demonstrated that while the 

monazite particle in the middle harboured a population of K. aerogenes with the majority of 

the cells producing eDNA, only a small proportion of the attached cells on the other grains 

produced eDNA. Therefore, eDNA production can vary between individual grains, which could 

be due to differences in the chemical or mineralogical composition of a mineral surface. To 
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explore this hypothesis, K. aerogenes biofilm formation was examined on xenotime. Lower 

amounts of eDNA were detected in the biofilm of K. aerogenes on xenotime, with fewer 

bacterial cells producing eDNA (Figure 5) in comparison to that produced on monazite (Figure 

4). It has been demonstrated that the chemical composition of the mineral surface can affect 

the attachment behaviour of micro-organisms. A. ferrooxidans showed lower attachment 

affinity to pyrite when grown on elemental sulfur 19, However, our previous study 

demonstrated that, K. aerogenes showed no selectivity in attachment based on chemical 

composition or mineralogy on the surface 12,14. This is in contrast to the current study, which 

demonstrated that surface mineralogy changed the composition of K. aerogenes EPS (Figures 

4 and 5) by producing differing amounts of eDNA when grown on xenotime and monazite. 

According to the observed general patterns based on the CLSM study (Figure S2), when K. 

aerogenes was exposed to light rare earth metals, such as lanthanum, cerium, neodymium, 

and samarium in monazite ore, it produced a high amount of eDNA. However, using Xenotime 

ore, which contains heavy rare earth metals, such as dysprosium, yttrium, and ytterbium, 

exposed this bacterium to a different chemical condition and resulted in remarkably lower 

eDNA production. 

Furthermore, as eDNA is known to play a critical role in initiating or mediating the attachment 

of planktonic cells to a surface 17, the cell-surface interactions (both attractive and repulsive) 

were examined as a way to explain the changes in bioleaching efficiencies. Extracted DNA of 

K. aerogenes was used as the eDNA source, and in the absence of bacteria, the eDNA partially 

attached to the glass; however, it was almost fully attached to the high-grade monazite ore 

surface at all of the tested concentrations. This demonstrates that eDNA can facilitate K. 

aerogenes attachment to the surface, as it has been shown for some other microorganisms 

such as Pseudomonas, Sulfobacillus, and Shewanella 17,25,26. Tuck et al. (2022) suggested that 
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preconditioning a metal (steel) surface with eDNA layer promoted Shewanella chilikensis 

attachment; however, preconditioning of a monazite surface with an eDNA layer hindered K. 

aerogenes attachment (Figure 7). The effect of surface preconditioning with an eDNA on the 

early attachment of Klebsiella aerogenes to monazite. The experiment was conducted in 

NBRIP media with a 1% slurry of high-grade monazite ore. Bacterial cells were enumerated 

using flow cytometry. The measured electrical potential of each particle (monazite, K. 

aerogenes, and preconditioned monazite with eDNA) showed that the preconditioning of 

monazite with the eDNA layer resulted in a more negatively charged surface, from −10 mV to 

−15 mV. On the other hand, K. aerogenes has a very negative surface charge (measured at 

−15 mV). Therefore, bacterial cells were constantly repulsed from the surface of the eDNA-

preconditioned monazite (Figure S3) and were incapable of retaining a strong attachment. 

High variation was observed between the 3 biological replicates of each sample at each time 

point (Figure 7). Therefore, although Figure 6 clearly shows that eDNA facilitates K. aerogenes 

attachment to the monazite surface, releasing eDNA in a liquid environment to form an eDNA 

layer on the surface is not a valid mechanism of action. In contrast to Tuck et al. (2022), who 

showed that released eDNA by Shewanella assisted attachment of this micro-organism to the 

surface by forming an eDNA layer on the surface, forming such a layer by K. aerogenes 

resulted in repulsion of the cells from the monazite surface. Hence, another mechanism 

involving eDNA allows for the initial attachment. The most potential mechanism could be the 

production of eDNA alongside other extracellular polymers, such as polysaccharides and 

proteins, which assists K. aerogenes adherence to the surface 17,20,25.  
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5. Conclusion 

The initial attachment stage of K. aerogenes to the monazite surface can affect colonisation 

of the surface. Larger particle sizes with more physical imperfections attract more planktonic 

cells to the surface of monazite compared to small particles. The attachment behaviour 

analysis examined in terms of the dynamics of planktonic and sessile equilibrium showed a 

higher attachment to monazite compared to the control glass surface, in which lowering the 

initial cell concentration shifted the equilibrium of the two subpopulations towards a sessile 

lifestyle, as did increasing the total available area. eDNA is an important part of the EPS of the 

Klebsiella aerogenes biofilm matrix. While no difference was recorded in the eDNA production 

of K. aerogenes in response to physical properties of the surface, such as physical 

imperfections, it responded to changes in the chemical properties of the surface (surface 

mineralogy). K. aerogenes produced more eDNA on monazite, which contains light rare earth 

metals, compared to that produced when exposed to the heavy rare earth content of 

Xenotime. Analysing eDNA adherence to glass and monazite showed a significantly improved 

attachment to monazite, implying that eDNA can assist bacterial attachment to the surface 

during the initial attachment stage of biofilm formation on monazite. Preconditioning the 

monazite surface with pure eDNA extracted from K. aerogenes repulsed bacterial attachment 

to the surface, suggesting that eDNA assists bacterial attachment as part of the EPS but not 

by forming an eDNA layer masking the mineral surface. 

Supplementary Materials:  

The following supporting information can be downloaded at: www.mdpi.com/xxx/s1, Figure 

S1. Scanning electron microscopy (SEM) image of the smooth surface of glass (a) vs the rough 

surface of the high-grade monazite ore (b); Figure S2. The general pattern of eDNA production 
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on monazite (a) and xenotime (b) based on confocal laser scanning microscopy (CLSM). The 

green fluorescent represents eDNA (eDNA) and blue represent genomic DNA (gDNA). More 

eDNA was produced using monazite. Yellow circle marks the xenotime grain used for 3D re-

construction in Figure 5; Figure S3. The interaction of Klebsiella aerogenes cells with surface 

pre-conditioned with Edna. Table S1: the XRD and phase identification of the high-grade 

monazite ore conducted by John de Laeter Centre, Curtin University. The COD ID refers to the 

phase’s identification number in the COD database (http://www.crystallography.net/, access 

date: 28 Sep. 2021); Table S2. The inductively coupled plasma mass spectrometry (ICP-MS) 

analysis of high-grade monazite ore conducted by Bureau Veritas, Perth, Australia; Table S3. 

The XRF (X-ray fluorescence) and ICP-MS composition of xenotime beneficiation concentrate 

(reported by the provider, Northern Minerals), Statistical data. 
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Supplementary Material 

Table S.1 the XRD and phase identification of the high-grade monazite ore conducted by 

John de Laeter Centre, Curtin University. The COD ID refers to the phase’s identification 

number in the COD database (http://www.crystallography.net/).  

 Phase  Nominal elemental composition 

Monazite, Ce CePO4 

Monazite, La LaPO4 

Quartz SiO2 

Goethite FeOOH 

Florencite-Ce Al3(Ce,La,Nd,Sm,Ca)(PO4)2(OH)6 

 

Table S.2 The inductively coupled plasma mass spectrometry (ICP-MS) analysis of high-grade 

monazite ore conducted by Bureau Veritas, Perth, Australia. 

 
Elements (%)    

Al 3.9 

Ca 1.8 

Fe 1 

K <0.01 

Mg 0.1 

Mn 0.06 

Na 0.1 

P 8.5 

Si 1.6 

Ti 0.4 

Y 0.18 

La 11 

Ce 15 

Pr 2.1 

Nd 7.2 

Sm 0.97 

S 0 
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Table S.3 The XRF (X-ray fluorescence) and ICP-MS composition of xenotime beneficiation 

concentrate (reported by the provider, Northern Minerals) 

 
Compound   XRF analysis (Mass %) ICPMS analysis 

SiO2 52.5 Not measured 

Al2O3 6.1 7.82 

Y2O3 8.6 5.23 

Dy2O3 1 1.03 

Er2O3 0.7 0.63 

Yb2O3 0.5 0.53 

Gd2O3 0.4 0.47 

Sm2O3 0.2 0.21 

Fe2O3 9.1 11.94 

CaO 0.255 1.38 

U3O8 0.055 0.05 

P2O3 Not measured 12.77 

 

 

 

 

  

Figure S-1 Scanning electron microscopy (SEM) image of the smooth surface of glass (a) vs 

the rough surface of the high-grade monazite ore (b). 
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Figure S-2 The interaction of Klebsiella aerogenes cells with surface pre-conditioned with 

eDNA 
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Chapter Six 

Complex formation (complexolysis) between 

rare earth elements and organic acids, a 

microbial bioleaching mechanism in the 

extraction of phosphate minerals 
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Abstract 

Phosphate solubilising microorganisms have been used for bioleaching of rare earth elements 

(REE) containing phosphate minerals. These microorganisms utilise two main mechanisms for 

bioleaching of REE from phosphate minerals. One mechanism, known as acidolysis, is to 

produce organic acids which dissolves the phosphate content of the mineral and as a result 

release the REE content. The second hypothesised mechanism, known as complexolysis, is 

potential complex formation between the released organic acids (OA) and REE. While there 

are many studies demonstrating acidolysis, this study aimed at providing the first empirical 

evidence on complex formation between REE and the organic acids produced by phosphate 

solubilising microorganisms. Scanning and transmission electron microscopy (STEM) was used 

to study chemical changes at the microbe-mineral interface of the attached microorganisms 

and the mineral surface, the immediate surface and the subsurface of the phosphate mineral. 

Time of flight secondary ion mass spectrometry (ToF-SIMS) was employed to determine REE-

OA complex formation. STEM analysis indicated that there was a strong signal for carbon and 

nitrogen-based compounds that penetrated the immediate subsurface beneath the microbial 

cells. ToF-SIMS analysis of this interface revealed there was a sharp signal for REE complexes 

with formate, acetate, malate, citrate and gluconate on monazite-muscovite samples 

bioleached for 14 days. The signals for REE-organic acid complexes were significantly higher 

in both bioleached and abiotic leached minerals, compared to the control samples which did 

not go through any leaching treatment. Moreover, the acquired signal of REE-OA when the 

mineral was biotically leached was three times stronger than the acquired signal for minerals 

with 14 days of abiotic leaching, which could be due to the complexes being trapped inside 

the biofilm matrix. This result showed that complex formation between REE and organic acids 
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is possible, hence, complexolysis could be another potential target for further engineering of 

the bioleaching processes of REE phosphate minerals. 
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1. Introduction 

Microbial bioleaching of minerals has gained significant interest in the recent years due to its 

advantages such as energy efficiency, less harmful chemicals, and lower emission over 

conventional metal extraction approaches like smelting or chemical extraction with highly 

concentrated acids1. Bioleaching has been mainly used in industrial scale for sulfide minerals 

giving access to valuable metals including iron, copper, nickel, and gold1. It is also becoming a 

method of interest for bioleaching and biorecovery of metals from electronic wastes2,3. Sulfur 

and iron oxidising microorganisms are the most well-known microbial agents used for 

bioleaching of these resources 1,4-6. Some of the general mechanisms used by these 

microorganisms is to consume the reduced sulfur and iron compounds from the sulfide 

mineral as a source of energy, produce sulfuric acid and ferric iron, and release the metals 

from the mineral6,7.  

In last decades, many studies have further advanced this field by looking into potential 

application of microorganisms for bioleaching of metals from other resources such as 

carbonated minerals, oxides such as iron oxides or manganese oxides, and phosphate 

minerals such as rare earth (REE) phosphate minerals1. For the latter, a group of 

microorganisms called phosphate solubilising microorganisms (PSM) have been used for 

bioleaching8. These microbes are capable of dissolving insoluble phosphate9 from minerals, 

hence PSM, and therefore release the metal content10. Unlike sulfur- and iron-oxidising 

microbes, PSM do not use phosphate minerals as an energy source 6, but they use the 

phosphate content as source of phosphorus for their metabolism and growth8-10.  

Regardless of the mineral type, the mechanisms behind bioleaching can be explained through 

three models, contact, non-contact and cooperative models6,11, already discussed in chapter 
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one. Although these models were previously proposed for bioleaching of phosphate minerals 

as well11, there are some knowledge gap that the current study is aiming to explain.  

PSMs are known for their application in bioleaching of REE from phosphate minerals such as 

monazite 8,10. Previous studies suggested that these microorganisms employ two main 

mechanisms to release the REE content of these mineral. One way is by producing organic 

acids which dissolve the insoluble phosphate 9 from the minerals and release their REE 

content 8. Previous studies on PSMs have proven they are capable of producing organic acids, 

for example Klebsiella aerogenes as one of the tested PSMs with a high bioleaching efficiency 

produced formic acid, acetic acid, oxalic acid, gluconic acid 12 citric acid and malic acid 10. 

Previous studies on abiotic leaching by a mixed organic acid solution at the same 

concentrations produced by K. aerogenes showed the organic acid solution alone can dissolve 

phosphate and release the REE cations from phosphate minerals but to a much lesser extent 

than in the presence of the microbe 10,11. Acidolysis using organic acid has been suggested as 

a green alternative method for leaching of phosphate minerals or biorecovery of valuable 

metals such as REE from electronic wastes 13. 

The second suggested mechanism is through forming complexes between organic acids 

anions and the released REE cations (REE-OA complexes) 11 known as complexolysis. 

Fathollahzadeh et al (2018) reported that although the organic acids concentrations in their 

abiotic leaching was similar to that of the bioleaching with K. aerogenes, the REE dissolution 

efficiency was higher in bioleaching, suggesting there are other mechanisms employed by 

PSMs 11. The released REE are in cationic form, and the produced organic acids are in the 

anionic form when they are in aquatic solutions, therefore it is hypothesised that there could 
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be complex formation between these anions and cations 8,11. Complex formation between 

some of these organic acids such as acetate and REE has been shown for decades 14,15.   

While previous studies 8,13 provided enough empirical evidence on organic acid production 

and its capacity to release REE from phosphate minerals, there has not been enough empirical 

evidence of REE-OA complex formation in bioleaching systems. To the best of our knowledge, 

the previous studies on REE-OA complex formation is restricted to purely chemical studies to 

determine the species and stability of potential complexes 16. One potential reason could be 

that REE complex formation with organic acids is pH dependent, with a higher chance of 

complex formation at alkaline and neutral pH compared to lower pH 17 making it difficult to 

produce high quantity of REE-OA complex, under the acidic pH of bioleaching systems 8,11, 

therefore lowering the potential detections of such complexes. This study aimed at providing 

evidence on complex formation between organic acids and REE under abiotic and biotic 

leaching conditions.  

2. Methods 

2.1 Microorganism 

Klebsiella aerogenes ATCC 13048 was cultivated on National Botanical Research Institute's 

Phosphate medium (NBRIP)18. Cell numbers were quantified with flow cytometry using an 

Attune NxT flow cytometer as described elsewhere 19.  

2.2 Minerals 

Two monazite samples were used in this study. A high-grade monazite ore (HGMO, Lynas Corp, 

WA, Australia) was used as the sample with complex mineralogy. Mineralogy analysis showed 

this ore consisted mainly of monazite (~65%) with general chemical formula of (La, Ce, Ne)PO4 
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and florencite with general chemical formula of (La-Ce)-Al3(PO4)2 but had several other 

minerals mainly from crandallite, alunite and magnetite/hematite groups (~33%).   

A monazite-muscovite crystal was used as a sample with less complex mineralogy. It was a 

REE-phosphate crystal with high purity, mainly consisting of monazite (~85-95%) and an 

aluminium silicate mineral (~4-10%).  

2.3 Chemical and biological leaching 

2.3.1 Chemical leching 

For chemical leaching a mix of the following organic acids was prepared: formic acid, acetic 

acid, citric acid, malic acid and gluconic acid in equal proportions of 0.1 mM. These acids have 

previously been reported to be produced by K. aerogenes 10-12. For abiotic leaching, the 

organic acid mix was filter sterilised (0.2 µm, Millipore) and added to sterile NBRIP to a final 

pH of 4.  

2.3.2 Bioleaching 

The cell numbers used for all inoculations and subcultures in this study was at 1 × 107 cell mL-

1. For scanning transmission electron microscopy super-X energy dispersive spectrometry 

(STEM-XEDS) analysis, both monazite-muscovite and HGMO samples were bioleached for 14 

days 18. The transmission electron microscope (TEM) samples were prepared from day 3-8 

which represent the mature biofilm stage and day 14 which was the end date for bioleaching 

experiment. For REE-OA complex formation, thick TEM foils were prepared from monazite-

muscovite crystals. The TEM foils were UV-sterilised under a biological laminar flow hood. The 

foils were aseptically transferred to a small beaker containing 10 mL phosphate deficient 

NBRIP. Then 10 mL of an overnight culture of K. aerogenes were centrifuged at 10,000 rcf, the 
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supernatant discarded with the pellet resuspended in 1 mL of fresh phosphate deficient 

NBRIP by vortexing. This process was repeated three times to ensure no carry over of 

phosphate to the bioleaching experiment. The bacterial cells were then added to the media 

to a final cell number of at 1 × 107 cell mL-1. One set of samples were bioleached for 24 h, and 

another set for five days. These samples were analysed using time of flight secondary ion 

mass spectrometry (ToF-SIMS) for evidence of complex formation between bacterial organic 

acids and REE content of the mineral. 

2.4 Mineralogy analysis 

A TESCAN TIMA instrument equipped with four detectors was employed for mineral 

processing and mineralogy analyses. TIMA was conducted at 25 kV accelerating voltage, in 

dot mapping mode at an analytical resolution of 3 microns for Back-scattered Electron 

Detector (BSE) acquisition and 9 microns for Energy-dispersive X-ray spectroscopy (EDS) point 

spectroscopy analyses. The SEM micrograph of all samples was also recorded in the TIMA 

data. Processing of the acquired data was performed using TIMA software v. 2.1.1 (TESCAN, 

Czech Republic). Only polished sample were analysed on TIMA.  

2.5 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) imaging was conducted with a TESCAN Clara FESEM 

microscope using TESCAN Essence software (John de Laeter Centre, Curtin University) at 5 kV 

operating voltage and 300 pA beam intensity.  

2.6 Preparation of TEM foils 

TESCAN LYRA3 GM (TESCAN instruments, JDLC, Curtin University) instrument was used to 

produce transmission electron microscope foils using focused ion beam (FIB) technology. A 1-
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µm thick platinum layer was deposited on the region of interest before FIB. The thick platinum 

layer acts as a protective barrier against the high energy ion beams and minimises curtaining 

effect 20. For abiotic leached samples a protective 5 nm carbon was coated on the sample. 

This was necessary to protect the very top layer of the surface against FIB as well as making 

the surface conductive. High current (10 nA) focused ion beam was employed to prepare 

STEM foils by milling a double-trench at the region of interest. To prepare the TEM foil from 

any regions of interest, a thin (<100 nm) foil was extracted from the sample and mounted on 

a TEM grid, using conventional FIB lift-out method 21. The TEM foils have a typical size of 10 

µm × 10 µm, and thickness of <100 nm for TEM analysis. High resolution (nm scale) images 

acquired with tilt corrected SEM ensure measurements were in the direction orthogonal to 

sample surface. The same methodology was employed to prepare thicker (1 micron) TEM foils. 

Trenches were made with high current (10 nA) focused ion beam, and a subsequently low 

currents (1 nA, 300 pA) ion beams were used to polish the cross-section and minimize the 

surface damage and roughness. 

2.7 Scanning transmission electron microscope 

Scanning transmission electron microscopy (STEM) equipped with high resolution super-X 

energy dispersive spectrometry (XEDS) was used on previously bioleached samples to 

determine the microbe-mineral interface. The high resolution capacity of STEM-XEDS is at 

sub-nano meter scale and allows studying if there are any chemical changes 22,23 at the 

interface or the immediate surface and subsurface of the mineral underneath the microbial 

cells. A FEI Talos F200X field emission gun STEM equipped with highly sensitive X-EDS 

detectors was used to study both physical and chemical changes at the interface, immediate 

surface, and subsurface of the microbe-mineral surface interaction. TEM foils were prepared 
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using focused ion beam (FIB). The TEM was operated with an accelerating voltage of 200 kV 

with the samples loaded in a double-tilt low background holder. The Velox software package 

(version, company) was used to capture and analyse the imaging, diffraction, and x-ray 

spectroscopy data. Low and High resolution (HRTEM) imaging, and selected area diffraction 

(SAED) were used to study microbial biofilm thickness and detailed analysis of the physical 

changes at the minerals immediate subsurface. Elemental mapping by STEM-EDX was used 

for detailed analysis of chemical changes on the samples through high-resolution (~5 nm) 

distribution analysis of the elements.  

2.8 FIB- Time-of-Flight Secondary Ion Mass Spectrometer microanalysis 

ToF-SIMS was used as the main approach to study potential REE-OA formation. ToF-SIMS can 

detect many organic compounds including organic acids 24,25. This analytic methodology has 

been paired with advance microscopy analysis such as focused ion beam (FIB) for analysis of 

biological samples 26. The lateral distribution of inorganic matter including REE on the sample 

surface was analysed using TOFWERK Time-of-Flight Secondary Ion Mass Spectrometer. Prior 

to any FIB-ToF-SIMS samples were coated with ~20 nm carbon layer to make the sample 

surface conductive. The lateral resolution for ToF-SIMS analysis was ~10 nm. A minimum of 

500 frames and a maximum of 3000 frames were acquired from regions of interest at a 

minimum 5 µm × 5 µm area. Samples were analysed from top to the bottom in which each 

500 frames is equal to approximately 100 nm depth. 

2.9 IONTOF-ToF-SIMS microanalysis settings 

The elemental distribution on the samples was measured using an IONTOF M6 ToF-SIMS 

instrument (IONTOF, Germany). This instrument is more sensitive in detection of organic 

material and unlike, FIB-ToF-SIMS, ION-ToF-SIMS does not require coating. Data was collected 
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in ‘Delayed Extraction’ mode for high lateral resolution of ~100 nm and a mass resolution 

M/ΔM of ~1.5×103. Sample surfaces were precleaned using a 1 kV O2 sputter source and 1 kV 

Ar1600 cluster sputter source, to remove contamination and minimize the damage to large 

particles. Imaging was performed using a 60 keV Bi3++ primary ion source delivering ~0.1 pA 

of target current over a 30 × 30 μm2 area. Both positive and negative secondary ions were 

used to analyse and map the distribution of various elements and compounds. For monazite-

muscovite samples, the biofilm was first polished by FIB in which the bacterial cells in the 

biofilm were thinned by finely grinding away the bacterial body. The biofilm was thinned to 

approximately <50 nm, giving it a thickness close to that of the EPS matrix of the biofilm. For 

ToF-SIMS data, the signal quality was checked by evaluating signals for double carbon (C2, 

molecular weight = 24), aluminium (Al = 27), Iron (Fe = 56), gallium (Ga = 70) and rare earth 

elements including lanthanum (La=139), cerium (Ce=140), praseodymium (Pr=141), and 

neodymium (Nd=142). Rare earth oxide signals were also considered as another set of control 

signals, including LaO (155), CeO (156), PrO (157), NdO (158, 160), LaO2 (171), CeO2 (172), 

PrO2 (173) and NdO2 (174). When required the recorded ToF-SIMS were corrected through 

“correct shift” options in the software using these control signals.  

The acquired mass spectrum was then searched for the molecular weight of the anionic forms 

of the organic acids produced by K. aerogenes (Table 1) as well as potential REE-OA complexes 

with these organic acids. For example, CH3COO- and CeCH3COO (cerium acetate) chemical 

formulas were looked up in the recorded ToF-SIMS data for acetate and its complex with 

cerium, cerium acetate, respectively.  

For quantitative analysis of the ToF-SIMS data, it was important to provide a normalised 

means to compare REE-OA complexes in control (no leaching), abiotic leaching and biotic 



241  

leaching samples. After collecting the mass count per each element or compound of interest, 

the recorded REE-OA mass counts of all REE and OA were normalised against the total mass 

count acquired for the sum of REE and REE oxides. The normalised data were reported as 

percentage of the total signal for REE content of the samples. 

Table 1- List of the elements and compounds analysed using ION-ToF-SIMS 

 Name Formula Molecular weight 

1 Double carbon C2 24 
2 Aluminium Al 27 
3 Iron Fe 56 
4 Gallium Ga 70 
5 Lanthanum  La 139 
6 Cerium Ce 140 
7 Praseodymium Pr 141 
8 Neodymium Nd 142 
9 Lanthanum oxide LaO 155 
10 Cerium oxide CeO 156 
11 Praseodymium oxide PrO 157 
12 Neodymium oxide NdO 158 
13 Lanthanum oxide LaO2 171 
1 Cerium oxide CeO2 172 
4 Praseodymium oxide PrO2 173 
15 Neodymium oxide NdO2 174 
16 Carboxyl group COO 44 
17 monocarboxylic acid anion (Formate) HCOO 45 
18 Acetate C2H3O2 59 
19 Malate C4H4O5 132 
20 Citrate C6H5O7 189 
21 Gluconate C6H11O7 195 

 

3. Results and discussion 

3.1 STEM XEDS capacity to analyse chemical changes at the immediate surface and 

subsurface 

The depth analyses of the 3 regions of interest on abiotic leached samples showed that STEM-

XEDS can detect changes in the chemical composition of a sample at a nanometre resolution. 
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The high-angle annular dark-field scanning transmission electron microscopy (HADDF) (Figure 

1-A) shows there are two mineral plates, shown in dark and light colour. The EDX spectrum 

and elemental distribution map showed there were signals for REE (monazite plane) as well 

as Aluminium (Al) or Silicon (Si) which corresponds to the muscovite plane (Figure 1, B, C and 

D). Depth analysis of the monazite plate of the region of interest number 1 (ROI-I) (Figure 1-

B and E) showed there was a very low signal for Lanthanum (La) and Cerium (Ce) where the 

protective carbon was located (Figure 1-B). But right below the carbon coating, the signal 

intensity increased for both La and Ce, but not for Al or Silicon Si. This part of the sample is 

the monazite plate of the monazite-muscovite crystal. Analysis of ROI-III (Figure 1-G) showed 

an opposite pattern, with a strong signal for Al and Si below the carbon coating and a very 

weak signal for La and Ce, indication that this plate is muscovite. For ROI-II (Figure 1-F), there 

was a noticeable change 50-75 nm below the carbon coating, in the signal intensity for La, Ce, 

Al and Si, where Al and Si signal decreased and CE and La signal increase. This corresponds 

with the HADDF image and XEDS mineral map (Figures 2-A, B and C) and indicates the location 

at which the two different mineral planes, namely monazite and muscovite, meet and merge. 

This confirms that the sub nano meter resolution of the STEM-XEDS is capable of detecting 

any significant shift in the chemical composition of the immediate surface and subsurface of 

the minerals. This is a very important application which allows detection of dissolution of an 

element of interest relative to the mineral surface.  
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Figure 1. Evaluating the resolution and reliability of STEM-XEDS analysis of a monazite-

muscovite sample. A) High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images of the monazite-muscovite crystal after abiotic leaching. 

B) XEDS elemental distribution map of a region of interest. The three green arrows are the 
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location and direction of intensity profile analyses, each averaging a 10 nm wide profile, 120 

nm deep into the subsurface. C) Elemental distribution map of several elements. D) XEDS 

spectra of the entire region. E) The depth intensity profile analysis of the REE-phosphate plate. 

F) The depth intensity profile analysis of the aluminium-silicate plate. Yellow box indicates the 

location at which the two mineral plains meet each other. G) The depth intensity profile 

analysis of the merging region of the two mineral plates. BF=Bright-field; HAADF = High-angle 

annular dark-field. 

For the bioleached samples (Figure 2-A) there was a very high signal for carbon and nitrogen 

inside the bacterial cell (biofilm). This signal was significantly decreased (p<0.05) at the 

interface of the bacterial cell and the mineral surface (Figure 2-B, C, F and G). An opposite 

pattern was recorded for La and Ce, where a very low signal is detected for these REEs inside 

the bacteria cell, but it significantly shifts at the interface and the subsurface of the mineral 

(Figure 2-D, E, F and G). Quantitative XEDS analysis (shown as EDS spectrum in Figure 2-G) 

showed a significant (P<0.5) difference between the intensity of these signals inside bacterial 

cell (Figure 2-F, area #3), biofilm-mineral interface (Figure 2-F, area#2) and at the subsurface 

~80 nm below the interface (Figure 2-F area#1). The signal intensity of carbon, nitrogen, at 

the interface and immediate subsurface (the first 15 nm bellow the interface) was 

approximately half of the signal recorded for the biofilm indicating penetration of a carbon 

and nitrogen (organic) compound into the immediate subsurface. For abiotic leached samples 

there was a very low signal for carbon at the top few nanometres of the immediate subsurface 

of monazite-muscovite samples. This was expected since organic acids have no nitrogen in 

their structure.  
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Figure 2. STEM-XEDS analysis of a bioleached monazite-muscovite sample. A) XEDS elemental 

map. B) Carbon and nitrogen distribution map aligned with bacterial cells. C) Depth profile of 
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carbon and nitrogen signal; the yellow box indicate the location of microbe-mineral interface. 

D) Lanthanum and cerium distribution map aligned with bacterial cells. E) Depth profile of 

lanthanum and cerium signal; the yellow box indicate the location of microbe-mineral 

interface. F) Location or three region of interest, area 1-3, for quantitative XEDS analysis. The 

volume of all 3 area is 250,000 nm3. G) Quantitative XEDS spectrum of area#1, #2 and #3 in 

panel F.  

On the other hand, comparing the intensity signal for cerium, lanthanum and phosphate 

showed the signal at the immediate subsurface was about half of the recorded intensity at 

deeper subsurface (area#1, 80 nm below the subsurface), signifying potentially higher 

dissolution of REE-phosphate closer to the mineral surface or the biofilm. This could be due 

to a high proton content trapped inside microbial biofilms in bioleaching ecosystems 27.  

A relatively similar pattern was recorded for bioleached HGMO samples. The STEM images 

revealed that, unlike the monazite-muscovite sample which had a very low porosity, HGMO 

was a very porous mineral. The signal for carbon and nitrogen at the surface of the mineral 

corresponded well with the biofilm location (Figure 3-A and B). XEDS elemental map (Figure 

3, B, C and D) revealed that there was also a very high signal for carbon and nitrogen at the 

immediate surface below the bacterial cells and even at the deep subsurface (6 µm). The 

depth analysis was done on several location (one is shown in Figure 3-F and revealed there 

was a very high intensity signal for carbon and nitrogen even at 6 µm depth from the mineral 

surface. This indicated penetration of an organic compound into the deep subsurface which 

could be due to the porous nature of the HGMO ore 28.  
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Figure 3. Penetration of a carbon- and nitrogen-based compound to deep subsurface in a 

porous high-grade monazite ore. Purple line indicates the depth from mineral surface A) 

STEM images of the lamella. Yellow line indicates the location of biofilm-mineral interface. 
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Yellow arrows indicated bacterial cells. Red arrow indicates location of a crack in the mineral. 

Green line represents the location of the depth analysis with an average width of 100 nm. B) 

Merged XEDS elemental distribution map of lanthanum, cerium, carbon and nitrogen. C) XEDS 

elemental distribution map of carbon and D) nitrogen only. E) Depth analysis of the signal 

intensity of carbon, nitrogen and sulfur representing organic compounds. F) Depth analysis of 

the signal intensity of carbon representing organic compounds versus lanthanum, cerium, and 

aluminium representing the mineral. 

In comparison with bioleached samples, control samples (no leaching) and abiotic leached 

samples (Figure S-1 and S.2) showed a significantly lower (p<0.05) signal for carbon in the 

deep subsurface of the ore, loss of signal or negligible signal for nitrogen in these samples 

suggested that the carbon and nitrogen-based compound signal in bioleached samples was 

potentially produced by microorganisms, potential originated form the EPS matrix of the 

biofilm which contains polysaccharides, proteins, and extracellular nucleic acids which all 

contain carbon and nitrogen based monomers 29. 

To further investigate REE dissolution at different depth, three regions of an HGMO with an 

average volume of 0.25 µm3 were analysed using quantitative XEDS. The surface of this 

sample was fully covered by bacterial biofilm; hence a very high signal intensity was recorded 

for carbon and nitrogen inside the biofilm (Figure 4. A, C, and F, area #1). There was a very 

low signal intensity for the REE such as cerium and lanthanum (Figure 4. F). For area#2 (the 

immediate subsurface-0.5 µm deep in the subsurface) the signals intensity of phosphorus, 

cerium and lanthanum was higher than area#1. On the other hand, it showed an average of 

4-12.5% decrease compared to the recorded signal for area#3 (1 µm deep subsurface), 

indicating a higher dissolution of REE-phosphate closer to the microbe-mineral interface. 
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Figure 4. STEM-XEDS analysis of a HGMO bioleached sample. A) Elemental distribution map 

of C and REE on the sample marked with three different areas with an average volumetric size 

of 0.25 µm3: area #1- biofilm, area #2- immediate surface and subsurface, 500 nm underneath 
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the biofilm, and area #3) 500-1000 nm deep subsurface. B) XEDS elemental distribution map 

of cerium and lanthanum represent the REE-phosphate mineral. C) Elemental map of carbon 

and nitrogen represents the biofilm. D) Merged elemental distribution map. E) XEDS spectra 

of the whole region. F) XEDS spectra of the three areas marked in panel A.   

The STEM-XEDS analysis of the bioleached minerals indicated that an organic compound can 

penetrate the deep subsurface of the mineral, which could contribute to higher dissolution 

of phosphate and as a result the REE content of the mineral closer to the microbe-mineral 

interface. The origin of this compound was most likely the microbial EPS since it contained 

both carbon and nitrogen 29, hence signifying the previous observation on the role of 

microorganism in contact leaching. Fathollahzadeh et al showed that when there was 

microbial attachment to the mineral (contact bioleaching) the REE dissolution was higher than 

both non-contact bioleaching and abiotic leaching 8,11. Therefore, enhancing biofilm 

formation can be employed as a strategy to improve bioleaching efficiency 18. Although STEM 

is very strong in determining changes in the chemical composition of a region of interest, it is 

not capable of detecting compounds such as REE complexes with organic acids. The depth 

analysis using STEM-XEDS (Figure 2) showed the thickness of the biofilm-mineral interface is 

between 20-50 nm. This area is where XEDS detected signal for both REE and organic 

compounds (carbon and nitrogen). Therefore, to study the potential complex formation 

between REE and organic acids, this region was considered as region of interest and was studied 

using ToF-SIMS instruments which are capable of detecting both elements and compounds.  

3.2 FIB-ToF-SIMS analysis of the surface and interface  

ToF-SIMS was used as the main approach for detection of REE-OA complexes. Due to highly 

sensitive nature yet lower energy requirement of ToF-SIMS analysis compared to other SIMS 
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analyses such as nanoscale secondary ion mass spectrometry (NANO-SIMS)24, the chance of 

producing artifact during analyses is significantly less, hence lowering the potential of false 

positive signals.   

Analysis of the mineral samples using FIB-ToF-SIMS showed that its accuracy and resolution 

is highly affected by surface charge. For example, analysing an abiotic leached monazite-

muscovite crystal using FIB-ToF-SIMS (Figure S-3) showed a conductivity issue in the top 20 

nm of the surface. Having no ToF-SIMS signals at this region may be due to dust covering the 

surface. The signals increased at 20 nm from the surface and reached its maximum at 40-50 

nm distance from the surface, this 20-25 nm region with highest conductivity (yellow box) 

aligns with the carbon coating protective layer applied on FIB-ToF-SIMS samples (Figure S3-

C), explaining the highest conductivity acquired from this region. However, there was a 

significant signal loss (~50% decrease, p<0.05) after this implying a conductivity issue 30,31. At 

the area where there was no issue with conductivity (Figure S3-C, frames 400-700, yellow 

box), the distribution map and intensity profiling for element or compounds of interest 

produces a clear and accurate map (Figure S3-E) compared the areas with low conductivity 

(Figure S3-D).  

To further investigated this possible conductivity issue, the coating layer of a bioleached 

sample was removed using FIB (Figure 5). The signal intensity of uncoated samples was 

immediately lost within the first few nanometres (Figure 5-C), confirming conductivity issue. 

Therefore, FIB-ToF-SIMS was not a reliable tool to measure the chemical changes of REE-

phosphate minerals after bioleaching or abiotic leaching. As a result, ION-ToF-SIMS was used 

instead of FIB-ToF-SIMS because it does not need require coating and conductive surfaces.  
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Figure 5.  FIB-ToF-SIMS of a bioleached HGMO sample. The region of interest was a 5×5 µm 

area. A) The region of interest after FIB-ToF-SIMS analysis. B) Analysis area on the sample is 

shown by a red box. C) ToF-SIMS spectrum of the intensity count. The depth is shown as frame 

in which each five frames is equal to one nanometre per nanometre. The nominal line 

represent the TOF-SIMS signal intensity acquired for two element and two compound (C2=24, 

Al=27, Ce = 140, and CeO=156). The image shows immediate loss of the signal due to 

conductivity issue starting just few nm from the surface, the region with significant shift in 

conductivity is indicated by a red box. D) ToF-SIMS distribution heat map of the four elements 

and compounds  

3.3 ION-ToF-SIMS analysis of the surface and interface  

Unlike FIB-ToF-SIMS, ION-ToF-SIMS does not require a coating, hence no conductivity issues 

would arise. The intensity signal for control elements and compounds shows accurate mass 

detection on the spectrum. The mass assignment accuracy was tested for carbon (C = 12) or 

double carbon (C2= 24), aluminium (Al=27), potassium (K=39), rare earth elements including 

lanthanum (La=139), cerium (Ce=140), praseodymium (Pr=141) and neodymium (Nd=142) 

and their oxides (Figure S-4 A and B) as quality control check.  

3.2.1 ION-TOF-SIMS analysis of the control sample 

Analysis of monazite-muscovite before any leaching treatment showed that there was no to 

negligible signal for organic material, particularly organic acids (Figure 6). Both ToF-SIMS 

distribution heatmap (Figure 6, panels C-I) and mass spectrum plots (Figure S-5) showed that 

there was very low signal for double carbon, carboxyl group, monocarboxylic acid anion 

(formate), acetate, propionate, lactate, oxalate, citrate or gluconate, all representative of 

organic compounds. While there was a very strong signal for rare earths and their oxides 
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(Figure 6 panels J-Q and Figure S-6) accounting for ~75% of the total mass count, the 

normalised ToF-SIMS mass count recorded for organic compounds was less than 0.005% of 

the total acquired counts. Moreover, there was no or negligible signal for REE complexes with 

any of the organic acids (~0.001% of the normalised mass count, Figure S-6). Although this 

sample was used as untreated control, the small counts recorded for C2 and organic 

compounds such as organic acids was expected since monazite-muscovite was not a synthetic 

mineral, but rather it was a naturally formed mineral. Therefore, it is highly likely that it had 

been exposed to abiotic or even biotic leaching.  
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Figure 6.  The quantitative distribution map of different compounds and elements in the 

control mineral, a monazite-muscovite sample without any treatment. A) The TEM grid that 

holds the sample. B) The total mass count acquired for this sample. The ToF-SIMS distribution 
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heatmap map of: C) phosphorus, D) carboxyl group (COO), E) monocarboxylic anion (formate), 

F) acetate (CH3COO), G) oxalate (C2O4), H) citrate (C6H5O7), I) gluconate (C6H11O7), J) 

lanthanum, K) cerium, L) praseodymium, M) neodymium, N) lanthanum oxide (LaO), O) 

cerium oxide (CeO), P) praseodymium oxide (PrO), and Q) neodymium oxide (NdO). The X and 

Y axis are resenting the sample size in µm. The heat map colour on the right side of the panel 

represents the intensity of the mass count. The scale of maximum count for the heat map is 

different per each panel and is shown as the TC (total count) below the panel.  

3.2.2 ION-TOF-SIMS analysis of the chemical leaching sample 

For the monazite-muscovite samples that were chemically leached using a mix of several 

organic acids known to be produced by K. aerogenes, there was a signal for the REE-OA 

complexes (Figure 7) which was significantly higher compared to that of the control samples, 

on average 20-30 times increase. While there was no or negligible signal for REE-OA 

complexes in the control samples, the normalised mass count of these complexes in abiotic 

leached samples were at ~0.25±0.6 % of the sum recorded signal for REE and REE-oxides. This 

was about 200 times stronger than the recorded signal for the untreated control.  
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Figure 7. ION-ToF-SIMS signals for REE-organic acids complexes after 5 days of abiotic leaching 

of a monazite-muscovite sample. A) ToF-SIMS mass spectrum and B) ToF-SIMS distribution 

heatmap map of the rare earth (REE) and their oxides (REE-O). C) Mass spectrum and D) the 

chemical distribution heat map of REE complexes with formate and acetate. 

3.2.3 ION-TOF-SIMS analysis of the bioleached samples 

Analysis of monazite-muscovite after 24 hours of bioleaching showed a significantly stronger 

signal for organic acids (p <0.05, Figure 8). The normalised mass count of the REE-OA complex 

after only one day of bioleaching was at ~0.32±0.5 % of the recorded signal of the sum of REE 

and REE-oxides, a 20 % increase compared to the normalised signal for abiotic leached 

samples for 14 days. The normalised mass count signals for formate and acetate were the 

strongest in these samples. This could be due to high production and secretion of these acids 

by K. aerogenes 10,12. Also, acetate is produced through acetate metabolism pathways or 

assimilates into other microbial biomass via glyoxylate cycle and tricarboxylic acid cycle 32. 

Therefore, it was readily available in microbial cells and was expected to collect high ToF-SIMS 

mass count for acetate explaining why the strongest signal for REE-OA complex was recorded 

for acetate (Figure 8-D) on a monazite-muscovite samples bioleached for 24 h.  
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Figure 8. ION-ToF-SIMS signals for REE-organic acids complexes on a bioleached monazite-

muscovite. A) Biofilm border is shown with yellow line, green arrows indicate bacterial cells 

and red enclosed shape, and arrows are indicating the extracellular polymeric substances (EPS) 
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of the biofilm matrix. B) Location of the bacteria, EPS, and mineral on the ToF-SIMS chemical 

distribution heatmap map. The image is made from the total mass count acquired from ToF-

SIMS. C) ToF-SIMS distribution heat map of the carbon, phosphorus, rare earth oxides (REE-

O) and rare earth complex with mono carboxylic acid group (REE-COOH). D) IONToF-SIMS 

mass spectrum of the organic acid residues and the REE complexes with formate and acetate. 

E) IONToF-SIMS mass spectrum of the REE and REE-O.  

 

Analysis of the bioleached samples for five days showed a significantly stronger normalised 

mass count for organic acids and their complexes with REE (Figure 9). The organic acid ToF-

SIMS mass count signal acquired from these samples showed a 75±12% increase in the ToF-

SIMS mass signal compared to samples bioleached for only one day. There were also very 

sharp signals for complexes between formate, acetate, malate, citrate and gluconate with REE 

(Figure 9- C and D). The normalised mass count of the REE-OA complex was at 0.9±0.3% of 

the recorded signal of the sum of REE and REE-oxides, a significant increase compared to the 

one-day bioleaching (300% increase) and abiotic leached (360% increase) samples.  
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Figure 9. ION-ToF-SIMS signals for REE-organic acids complexes on a monazite-muscovite 

sample bioleached for 14 days. A) ToF-SIMS mass spectrum and B) ToF-SIMS distribution heat 

map of the rare earth (REE) and their oxides (REE-O and REE-O2). C) ToF-SIMS mass spectrum 

of five organic acid anions produced by Klebsiella aerogenes. D) ToF-SIMS mass spectrum and 

the ToF-SIMS distribution heat map of the REE-OA complexes between those five organic acid 

anions and REE after.  

 

Although further investigation is needed to understand the dissolution process and the 

stability of REE complexes in the presence of different ligands 33, the results of this study 
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provided the first empirical evidence of complex formation between organic acids and REE in 

REE-phosphate leached samples. Moreover, this study showed that not only the REE-OA 

complexes were formed under both abiotic and biotic leaching, but the presence of microbial 

biofilm also significantly enhanced formation of such complexes. The proposed contact 

bioleaching model suggested that the microbial community attached to the surface of 

phosphate minerals produced and released organic acids into their EPS matrix 8,11. The 

protons attacked the mineral surface and dissolved the phosphate, simultaneously releasing 

the REE cations. These cations could then form complexes with the organic acids anions 8 

entrapped within the biofilm matrix. EPS matrix can contain higher concentrations of organic 

acids and protons within the biofilm, therefore increasing the dissolution of phosphate 18. It 

can also adsorb and entrap the cations into the biofilm matrix 34. EPS components including 

polysaccharides, proteins and nucleic acid polymers are capable of interaction with cations. 

eDNA for example can form strong bonds with divalent cations such as Ca2+ or Mg2+ 35. This 

can lead to higher concentration of REE cations within the biofilm matrix therefore increasing 

the potential complex formation with the organic acid anions released to the biofilm matrix 

of PSMs 8,11,33. This reconfirms the role and significance of microbial attachment to the 

mineral surface 8,11,18 leading to an increase in bioleaching efficiency. 

 

4. Conclusion 

The capacity of phosphate solubilising microorganisms to produce high concentrations of 

organic acids not only contributes to leaching rare earth elements cations from phosphate 

minerals, but also enhances potential complex formation between organic acids and rare 

earth cations. The IONToF-SIMS analysis of the mineral surface of abiotic leached monazite-
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muscovite samples as well as the microbe-mineral interface of the bioleached minerals 

showed a substantial increase in the REE-OA signal, compared to untreated samples. The 

signal intensity of REE-OA complex formation was significantly amplified in the presence of 

microbial biofilm. In terms of the bioleaching ecosystem, these findings suggested that 

microbial biofilms play a crucial role in enhancing the formation of OA-REE complexes. The 

EPS matrix of the microbial biofilm not only act as an adsorbent for a higher concentration of 

REE cation but also entraps the REE cation complex with OA acids within the confines of the 

biofilm, thereby intensifying its concentration. These findings imply that fostering conditions 

that promote microbial biofilm formation could be a potential strategy to improve 

bioleaching efficiency. By doing so, the biofilm’s ability to trap and concentrate REE cation 

complexes could be leveraged, potentially leading to more efficient bioleaching processes. 

This strategy could be further optimised by exploring different types of organic acids and their 

effects on REE complex formation and stability. 
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Supplementary 

 

 

Figure S-1 Depth profile analysis of abiotic leaching of HGMO sample. 
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Figure S-2 Depth profile analysis of abiotic leaching of HGMO sample. 
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Figure S-3.  FIB-ToF-SIMS of an abiotically bioleached monazite-muscovite sample. The region 

of interest was a 10×10 µm area. A) The region of interest after FIB-ToF-SIMS analysis. B) The 

thickness of the analysed area was 127 nm. C) ToF-SIMS spectrum of intensity count per 

nanometre distance from the mineral surface. Each nm is equal to 12 frames. The nominal 

line represent the TOF-SIMS signal intensity acquired for three element and two compound 

(C2=24, Al=27, Fe = 56, Ce = 140, and CeO=156). ToF-SIMS distribution heat map of the 5 

elements and compounds D) before E) and after focussing the signal on the conductive region 

(focused Z).  
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Figure S-4 ION-ToF-SIMS signal of the control elements and compounds 
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Figure S-5 ION-ToF-SIMS mass spectrum of the organic compounds in control monazite-

muscovite sample before any leaching. In all panels X-axis is the molecular weight, and Y-axis 

is the mass count. The colours, red arrows or 3-lined box shows where the mass spectra for 

the compound of interest is expected.  
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Figure S-6 A) ION-ToF-SIMS mass spectrum) of the organic compounds in control monazite-

muscovite sample (sample 2) before any leaching. X-axis = molecular mass, Y-axis = mass 

count. The colours, Coloured area indicates the location of these organic acid on the mass 

spectrum plots. B) Mass spectrum plot and C) distribution map of the rear earth elements and 

their oxides.           
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Chapter Seven 

General Discussion  
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Biofilm is a universal attribute and the prevalent form of microbial life in natural ecosystems 

for most microorganisms, if not all 1. Previous studies have shown that microbial attachment 

to phosphate minerals significantly increased bioleaching efficiency2,3. However, there was 

not enough empirical evidence demonstrating how phosphate solubilising microorganisms 

(PSM) attach to these minerals and develop a biofilm. To study biofilm development on 

phosphate minerals, Klebsiella aerogenes was used as the model PSM, due to its performance 

in previous studies2,4,5. Among the tested microorganisms, K. aerogenes had the highest 

bioleaching yield. Results of this study showed that K. aerogenes attached and formed a thin 

biofilm on the surface of the phosphate minerals tested. Three distinctive stages of biofilm 

formation were observed. The first was the initial attachment, followed by the second stage, 

colonisation of the surface and development of mature biofilm and finally, the majority of the 

microbial cells detached from the surface in the third stage, known as dispersion.  

Initial attachment of K. aerogenes started early as exposure to the high-grade monazite ore. 

This stage is a dynamic and reversible process in response to changes in environmental 

conditions6. In general, extrinsic factors such as nutrient availability in the aquatic 

environment, particle size affecting nutrient accessibility from an ore, flow and shear forces, 

pH, ionic strength, physical properties of the surface such as topological imperfections, and 

chemical properties or mineralogy of the surface all affect microbial attachment. During initial 

attachment of K. aerogenes to the monazite surface, bacterial population showed a significant 

shift from planktonic lifestyle to a sessile (attached to a surface) lifestyle. This could be due 

to the fact that monazite was providing the cells with a source of phosphate, therefore 

attracting more bacteria to the surface through chemotaxis 7. Larger particle sizes with more 

physical imperfections attracted more planktonic cells to the surface of the monazite 

compared to smaller particles. Moreover, smaller initial inoculum size, or the provision of a 
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larger surface for attachment and colonisation shifted the equilibrium towards the sessile 

lifestyle. In addition to the chemo-physical conditions of the surface and the environmental 

conditions, intrinsic microbial properties such as extracellular appendages and the 

composition of the extracellular polymeric substances (EPS) can affect microbial attachment 

efficiency 7-9. Attachment behaviour analysis showed eDNA, a key component of the K. 

aerogenes EPS, played a crucial role by assisting bacterial cells in initiating or mediating 

attachment to the mineral surface, therefore promoting biofilm formation 10. The initial 

attachment stage and its intrinsic or extrinsic influencing factors could be future targets for 

engineering of bioleaching processes. This can be achieved by providing conditions that 

promote microbial attachment such as optimal grain and microbial inoculum size, or by 

ensuring that conditions for high eDNA production are established.   

After initial attachment, K. aerogenes cells colonised the surface and developed a mature 

biofilm. The formation of a mature biofilm has biotechnological advantages in many industries 

including biomining. In bioleaching systems, attachment to the mineral surface and the 

development of a biofilm are important prerequisites of contact bioleaching 2. Although the 

K. aerogenes biofilm on the monazite surface was thin with minimum structural complexity, 

it covered more than 80% of the total available surface on the ore grains. Moreover, 

approximately ~80% of K. aerogenes cells on HGMO produced eDNA at this stage of the 

biofilm development, twice of what was measured for the initial attachment stage. The 

twofold increase in eDNA content indicated that in addition to aiding K. aerogenes 

attachment to the surface, eDNA had other significant roles in biofilm formation on monazite, 

such as providing mechanical stability for the biofilm structure 11,12. Moreover, biofilm 

development was not a random process, rather it was formed on and around the physical 

imperfections. Easier attachment was attributed to more favourable surface properties such 
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as energy, charge imbalance, hydrophobicity-hydrophilicity 13, and degree of crystallinity 14 

and have been suggested as reasons for selective attachment and biofilm formation on and 

around the topographical and physical imperfections by some microorganisms. The physical 

imperfection sites also provide a higher nutrient availability since these regions are known as 

potential active dissolution locals on the mineral surface15. Chemotactic attraction of 

microbial cells toward dissolution sites can also produce localised anode and cathode regions 

on mineral surfaces, consequently driving the dissolution process further. In such a system, 

the EPS of a biofilm fills the space between the microbial cells and the surface of the mineral 

as the matrix interface of the leaching reaction 13. Therefore, biofilm and in particular the EPS 

matrix can also enhance bioleaching. These physical imperfection sites also provide safety 

from the sheer fluid force 16 providing protection against passive detachment due to weaker 

impacts of fluid shear forces or collisions with mineral particles floating around 16,17, hence 

preventing early dispersion. Although no selectivity was observed toward certain mineralogy 

or chemical composition of the surface, the composition of biofilm matrix, in particular eDNA 

content, was significantly (P<0.05) affected by variation in surface mineralogy. Less eDNA was 

produced on xenotime compared to monazite, which could be a general physiological 

response to exposure to surfaces with different chemical composition (mineralogy) 13 or in 

response to potential toxicity of the REE metals 18,19 of xenotime 20,21. Further analysis is 

required to determine the role of EPS in general and eDNA in bioleaching systems, 

nevertheless, promoting biofilm and EPS production can enhance bioleaching efficiency. 

eDNA content of EPS with a net negative charge can adsorb and capture the released cations 

from mineral. Therefore, enhancing biofilm formation or prolonging the biofilm life in 

bioleaching system can be used as another strategy to improve bioleaching efficiency of REE-

phosphate minerals. Moreover, production, release and concentrating organic acids within 
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the biofilm matrix could be a contributing factor for such enhancement. The proton ions 

released from the organic acids attack the mineral surface and dissolve the phosphate 

content, consequently releasing the REE cations3. These organic acids can form complexes 

with the released REE from the mineral 3. Scanning and transmission electron microscopy 

equipped with high resolution energy dispersive X-ray spectroscopy (STEM-EDX) detected 

traces of a carbon and nitrogen -based compound at the interface, immediate subsurface and 

even deep subsurface of the bioleached monazite. This, implied penetration of some organic 

compounds produced and released from the biofilm which is most likely the EPS. Time of 

flight secondary ion mass spectrometry (ToF-SIMS) analysis of the microbe-mineral interface 

of K. aerogenes biofilm on monazite detected a high concentration of organic acids. Moreover, 

ToF-SIMS analysis showed a significantly high concentration of REE-OA complex formation at 

the microbe-mineral interface. The ToF-SIMS analysis showed that there was a 300% increase 

in the REE-OA complex signal in the bioleached samples compared to abiotic leached samples. 

This could also explain the previously reported higher leaching efficiency when 

microorganisms were attached to the surface of REE-phosphate minerals2. Therefore, 

promoting biofilm formation can also enhance the bioleaching efficiency through 

improvement of both acidolysis and complexolysis. Further investigation is required to 

understand the stability of such complexes and how to be utilised for enhanced bioleaching 

yield.  

Eventually dispersion of biofilm occurs. At this stage, microorganisms detach from the mineral 

surface leading to changes in the physical characteristics of the mineral surface such as 

erosion, or even formation of cracks on the mineral surface. How and why this process occurs 

is not well understood in bioleaching systems. This could be another topic for future research 
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to further promote bioleaching efficiency through understanding the mechanisms to delay 

this stage, thereby prolonging the mature biofilm stage.  

 

Future directions 

Although the results of this study shed light on how biofilms develop on the surface of the 

REE-phosphate minerals, the significance of the sessile subpopulation is not clear. This could 

be explored by comparing the transcriptome and metabolome of the planktonic and sessile 

subpopulations of a PSM like K. aerogenes. Such analyses can provide more information 

regarding potential genes or their products that promote biofilm formation, prolong the 

mature biofilm stage, or delay dispersion. It can also shed light on the microbial metabolisms 

at each stage and provide a ground to optimise and engineer higher organic acid production 

by either of these subpopulations, or to further promote REE-OA complex formation.  

Moreover, because K. aerogenes is an opportunistic pathogen, its in-situ application would 

be confined to semi-industrial levels within bioreactors. The reliance on glucose as a carbon 

source restricts its economical use. Future studies should consider investigating cheaper and 

more accessible carbon sources including agricultural wastes, whey, winery wastewater, and 

other carbohydrate- or protein-rich wastes. Additionally, examining the potential use of non-

pathogenic microorganisms for bioleaching phosphate minerals is suggested, as this would 

allow for in-situ applications with fewer limitations than those associated with K. aerogenes. 

Another less studied aspect of REE-phosphate bioleaching is the fate of phosphate. PSMs dissolve 

the phosphate content of the REE-phosphate minerals by producing organic acids. It is not 

understood how the released phosphate is taken up by the planktonic or sessile subpopulations 

and how it can affect the bioleaching. A combined approach including single-molecule microscopy 
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and omics is suggested to explain how the released phosphate is metabolised by either microbial 

subpopulations. The response to the released phosphate, and its concentrations in terms of 

regulating the genes activation/deactivation and their respected products, whether being an 

enzymatic activity or a metabolite is of interest and further investigations are recommended. .  
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Chapter 5:  

Klebsiella aerogenes Adhesion Behaviour during Biofilm Formation on Monazite 
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