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Abstract

Bioleaching is a technology for the recovery of metals from minerals by means of
microorganisms, which accelerate the oxidative dissolution of the mineral by regenerating
ferric ions. Bioleaching processes take place at the interface of bacteria, sulfide mineral and
leaching solution. The fundamental forces between a bioleaching bacterium and mineral
surface are central to understanding the intricacies of interfacial phenomena, such as bacterial
adhesion or detachment from minerals and the mineral dissolution. This review focuses on
the current state of knowledge in the colloidal aspect of bacteria-mineral interactions,
particularly for bioleaching bacteria. Special consideration is given to the microscopic
structure of bacterial cells and the atomic force microscopy technique used in the

quantification of fundamental interaction forces at nanoscale.
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1. Introduction

Bioleaching is the process of extracting metals from sulfides and/or iron-containing ores
using microbiological technology. The majority of the leaching bacteria in a bioleaching
system live in communities that attach on the surface of mineral sulfides [1]. The adhesion of
bacterial cells on mineral surfaces has been recognized for decades, and it is essentially one
of the most important aspects determining the success of bioleaching processes [2]. Therefore,
fundamental understanding of bioleaching processes requires information on the interaction

of the bacteria and the solid mineral surfaces.

Bacterial adhesion is generally controlled by both long-range interactions and adhesion forces
between bacterial cell and mineral surfaces. The fundamental forces between a bacterium and
mineral surface are central to understanding the intricacies of interfacial phenomena,
especially in the non-contact bioleaching mechanism. Non-specific interaction forces

governing the initial phase of the bacterial adhesion basically include the attractive Lifshitz



van der Waals interaction and the electrostatic double layer interaction, which have been well
described in the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloid
stability.

The DLVO theory has been widely used to qualitatively and quantitatively calculate adhesion
free energy involved in bacterial adhesion [3-5]. However, in many cases the classic DLVO
theory cannot successfully explain the direct measured surface forces in a liquid medium
because bacteria are living entities with complicated cell surface structures and appendages.
Under these circumstances, an additional term called the short-range Lewis acid-base (AB)
interaction is introduced into the extended DLVO theory [6]. Surface hydrophobicity and
surface electric charge are of importance in bacterial adhesion. The contact angle
measurements were used to calculate the balance of interfacial free energies between

involved surfaces by the thermodynamic approach [7, 8].

Atomic force microscopy (AFM) is a powerful tool for providing high-resolution images as
well as probing interaction forces in the biological area which was intensively reviewed [9,
10]. A variety of immobilization methods have been developed and compared to attach
bacterial cells to solid surfaces for the AFM force measurement [11]. The interactions
between bacteria and solid surfaces have been quantitatively studied and theoretically

modelled [5, 12-16], but only a few were dealing with bioleaching.

This review mainly deals with the colloidal aspects of bacterial adhesion in bioleaching
systems. Investigations are reviewed where the DLVO theory, steric model and AFM force

measurements have been used to explain colloidal aspects of bacterial adhesion.

2. Bioleaching and metal sulfide oxidizing microorganisms
2.1 Bioleaching

Bioprocessing is a generic term that describes the processing of using (micro-) biological
technology to extract metals from sulfide and/or iron-containing ores and mineral
concentrates [17]. More precisely, it uses the catalytic effect produced by the metabolic
activity of some iron-oxidizing and sulfur-oxidizing microorganisms resulting in an

acceleration of the chemical degradation of the ores [18].



Bioprocessing was applied by the mineral industry prior to the understanding of the role of
microorganisms in metals extraction. An early documented commercial application of a
biohydrometallurgy process in the mining industry was for copper extraction from mine
waste [19]. Until 1947, following the discovery that microorganisms played a role in the
production of acid mine drainage by Colmer and Hinkle [20], the first acidophilic iron- and

sulfur- oxidizing bacterium, Thiobacillus ferrooxidans, was isolated and described [21].

Industrial applications of bioprocessing on sulfides are conventionally divided into
bioleaching and biooxidation. Bioleaching results in the solubilization of target metals (e.g.
copper from chalcopyrite and covellite), while biooxidation refers to the microbial dissolution
of pyrite and arsenopyrite associated with fine-grain gold, which can be extracted by
cyanidation [22]. Besides these two metals, bioprocessing has been harnessed to extract other
metals, including nickel, zinc, uranium and cobalt [23, 24]. However, today only copper and
gold are the metals that are industrially produced in significant proportions by this method
[18].

Bioprocessing is commercially applied in two different engineered methods: heap and stirred
tank bioleaching/biooxidation. Kennecott Copper Bingham Mine has successfully used
bioleaching to recovery copper from run of mine material since the 1950s, which is
considered as the beginning of modern commercial applications of bioprocessing. Following
its lead, other mining operations around the world emerged [25]. The heap of Lo Aguirre
mine, designed to facilitate the activity of the microorganisms, processed about 16,000 t
copper ore/day using bioleaching between 1980 and 1996 in Chile [26]. In the mid-1980s, the
first commercial plant for biooxidation of refractory gold bearing concentrate was
commissioned at the Fairview operation in South Africa. Its annual gold production in 2010
was about 98 oz [1].

2.2 Diversity of bioleaching microorganisms

Bioleaching processes require the regeneration of ferric ions from oxidation of ferrous ions
by the acidophilic microorganisms. Most described acidophilic microorganisms were found
in the acid mine drainage (AMD), which is characterized by high acidity and high levels of
metals and sulfate. Despite the hostile nature of this environment, microbial communities
thrive [27].



The most described acidophilic metal sulfide oxidizing microorganisms belong to the
mesophilic and moderately thermophilic bacteria while archaea are usually extremely
thermophilic (except the genus Ferroplasma) [28]. Some metal sulfide oxidizers grow
facultatively autotrophically, mixotrophically, or heterotrophically, such as Acidithiobacillus
caldus, Thiomonas cuprina, Acidimicrobium ferrooxidans, “Ferrimicrobium acidiphilum”,
Firmicutes, Ferroplasma, and several extremely thermophilic Archaea. Table 1 lists the
various species of acidophilic microorganisms that can grow in extremely acidic waters (pH

< 3). Details on these acidophiles can be found elsewhere [27-29].

A number of studies of AMD have identified major bacterial lines of descent as divisions
within the Proteobacteria, Nitrospira, Firmicutes, Actinobacteria and Acidobacteri. The
Proteobacteria (formerly known as the purple bacteria) are by far the most numerous
microorganisms that are known, either as isolates or as environmental clones. Acidophilic
bacteria are found in three sub-groups (o, B and y) of this division [30]. Acidophiles within
the subcategory of a-Proteobacteria are predominantly heterotrophic. Some may affect
mineral dissolution either via an oxidative route (by modifying the activities of iron and
sulfur oxidizers) or directly via reductive dissolution. Two [B-Proteobacterial groups have
been detected to date: Thiomonas sp. (strains Ynysl and Ynys3) [31] and an isolate

designated NO-16 from a Norwegian mine [32].

Table 1. A summary of common acidophilic microorganisms.

Acidophilic species Optimum pH Optimum Reference(s)
temperature (°C)

Iron-oxidizers

Leptospirillum ferrooxidans 1.5-3.0 28-40 [33-35]
L. ferriphilum 1.3-1.8 45-50 [36]
“Ferrimicrobium acidiphilum” 2.0-25 37 [37]
Ferroplasma acidiphilum 1.7 35 [38]

Sulfur-oxidizers

Acidithiobacillus thiooxidans 2.0-3.0 28-30 [39, 40]
At. caldus 2.0-25 45 [41, 42]
Thiomonas cuprina 3.5-4.0 30-36 [43]

Metallosphaera spp. 2.0-3.0 70-75 [44-46]




Sulfolobus spp. 2.0-2.6 60-75 [47, 48]

Iron-and sulfur-oxidizers

Acidithiobacillus ferrooxidans 2.5 30-35 [21, 49, 50]

Table 1. (Continued).

Acidianus spp. 1.5-2.0 70-90 [51]
Sulfolobus metallicus 2.0-3.0 75 [52]
Iron-reducers

Acidiphilium spp. 2.5-35 27-37 [53, 54]
Iron-oxidizers/reducers

Acidimicrobium ferrooxidans ~2 45-50 [55]
Iron-oxidizers/reducers and sulfur-oxidizers

Sulfobacillus spp. 1.6-2.5 37-55 [56, 57]

The genus Acidithiobacillus was proposed by Kelly and Wood [50] after reclassification of
some species of the genus Thiobacillus. The affiliation of the genus Acidithiobacillus to the
B- or y-Proteobacteria is not clearly defined in the literature [30, 58]. Species of the genus
Acidithiobacillus are obligatorily acidophilic (pH<4.0), Gram-negative, motile rods [28].
Carbon dioxide is fixed by means of the Benson-Calvin cycle. The genus comprises the

following species: A. ferrooxidans, A. thiooxidans, A. caldus and A. albertensis.

A. ferrooxidans (formerly Thiobacillus ferrooxidans), an obligate chemolithoaurotrophic
bacterium affiliated with the Gram-negative y-Proteobacteria, was the first described metal
sulfide oxidizing microorganism [59]. It was commonly discovered in the bioleaching system
operated at temperature lower than 40 °C [50]. A. ferrooxidans can accelerate the dissolution
of copper sulfide by means of regenerating the ferric ions which serve as the oxidant [26]. In
addition to the ferrous ions, this species can live on the oxidation of various reduced sulfur
compounds such as elemental sulfur, thiosulfate, trithionate and tetrathionate. It can also
grow anaerobically by respiration using sulfur compounds or hydrogen coupled with Fe**
reduction [59]. To date A. ferrooxidans is the most intensively studied bacterium used as a

model microorganism for describing the mechanism of bioprocessing.

A. thiooxidans belongs to the y-subclass of the Proteobacteria. It is motile by means of a polar
flagellum and can grow in the liquid medium on elemental sulfur, thiosulfate or tetrathionate.

However, it cannot oxidize iron or pyrite but has been shown to grow on sulfur from pyrite in
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co-culture with “L. ferrooxidans™, an iron-oxidizing, sulfur-non-oxidizing vibrio [50]. A

scheme of the sulfur compound oxidation pathways was presented by Kamimura et al. [40].

Cells of Leptospirillum species within the Nitrospira division are helical curved rods. Isolates
belonging to the Leptospirillum group have been obtained from AMD environments
characterized by a range of temperatures and pH values. Previously, phylogenetic analysis of
Leptospirillum sequences defined two groups, I and II [60], that have approximately 93% 16S
rDNA sequence similarity. Research by Bond et al. significantly extend the diversity of the
Leptospirillum cluster to three groups [61]. Sequences represented by group 11 clones have
only 89 to 93% similarity to sequences from both existing Leptospirillum groups | and Il and
likely represent a new group of organisms that are yet to be isolated in culture [61]. Groups I
and II are autotrophic, oxidize iron for energy, and have optimum growth temperature of 26
to 30 °C (group I) and 30 to 40 °C (group II). Group Il were shown to comprise the majority

of bacteria in sub-aerial slimes on the surface of a ‘slump’ of fine-grained pyrite ore [61].

A. caldus belonging to the Gram-negative y-Proteobacteria was first described by Kelly and
Harrison in 1989 [62]. Like A. thiooxidans, A. caldus grows autotrophically with various
sulfur compounds and not with ferrous ions, but it has a higher optimum temperature at 45 °C.
A. caldus can remove the extremely hydrophobic elemental sulfur building up on the mineral
surface by producing surface-active agents, resulting in the enhancement of the contact of
both microorganisms and ferric ions to the mineral surface. Consequently, it can accelerate
the oxidation rate and minimize the formation of a sulfur layer on the mineral surfaces, which

otherwise has a passivation effect on the bioleaching by iron-oxidizing bacteria [42].

Acidiphilium spp. fall into the o-Proteobacteria and are the most commonly reported
acidophilic heterotrophs in metal-rich, acidic environments. They are able to adapt to a wide
range of temperature (17 °C to 45 °C) and pH values (1.5 to 6.0) [27]. Frequently, they occur
as cryptic satellite organisms in cultures of iron- and sulfur-oxidizing chemolithotrophs.
Phylogenetic analysis based on 16S rDNA sequences segregates currently recognized
Acidiphilium spp. into two distinct groups. The first includes A. cryptum, as well as A.
organovorum and A. multivorum. The second group includes A. acidophilum (formerly
Thiobacillus acidophilus), A. rubrum and A. angustum [30]. The first isolated Acidiphilium sp.
by Guay and Silver in 1975 was classified as T. acidophilus due to its growth with sulfur [30].
As with many other Acidiphilium spp., its source was a supposedly pure culture of A.

ferrooxidans. One of the characteristics of all Acidophilium spp. is their ability to reduce
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ferric iron to ferrous when small amounts of oxygen are present. Among the acidophilic
archaea, several genera are obligate aerobes (Pcrophilus, Sulfolobus, Metallosphaera and
Sulfurococcus), two genera are facultative anaerobes (Thermoplasma and Acidianus) and a
single genus/species is obligated anaerobic [63]. Archaeal lineages reported from AMD

environments only fall into the Thermoplasmatales and Sulfolobales [27].
2.3 Microscopic structures of bioleaching bacteria
2.3.1 Cell wall

The cell wall of Gram-positive bacteria consists primarily of the relatively uniform
peptidoglycan-based layer. In contrast, the cell wall of Gram-negative bacteria (Fig. 1)
presents as a highly organized outer membrane in which an asymmetrical bilayer of
phospholipid and lipopolysaccharide (LPS) constitutes a permeability barrier. Diffusion pores,
formed of aggregates of internal proteins, connect the periplasm of the cell to the external
environment [64]. In general, compared to Gram-positive bacteria, the outer membrane of the
Gram-negative bacteria makes their envelopes less permeable to a wide variety of molecules,

such as hydrophobic compounds and higher molecular weight hydrophilic compounds [65].
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Figure 1. Schematic of the cell wall structure of Gram-negative bacteria with several surface

appendages.

The cell wall of Gram-negative bacteria is multilayered and contains only a thin layer of
peptidoglycan, which does not carry covalently-linked accessory polysaccharides or related

compounds [66]. The LPS molecules are anchored to the outer membrane with significant



variations in coverage, thickness and local distribution [67]. LPS consists of a hydrophobic
lipid moiety known as lipid A, a core polysaccharide and an outermost portion of O-antigen-
specific polysaccharide side chain [68]. The length of LPS chains can reach up to 40 nm,
depending upon the number of repeating units, bending of the O-antigen chain and the
solution conditions such as pH and salt concentration [69]. LPS has been characterized in
Acidthiobacillus species, and the effect of removal of LPS on the bacterial adhesion ability
has also been reported extensively [70-72]. At least two c-type cytochromes binding to the
membrane proteins of A. ferrooxidans involves in the electron transport [59]. The chemical
composition of LPS (i.e. O-antigen type) on A. ferrooxidans surface can be influenced by
different growth substrates, resulting in changes of cell surface charge and/or hydrophobicity,

which likely affect the adhesion ability to mineral surfaces.
2.3.2 Surface appendages

Many motile bacterial species exhibit chemotactic behavior, in which the organism moves
towards or away from various chemicals or stimuli. Generally, bacteria are attracted by
nutrient sources and repelled by potential inhibitory or harmful agents [65]. A variety of
surface appendages may project beyond the cell surface into the external environment to

facilitate the cell motion and adhesion ability.

Flagella are the longest cell appendages that have been observed, extending up to 20 um from
the cell surface for some bacteria. Some microorganisms possess very large numbers of
flagella and in this case, due to their extreme rigidity and great length, they are likely to affect
the closeness with which the cell can approach a surface. The arrangement of flagella on the
cell surface varies between species. The flagellum has a complex basal body which permits
the filament of the flagellum to rotate. This is located in the cell envelope and therefore
differs in structure in the Gram-positive and Gram-negative bacteria. Gram-negative bacteria
swim in a straight line with prolonged counter-clockwise rotation of the flagellum but tumble

when they rotate in a clockwise fashion [65].

Many bacteria possess surface appendages in addition to the flagella, namely fimbriae and
pili. Fimbriae and pili are filamentous, protein appendages which can be visualized by
electron microscopy on the surfaces of a wide range of bacteria, especially Gram-negative
species. A precise definition of their appearance and general characteristics is difficult since

large variations in morphology and other properties are seen even between types of pili



produced by different strains of the same bacterial species [66]. The common fimbriae are
smaller and more numerous than flagella and occur widely in Gram-negative bacteria and a
single Gram-positive group, the Corynebacteria. These fimbriae are believed to play an
important role in the attachment of bacteria to surfaces [66]. A special class of fimbriae, the
conjugative pili, are restricted to Gram-negative bacteria, being present in low numbers per

cell and appearing much longer and wider than the common fimbriae.

A single flagellum (over 1um in length) and type IV pili have been found in some highly
motile strains of A. ferrooxidans [73, 74]. Fimbriae have also been detected in
Acidithiobacillus sp. Strain A2 [75]. The composition of the flagella protein of the A.
ferrooxidans cell surface changed according to the culture substrate and the sulfur-grown
cells show greater adhesion to sulfur than iron-grown cells [73]. According to the report of
some researchers [76, 77], L. ferriphilum cells are Gram-negative, spore forming and motile
by means of a single polar flagellum. A. thiooxidans is also motile by means of a polar

flagellum [78] or a tuft of polar flagella [79].
2.3.3 Extracellular polymeric substances (EPS)

Extracellular polymeric substances (EPS) were defined as “organic polymers of microbial
origin which in biofilm systems are frequently responsible for binding cells and other
particulate material together (cohesion) and to the substratum (adhesion)” [80]. EPS lie
outside the cell wall (peptidoglycan layer) of Gram-positive bacteria and the outer membrane
of Gram-negative bacteria. The composition of EPS is highly variable even among the strains
of the same species, but it is mainly composed of a mixture of macromolecules, such as
proteins, polysaccharides, nucleic acids and lipids, and are often referred to as glycocalyx or

slime, which facilitate bacterial attachment to the substratum [81].

After extensive studies of EPS, some general functions have been found. It has been reported
that EPS play significant roles in the formation of gel-like substances, bacterial adhesion
phenomenon and protection of bacterial community from toxic compounds. EPS are not
necessary structures of bacteria in laboratory cultures, since loss of EPS does not impair
growth and viability of the cells [81].

In the bioleaching process, microorganisms like L. ferrooxidans can attach to the mineral
surface and develop the biofilm within a few days, covering the mineral surface with cells

embedded in a continuous EPS layer. Sand and Gehrke [82] reported that the production of
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EPS during bioleaching mediate the attachment of microorganisms to the mineral surfaces
and the interfacial reaction of the minerals, microorganisms and the passivation layer. They
claimed that the majority of cells attach to the metal sulfides by the positively charged iron
(1) ion-complexed EPS layer, where the dissolution reactions occur. The zeta potential of
three commonly used bioleaching bacteria, A. ferrooxidans, A. thiooxidans and L.
ferrooxidans, were measured in iron-free 9K medium at pH 2 by Zhu et al. [83] and the
results show that all these strains are positively charged with approximately 3 mV zeta
potential. Similar results for L. ferrooxidans were reported by Vilinska et al. [84]. In contrast,
Devasia et al. [85] and Sharma et al. [86] found that ferrous ion-grown A. ferrooxidans cells
were slightly negatively charged while sulfur and pyrite grown cells were positively charged
in 0.001 M KCI solution at pH 2. Blake Il et al. [87] reported that when grown on sulfur,
pyrite or ferrous ions A. ferrooxidans cells were negatively charged at pH 2. Diao et al. [88]
reported that the zeta potentials of A. thiooxidans and L. ferrooxidans cells in half-strength
9K medium at pH 2 were -0.6£0.6 mV and -2.2+2.7 mV, respectively. The discrepancy in the
surface charge of A. ferrooxidans might be due to the strain difference, various supporting
electrolytes and different washing procedure when collecting the cells. The EPS produced by
L. ferooxidans and the mixture of L. ferrooxidans, A. thiooxidans and A. ferrooxidans after 2
h of incubation was observed by epifluorescence microscope (EFM) and the amount of
attached cells and the amount of visible EPS of the mixed culture was more than that of the
pure L. ferrooxidans [89].

Table 2. Different physical and chemical extraction methods of EPS used in different

systems.

Methods Samples References
High-speed centrifugation Klebsiella aerogenes [90]
Sonication and centrifugation Sewage biofilm [91]
Precipitation with acetone Supernatant of yeast culture [92]
EDTA Sludge [93]
Heating to 70 °C Rhodopseudomonas acidophila [94]

To understand the functions of EPS, its chemical composition should be analyzed. Table 2

summarizes several methods for isolating EPS from various samples, which can be classified
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into physical or chemical methods or their combination. An intensive review paper about EPS
extraction and analysis can be found at [95]. EPS of various bioleaching microorganisms
were isolated and characterized by different research groups. The extracted EPS were
analyzed for nitrogen, uronic acids and protein [96, 97]. Sand and Gehrke [82, 96] reported
that the molar ratio of uronic acids and ferric ions within the EPS of A. ferrooxidans and L.
ferrooxidans is about 2:1, resulting in a net positive charge of cells. In the acidic leaching
solutions, many sulfide minerals have a net negative charge. Therefore, the positive-charged
bacteria can attach to the negative-charged mineral surface due to the electrostatic forces [97].
The macroscopic adhesion experiments reported by various groups are in agreement with the
chemical analysis of EPS. The adhesion experiment reported by Zhu et al. [83] demonstrates
that the removal of EPS causes a significant reduction in cell attachment. Xia et al. [98]
reported that the sulfur-grown A. ferrooxidans cells show higher affinity to the chalcopyrite
surface than that of ferrous ion- and chalcopyrite-grown cells within 60 min. The amount and
composition of EPS produced varies due to many reasons, such as the differences of bacterial
strains, the culture media and the incubation time. Zeng et al. [97] reported that the amount of
EPS extracted from a mixed culture of moderately thermophilic microorganisms cultured
with chalcopyrite concentrates increased quickly and stabilized until the end of bioleaching,
but the molar ration of uronic acids to ferric ions varied with the bioleaching time. It is
proposed that the EPS fills the void between the outer membrane of cells and the mineral
surfaces [82]. However, this process has not been elucidated in detail.

2.4 Macroscopic cell surface properties

The adhesion behavior of bacterial cells is governed by the cell surface physicochemical
properties as well as the interactions between the macromolecules and solid substrates [99].
The electrical potential and hydrophobicity are considered to play an important role in the

bacterial adhesion.

The contact angle measurement techniques are commonly used for the abiotic surfaces for
studying the colloidal systems. To assess the bacterial surface free energy, the contact angle
measurement of probe liquids on the bacterial lawn is the most commonly used method.
Sharma and Rao [100] reviewed different theories for evaluation of surface energy of 140
microbial strains by contact angle measurements. Among various approaches giving different

predictions, the Lifshitz-Van der Waals and acid-base (LW-AB) model provides the most
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detailed information about the microbial cell surface and can predict the attachment of
bacterial adhesion to solid surfaces [16, 101, 102].

The measurement of contact angle for bacterial cells is conducted by producing an uniform
layer of cells on agar surface or a bacterial lawn deposited on membrane filters [7]. The
deposited bacterial lawn method is preferred because cells on the membrane can be dried to
allow only bound water to be present on the cell surfaces. Busscher et al. [7] reported the
detailed method for the preparation of a bacterial lawn and contact angle measurement.
Concisely, bacterial cells were harvested and washed before being collected on a membrane
filter by vacuum filtration. Specifically, some authors reported an estimation of the number of
cell layers deposited onto the membrane to insure that cells completely and homogeneously
covered the membrane [7, 103]. A drop of probing liquid is placed on the cell surface, and the
contact angle is taken with a sessile drop method.

However, predictions for the adhesion behavior of bacteria in terms of hydrophobicity and
surface free energy are not ubiquitously successful. Several reasons relate the limited success:
1) The soft nature and the heterogeneity of bacterial cell surfaces due to the presence of
various biopolymers and cell surface appendages, such as flagella and pili, which deviate the
bacterial surface behavior from that of rigid colloidal particles [101]. 2) The contact angle
results can be easily affected by experimental variations such as the distinct moisture content
of the bacterial lawn, incomplete coverage on the membrane and differences in the time
recorded for the contact angle measurement [100].

Hydrophobicity of microbial surfaces can also be estimated from the MATS (microbial
adhesion to solvents) tests [104]. This partitioning method is based on the bacterial liquid-
liquid partition into hydrocarbons such as n-hexadecane, n-octane or p-xylene [105]. The
surface hydrophobicity of bioleaching bacteria has been widely studied by means of contact
angle measurement [2, 84, 88, 106] and the MATS tests [85, 107, 108]. Although the values
of contact angle vary from one strain to another, but all the data demonstrate that bioleaching

bacterial surfaces are hydrophilic.

Most microorganism surfaces are negatively charged under physiological conditions due to
their negatively charged surface functional groups such as amino, carboxyl and phosphate
groups. The net cell surface charge can be estimated from the zeta potential which is the

electrical potential of the interfacial region between the bacterial surface and the aqueous
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environment. The zeta potential can be calculated from measured microbial electrophoretic
mobilities in an electric field using different approaches such as the Smoluchowski equation
and the soft-particle theory [109]. In addition, bacterial surface charge can also be determined
by proton titration [110] and dielectric spectroscopy [111].

Besides the complex and highly dynamic nature of bacterial cell surfaces, charged functional
groups on the cell surface may associate upon the changes of pH and the ionic strength of the
supporting solutions. The conformation of cell surface biopolymer chains and ultrastructural
appendages may be affected by the changes in ionization states of the functional groups. In
addition, the surface charge of bacterial cells varies according to bacterial species and can be
affected by the growth substrate and growth phase. The zeta potentials of various bioleaching
microorganisms in different aqueous solutions have been reported by many researchers. The
isoelectric point of these acidophiles is between pH 2 and pH 3.5 [86, 106]. Many reports
compared the zeta potentials of mineral surfaces before and after interaction with bioleaching
microbes. The results indicate that the attachment of bacterial cells onto mineral surfaces can
alter the surface electrochemical properties of mineral particles [85, 107], e.g. the IEP of
mineral particles shift to the IEP of bacterial cells.

2.5 Bacterial adhesion mechanism in the interfacial process of bioleaching

The bacterial adhesion can be influenced by physiochemical and biological factors, such as
the hydrophobicity of bacterial cell and substratum surfaces, strength of cell-substrate
interacting forces, the time development of adhesive contact, solution conditions (pH and

ionic strength), and the culture age and growth conditions [112-114].

The attachment of bacterial cells to surfaces can be distinguished in various steps: 1)
transport of bacterial cells to the surface; 2) initial adhesion; 3) firm attachment; 4) surface
colonization [115]. In the first step, bacterial cells can approach the surface through different
mechanisms, such as diffusive transport, fluid convective, sedimentation and cell motility.
During the approach of bacteria to solid surfaces, various interfacial forces govern the cell
attachment process which will be discussed later in the review. The next step is the initial
adhesion. An extensive overview of physicochemistry of initial bacterial adhesion
interactions is given by Bos et al. [116]. The initial adhesion can be generally distinguished
into reversible and irreversible. The following step is the firm attachment. Typically, after the

bacteria deposit on the surface the chemical processes occur will lead to changes in the in
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molecular composition of the cell surface. For example, the cell may increase the production
of LPS, surface proteins or other extracellular polymeric substances, which have been shown
to be essential for the development of biofilms [97]. On the other hand, the surface structures
and appendages may form strong links between cells and the solid surface. Finally, the
bacterial cells must form a strong interaction with the solid surface to resist dislodgement
from the surfaces. The last step of the microbial adhesion is attributed to the growth of

attached cells and attachment of newly formed cells to each other in the biofilms [115].

The interactions between microorganisms, mineral surfaces and the leaching solutions in a
bioleaching system are illustrated in Fig. 2. Over the last 40 years there has been a long-
standing debate concerning the mechanism of bioleaching, the so-called direct and indirect
mechanisms. In recent years there is a growing consensus view that the bioleaching
mechanism can be proposed as non-contact, contact and cooperative leaching [117]. In the
non-contact mechanism, a chemical attack by ferric ions or protons on a mineral sulfide
resulting in the dissolution of the mineral and the generation of ferrous ions and various
forms of sulfur compounds. The ferric ions can be regenerated by the planktonic iron-
oxidizing microbes by re-oxidizing the ferrous ions as the electron donator. The mechanism

of bacteria interaction with pyrite is described as follows:
14Fe?* + 3.50, + 14H* — 14Fe3* + 7H,0 (bacteria-accelerated) (1)

FeS, + 8H,0 + 14Fe3* - 15Fe?* + 2502~ + 16H* )

Air 0, CO, N,

|

Attached monolayer — S
b
EPS -

Bulk leaching solution

Planktonic cells &

Precipitate

Figure 2. Schematic of bacteria-mineral interactions in a bioleaching system.

The contact mechanism refers to the attached bacterial cells on the mineral surfaces with the

EPS layer serving as reaction space for the oxidizing of ferrous ions. The dissolution of
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sulfide minerals takes place at the interface between bacteria cell and the mineral surface.
The localized corrosive bacterial action resulting in cell-sized pits on a sulfide mineral has
been observed [118]. However, there are still some debates on the formation of these
corrosive pits, which is due to the chemical attack in the non-contact mechanism.

For metal sulfides that cannot be dissolved in acid solution, some bacteria attach to the
mineral surface while other planktonic bacteria cooperate the oxidative dissolution during the
bioleaching process, namely cooperative leaching [119]. Bacteria can adhere to mineral
surfaces by the electrostatic attraction and/or hydrophobic interaction. After the encounter of
bacteria and mineral surfaces, bacteria may adhere to the surface by secreting polysaccharide
or with the assistance of surface appendages. Subsequently, microbes will grow and
reproduce resulting in the formation of micro-colony or biofilm. A highly packed
arrangement of A. ferrooxidans on synthetic pyrite surface was observed using scanning
electron microscopy (SEM) [120]. The pH value of leaching solution is of great importance
to the bacterial activity as well as in the prevention of formation of a passivation layer (e.g.

jarosite) which inhibits the nutrient source of the bacteria and the dissolution of the mineral.

3. Applications of AFM in bacterial adhesion research

The preceding discussion indicates that much attention has been given to the macroscopic
properties and the measurement of large ensembles of cells by means of zeta potential and
contact angle measurements. Moreover, the bacteria-substrate adhesion force has been widely
investigated by various approaches (e.g. flow chambers and spinning disks) using the shear
force to detach the adherent bacterial cells and measure the lateral detachment force. An
overview of bulk adhesion assays (Table 3) is provided by Taubenberger et al. [121].
However, the disadvantages including low sensitivity and precision and time-consuming
sample-preparation procedure limit the application of these methods in measuring the

interaction forces.

In order to better understand the fundamental forces governing the bacteria-solid interactions,
the magnitude of forces is directly quantified by mean of various surface force apparatus,
among which the AFM exhibits its versatility over other instruments. Since its invention by
Binnig et al. in 1986 [122], it has developed into a powerful tool for topographic imaging in
air and liquid conditions and in measuring the interaction forces at nanoscale. Compared to

the electron microscope techniques, AFM is advantageous in probing the three-dimensional
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topography and quantifying the interactions forces for both conducting and non-conducting

materials, such as biological samples, in air and fluid environments [123].

Table 3. Overview of commonly used bulk adhesion assays to cell adhesion [121].

Assay Force Read-out
application
d Washing Uneven/unkno Direct counting for ratio of
Ce assay wn shear s attached/non-adherent cells
forces
_ECM .
’/ Spinning Shear  forces Flo) /\' Disc radius at which 50% of
T disc device (force cells remained attached (shear
gradient) forces estimated)
- Fiv) /\ Ratio of attached/non-adherent
m Parallel- Shear  forces ﬁ cells; analysis of rolling cells
L ECM plate flow (laminar flow) (binding frequency and arrest
chamber time)
{ Flo)
3 D Centrifugat Centrifugal - Number of attached cells
ECM ion assay force

schematic description of the principle is shown on the left. F, force; v, velocity; o, angular velocity.

AFM can be used to probe the interaction forces, such as van der Waals, electrostatic, double-
layer and capillary forces, between surfaces or molecules. The plot of the force as a function
of the tip-sample separation is briefly called a force curve, providing better understanding on
sample properties such as elasticity [124], Hamaker constant [125], adhesion [16] and surface
charge densities [125]. For this reason the measurement of force curves has become essential
in different fields of research such as surface science, materials engineering and biology
[126].

3.1 Principles of AFM

The heart of an AFM instrument is a tipped or tipless micro-fabricated cantilever. As the tip
scans over the surface of interest, the interaction forces between the tip and the sample

surface cause deflection of the cantilever according to Hooke’s law. By monitoring the
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deflection of the cantilever a topographic image of the surface can be built up to a high
resolution [127].

The deflection of the cantilever is determined by the displacement of the laser beam on the
photodetector. The photodetector is segmented into four parts, and a voltage is generated
from each quadrant which is proportional to the amount of light hitting it. Normally the laser
beam is aligned to center the spot on the photodetector when the cantilever is undeflected.
The more the spot moves at the detector, the more signal is generated. The intensity of the
signal is called the optical lever sensitivity (OLS).

There is a broad range of AFM cantilevers made out of different materials. Silicon and silicon
nitride (Si3N,) are two extensively used materials for fabricating AFM cantilevers. They have
two shapes: rectangular (diving board shaped) and triangular (“V”’-shaped). The cantilever
has a sharp tip at its end, which is commonly in the form of a pyramid or a cylindrical cone.
The geometry of the cantilever tip is a crucial parameter in AFM force measurement if the
experimental force data are fitted in theoretical models. However, the geometry of the tip is
difficult to determine, and the shape of the tip can change over time. To solve this problem,
one can periodically characterize the tip with an electronic microscope or the tip can be
replaced by a microsphere by the colloidal probe technique [128].

A B
{ B Laser A

Photodiode \\ ::cmuem
Sutlg_trate e

Figure 3. Schematic of an atomic force microscope and a force measurement cycle.
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AFM scanners are made from piezoelectric material, which expands and contracts
proportionally to the applied voltage. In the force measurement, the sample is mounted onto
the scanner and moved in x and y directions by the piezoelectric translator. In some AFM
instrument, the chip is moved by the piezoelectric translator instead of the sample.

Fig. 3 depicts a typical force measurement cycle using a colloidal probe. A tipless cantilever
with a (functionalized) microsphere attached to the end is lowered toward the substrate
surface (e.g. polished mineral surface). The probe senses no interaction forces when it is far
away from the substrate surface (Fig. 3A). The probe keeps approaching the substrate until a
preset force is reached (Fig. 3B) and then the probe is withdrawn (Fig. 3C) until complete

separation from their mutual contact (Fig. 3D).
3.2 Immobilization of bacterial cells

AFM can be used to measure a variety of forces such as electrosteric interactions [13], van
der Waals forces, hydration/hydrophobic forces [15, 129] at short distances (between 0.1 and
0.5 nm) and elastic forces [130]. The so-called adhesion forces are usually measured in the
retraction phase of the force curves and have typically a magnitude between 10®and 107 N
[131]. The total force measured for a specific biological interaction reflects the sum of all
contributing interactions. Most of the force measurements between bacteria and solid surfaces
are carried out in situ (aqueous environment). However, the application of AFM in
microbiology is challenging due to the difficulty of immobilizing bacterial cells to a surface
without affecting the cell surface properties or cell viability.

To measure the interaction forces in the nano- to pico-Newton range between the bacterial
and substrate surfaces, two common approaches have been applied to immobilize cells. The
first approach is to immobilize bacterial cells onto a planar substrate surface and use the
(functionalized) AFM cantilever to touch the cell surface. The second approach is to directly
attach a single cell or multiple cells to a cantilever. To obtain a true and reliable interaction
force between bacterial cells and the substrate in various experimental conditions, correctly
selected method for cell immobilization is of great importance. A number of methods to
immobilize bacteria to a substrate in living or dead states, including mechanical entrapment,
physisorption, covalent binding and immobilization with adhesive proteins, are reviewed and

compared by Kuyukina et al. [11] and Meyer et al. [132].
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Living yeast cells were entrapped in pores of a microfilter [133] and embedded in 3% agar
gel [134]. Compared to the microfilter, the agar gel is a deformable immobilization matrix, so
that allows the growth of embedded cells. One disadvantages of this method are that the
molten agar at its melting point (45-50 °C) could adversely affect the viability of the
deposited cells [135].

In addition to the mechanical entrapment, physisorption of the negatively charged cells by the
electrical attraction from the positively charged polymer layers is commonly used for
imaging and force measurements. The gelatin or poly-lysine coated mica surfaces were used
for immobilization of both Gram-positive and Gram-negative bacteria in air and liquid
environments [136]. Chemical fixative gives good results in AFM image comparing to drying
samples on the mica surface. Dorobantu et al. [15] measured the force between chemically
functionalized AFM tips and two bacterial species, Acinetobacter venetianus and
Rhodococcus erythropolis, which were strongly immobilized onto the surface of glass slides

coated with 3-aminopropyltrimethoxysilane.
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Figure 4. (a) Schematic of the biological force microscopy showing one of many possible
poly-lysine linkages between negatively charged silanol groups on the bead and negatively
charged cell-surface functional groups on biomolecules. (b) Scanning laser confocal

micrograph of a biologically-active-force-probe (BAFP) [137]. Scale bar 10 um.

Instead of immobilizing bacterial cells onto a flat surface such as a glass slide, mica and
silicon oxide, some researchers bonded the microbial cells onto the cantilevers. Various
“glues” have been used, but the bacteria surfaces can be artificially altered by the external
agents [138]. In 1998, Bowen and co-workers [139] reported the first use of “cell probe” to
measure the adhesion force between the cell and a mica surface in a liquid cell. They picked

and glued a living yeast cell onto a tipless cantilever with the poly-lysine and cyanoacrylate
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glues. Kang et al. [140] also developed a method for constructing live bacterial cell probes
for AFM. They used the bioinspired polydopamine wet adhesive to link the E. coli and yeast
cells to the cantilevers and compared the force curves between viable cells and
glutaraldehyde-fixed cells. Based on the bioinspired polydopamine method, Beaussart et al.
attached a single bacterial-coated bead to a cantilever using a small quantity of epoxy resin,
which has previously been found to be inert in aqueous solutions [123]. Lower et al. [137]
used AFM to measure the interfacial and adhesion forces by linking living and unmodified E.
coli cells to a glass bead functionalized with poly-D-lysine and formed a monolayer of cells
stably attached to the bead. The force-sensing probes were fabricated by gluing the minute
bacteria-coated glass bead to a silicon nitride cantilever as shown in Fig. 4. The interaction
forces between living E. coli cells and mineral surface of muscovite, goethite and graphite
were directly measured in situ. They also applied this method on living Shewanella
oneidensis bacteria to investigate the interaction forces between the bacteria and goethite (o-
FeOOH).

Following the early work of Razatos et al. [141], glutaraldehyde-fixed bacterial cells were
linked to the polyethyleneimine (PEI)-coated cantilevers by many research groups. Sheng et
al. [142] immobilized anaerobic sulfate-reducing bacteria (SRB) to silicon nitride tip
cantilever and measured the adhesion forces between the cell probe and four polished metal
substrates. The same method was also successful in immobilization of E. coli cells for various
force measurements [12, 143]. Only a few studies regarded the immobilization of acidophilic
bioleaching microorganisms. A. ferrooxidans cells were attached to the PEI-coated glass slide,
and the interacting forces between a Si3N, cantilever and the cell was recorded in difference
salt concentrations and pH conditions [5]. Zhu et al. [83] constructed a cell probe by
immobilizing three strains of bioleaching bacteria to the tip of a cantilever and measured the
adhesion forces between bacteria and the chalcopyrite surface. Due to the small area of the
cantilever tip, it is very difficult to guarantee complete coverage of the apex of the tip. To
avoid recording the false interaction force between the tip and the substrate, Diao et al. [88]
used the bacterial colloidal probe technique to obtain the real interactions between A.

thiooxidans, L. ferrooxidans and pyrite surfaces.

All the methods mentioned above have their own pros and cons with respect to 1) ease of
sample preparation; 2) reproducibility; 3) living/dead state of cells; 4) applicability to
difference cells types and various aqueous environments (e.g. ionic strength and pH). A
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correct choice of immobilization method that is most appropriate for one’s experimental set-

up is of great importance in the investigation of bacteria-solid interactions.
3.3 Applications of AFM in bioleaching research
3.3.1 AFM imaging

AFM can be operated in air or aqueous medium, which allows the biological samples to be
investigated in the natural environment and avoid denaturation. Several AFM imaging modes
are available for topographic analysis, providing a wide range of information about the
surface of interest. Imaging modes differ mainly in the way the tip moves over the sample
and can be categorized into contact mode and non-contact mode, which are most commonly
applied in the analysis of biological samples. At large separations, there are no interaction
forces between the probe and the sample surface. As the probe and sample surface approach
each other, the attractive van der Waals force and repulsive forces will occur, which cause the
cantilever to deflect, and the four-quadrant of photodetector can records the position of the

reflected beam.

The contact mode is commonly used to measure the topography of relatively hard surface. In
this mode, the tip of the cantilever remains in continuous contact with the specimen surface
while scanning across the sample surface. The topographic images are generated directly
using the deflection of the cantilever. However, the contact mode of imaging will cause high
shear forces, which can damage the delicate biological samples for instance or even remove
the sample from the substrate if not sufficiently immobilized [135]. In the tapping mode, the
cantilever is oscillated at a given frequency allowing the tip of the probe to only touch the
sample surface at the end of its downward movement. In this case, the damage to the soft

sample will be remarkably reduced while the probe is scanning over the surface.

Imaging for inorganic surfaces is less complicated than that for biological surfaces because
inorganic surfaces have several advantages over biological samples with respect to measuring
surface forces accurately. Firstly, inorganic surfaces can be cleaned more easily, e.g. by
chemical treatment or heating. Secondly, they are harder and do not deform much under the
influence of the tip. In addition, the tip often picks up some material after contacting with the
biological samples. This completely changes the surface forces in an unpredictable manner
[144].
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AFM has been applied to image a variety of biological samples, including 1) macromolecules
such as DNA, proteins and biopolymers [145]; 2) bacterial biofilms [146-149] and 3) bacteria
and their appendages [150]. Scanning the sample in air is a simple and suitable approach to
observe the ultrastructural appendages of bacterial cells such as the fimbriae and pili.
Francius et al. [150] demonstrated the presence/absence of the surface appendages on the
surface of four strains of E. coli and the differences in the length and thickness of the surface

appendages and protein layer using the contact mode of AFM in air (Fig. 5).
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Figure 5. Bacterial morphology observed by the contact mode of AFM in air. AFM height
and deflection images of four strains of E. coli (a. E2152; b. E2146; c. E2302 and d. E2498)
acquired in air shown in height and deflection images with a z-scale of 200 nm [150].

The topic of living-cell imaging was intensively reviewed in [9]. Imaging under the natural
environment of the living cells will be significant and necessary for determining many
important properties of bacteria, such as the function and dynamics. Using the AFM equipped
with biological fluid cell, the composition and temperature of the liquid media can mimic the

natural environment, and the bacterial cells can be imaged in situ.

23



AFM is also considered as an important tool for structural molecular biology, especially for
the investigation of the structure of biological macromolecules. DNA was one of the first
biopolymers imaged by AFM. Lyubchenko at al. [151] obtained the AFM images of intact A
bacteriophage genome and several A restriction fragments binding to chemical modified mica
surface both in the air and liquid environments. Hansma et al. [152] investigated the images
of DNA in propanol, dry helium and other aqueous buffers under the tapping mode of AFM.
They obtained the best resolution in propanol due to the elimination of contact forces.
Imaging of proteins, including globular proteins, fibrous proteins, cytoskeleton proteins and
antibodies, have extensively studied with AFM over the past 20 years [153]. Among a variety
of immobilization methods for proteins, the most commonly used approach is to chemically
bond the protein to the substrate. Glass, mica, gold and silicon oxide surfaces can provide
excellent support for biomolecules by allowing physical adsorption or chemical fixation onto
these flat surfaces [154]. Yang and co-workers [155] imaged the pertussis toxin using AFM
by attaching pertussis toxin on the mica surface. The protein solution of 15 pL was applied to
a fresh cleave mica surface and incubated for 30 min. The spatial structure of the subunits of
pertussis toxin down to 0.5 nm was clearly revealed. Polysaccharides are vital structural
components of all living organisms. Polysaccharides secreted by bacteria are of great
importance in their adhesion to surfaces, formation of biofilms, protecting the cells from
harsh environments and mediating cellular recognition [10]. A review paper on probing the

properties of polysaccharide with atomic force microscopy can be found in [156].

Figure 6. AFM and EFM image of A. ferrooxidans cells attached to pyrite. A: Vertical
deflection image obtained by contact mode in air. B: Vertical deflection image acquired with

tapping mode in mineral salt solution. C: EFM image of the same sample location [148].
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In the early attempts of imaging the bioleaching bacteria attached on the mineral surface,
Gehrke et al. [96] obtained an AFM image of A. ferrooxidans cells attached to a defective
area of pyrite under contact mode. A. ferrooxidans cells attached on the surface of research-
grade chalcopyrite at different incubation time were imaged in air using tapping mode by
Bevilaqua and co-workers [157]. They found that the biofilm is evident according to the
AFM images taken in the late incubation stage. Mangold et al. [148] utilized AFM to
visualize the attached A. ferrooxidans on pyrite coupon by contact mode in air or intermittent
contact mode (tapping mode) in mineral salt solution (Fig. 6). Noél et al. [149] imaged the
attached A. ferrooxidans, L. ferriphilum and A. caldus on the pyrite coupon with the
combination of AFM and EFM. They found that L. ferriphilum not only causes aggregate
formation but also increased attachment of cells. Florian et al. [158] applied AFM and EFM
to image the mixed culture of A. ferrooxidans and A. thiooxidans, and they found that the
mixed culture showed a higher tendency to form aggregates on the pyrite coupon and
produced more EPS. Becker et al. [159] imaged the Sulfobacillus thermosulfidooxidans
attached to pyrite surface using in situ tapping mode of AFM, and they reported that the
thickness of EPS changed with a decreasing pH.

AFM has not only successfully been applied in imaging the topography of individual cells
but also bacterial biofilms on solid surfaces in air or liquid environments [146]. A biofilm is a
complex aggregation of microorganisms in which cells adhere to each other and grow on all
kinds of materials, including metals, plastics, soil particles, biological tissues and implant
materials. The continuous biofilm formed by the Gram-negative bacterium Azospirillum
brasilense on the polystyrene substrate was imaged by van der Aa and co-workers in situ
[160]. They found that the biofilm present only under favorable conditions of the bacterium.
They also carried out the adhesion force mapping over a 5x5 um area between the biofilm
and a silicon nitride tip and obtained the magnitude of adhesion force of 0.2£0.2 nN. The
biofilms formed by two strains of biodeterioration on the stainless steel surface were
investigated by Steele and co-workers using the non-contact mode with SisN, cantilevers
[147]. They observed significant deterioration of pitting corrosion formed on the steel surface
caused by a mixture of two strains of sulfate-reducing bacteria. Gonzalez and co-workers
[161] successfully applied AFM to image the colonization process of biofilms produces by A.
thiooxidans on the surface of pyrite. They found that the colonization began after one hour,

and the initial adhesion force was about 8.1 nN from the biofilm assay.
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3.3.2 AFM force measurements

AFM has been used to investigate the bacterial adhesion in different realms, including
pathogenic microbial adhesion to biomaterials [162], bacteria adhesion to mineral surfaces
[163] and biocorrosion caused by SRB [142]. The raw data recorded by AFM is a measure of
the deflection of cantilever versus the piezo movement. The raw data can be converted to
force versus separation distance with a known sensitivity and the spring constant of the
cantilever [128]. A variety of interfacial properties can be extracted from the force-separation
curves, such as the adhesion/repulsive forces, elasticity of macromolecules and
nanomechanical properties of bacterial cells. A survey of AFM force measurements is
summarized in Table 4. Several intensive reviews on the application of AFM in microbiology
are recommended [10, 164-166].

Interactions between bacteria and mineral/metal surfaces are central to microbial attachment
which results in metal corrosion, mineral bioprocessing and crystal growth. The interactions
of Shewanella putrefaciens with Fe-coated and uncoated silica glass surface in air or aqueous
solution were investigated by Grantham et al. [167]. It was found that the adhesion forces of
bacteria were stronger in nutrient-depleted solutions and the adhesion forces are stronger
between the bacteria and Fe-coated surface than uncoated silica glass surface. The interaction
forces between a strain of SRB and mica surface were studied by Fang et al. [168], who
reported that the range of forces between AFM tip (SisNy), and cell was from -3.9 to -4.3 nN
(attractive) while the force between cells is stronger. Sheng et al. [142] studied the
interactions between anaerobic sulfate-reducing bacteria and polished metal surfaces (i.e.
stainless steel, mild steel, aluminum and copper) using bacteria attached probe. They found
that the adhesion forces were influenced by the electrostatic force and the hydrophobicity of
both metal and bacterial surfaces. The SRB showed the strongest adhesion forces to

aluminum and strong electrostatic repulsion between bacterial cells.

Chandraprabha et al. [5] investigated the interaction between A. ferrooxidans and the AFM
tip (SisNg) in different pH, ionic strength and compared the experimental force data with
classical DLVVO model and steric model. A repulsive force was observed at the separation of
50~60 nm when the tip approached the cell surface. The repulsive distance decreased from
120 nm to 60 nm as the ionic strength increased from 0.001 M to 1 M. By fitting the
approaching curves to the steric model, the length of the polymer brush layer on the cell

surface was calculated as 176.7 nm and 8.512 nm at 0.001 M and 1 M, respectively. The
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interaction between the sulfur-oxidizing A. thiooxidans and the pyrite surface (massive pyrite
electrode) was investigated by Lara and co-workers [169] using AFM with a silicon nitride
cantilever. They observed a monolayered biofilm formed on the pyrite surface and adhesion
force was strong (467 nN). Zhu et al. [83] measured the adhesion force between A.
ferrooxidans, A.thiooxidans, L. ferrooxidans and chalcopyrite surfaces. The magnitude of the
adhesion force was between 0.5 to 1 nN. They also found that the magnitude of adhesion
forces slightly decreased after EPS removing for these bacteria. Diao and co-workers [170]
compared the adhesion behavior of A. ferrooxidans and A. thiooxidans on chalcopyrite
surface. They reported that the magnitude of adhesion force and snap-off distance of these
bacteria is remarkably influenced by the solution pH. In addition, A. ferrooxidans cells
exhibit a stair-step retraction pattern, while A. thiooxidans cells display a saw-tooth shaped

separation curve.
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Table 4. Bacteria-surface interactions probed by atomic force microscopy technique.

Method Microbe Substrate(s) Cell immobilization Results Reference(s)
Force-separation E. coli Mica, hydrophilic/hydrophobic Glutaraldehyde+PEI coating Steric forces, [12]
curves with single glass, polystyrene and Teflon hydrophobic interactions
cell/multiple cell- and DLVO forces
coated probes
Muscovite, goethite and Poly-D-lysine coating Attractive  hydrophobic [137]
graphite forces, repulsive
solvation, steric forces
and adhesion forces
Quartz Polydopamine coating Repulsive steric forces [140]
and multimodal adhesion
forces
Hematite and corundum Gelatin-coating Adhesion  forces and [171]
nanoparticles elasticity of cells
Fluorosilane, aminosilane, mica, Poly-L-lysine coating Adhesion forces, [172]
PEG and unmodified silicon electrostatic interactions
wafer and hydrophobic
attraction
Bioleaching bacteria Chalcopyrite Glutaraldehyde+PEI coating Adhesion  forces and [83]

(A. ferrooxidans, A.
thiooxidans and
L.ferrooxidans)

28

electrostatic interactions



Table 4. (Continued).

Method Microbe Substrate(s) Cell immobilization Results Reference(s)
A. thiooxidans and Pyrite and silica wafer Glutaraldehyde+PEI coating Adhesion  force and [88]
L. ferrooxidans stretching of biopolymer
chains
Lactobacillus Lectin-coated glass and 1- Polydopamine coating Adhesion forces [123]
plantarum dodecanethiol/11-mercapto-1-
undecanol coated glass
Pseudomonas Clean glass slide Poly-D-lysine coating Adhesion  force and [173]
aeruginosa viscoelasticity of biofilm
Force-separation E. coli Bare silicon nitride probe PEI coated glass Elasticity of cell wall, [150]
curves with analysis  of  Turgor
bare/functionalize pressure and stretching
d silicon nitride of surface appendages
probes
Klebsiella Bare silicon nitride probe PEI or gelatin coated glass Steric forces, [174]
pneumoniae electrostatic interactions
and elasticity of cell wall
Acinetobacter Alkanethiols terminated with 3-aminopropyltrimethoxysilane Attractive  hydrophobic [15]
venetianus and hydroxyl or methyl groups coating interactions,  repulsive
Rhodococcus coated silicon nitride probe hydration effects and
erythropolis steric interactions
A. ferrooxidans Bare silicon nitride probe PEI coated glass Steric  repulsion  and [5]

electrostatic interaction
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Ong et al. [12] measured the interaction forces between E. coli cells and different materials,
including mica, hydrophilic or hydrophobic glass, polystyrene and Teflon. The force
measurements were carried out using an E. coli cells coated probe and the measured forces
were compared to the extended-DLVO model. They reported that the adhesion of E. coli cells
is enhanced by the surface hydrophobicity of the substrate and the experimental data of
strains with short carbohydrate chains on the outer surface agreed well with the theoretical
predictions. Van der Mei and co-workers [175] reported the direct measurement by atomic
force microscopy of the surface softness of a fibrillated and a nonfibrillated oral bacterial
strain. The results show that a long-range repulsion force existed when the AFM tip
approached the fibrillated strain, and the nonfibrillated strain was stiffer than the fibrillated

strain in water.
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Figure 7. Force spectroscopy of cell-cell interaction using wedged cantilevers. (a) SEM
image of a wedged cantilever. (b) A cell probe (labeled with green Con A-FITC) prepared
from a nondestructive method approached a C. albicans hyphae (Calcofluor White, blue)
which was immobilized on a hydrophobic substrate. The yeast cell probe was positioned on
top of the yeast region (c, e€) or the germ tube region of the hyphae (d, f) with the

corresponding representative force-distance curves (e, f) [176].
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Recently, based on the single-cell force spectroscopy (SCFS) technique [123] Alsteens et al.
quantified the interaction forces between the yeast cell and hyphae of the fungal pathogen
Candida albicans by a wedged cantilever (Fig. 7) [176]. Force-distance curves showed strong,
short-range adhesion peaks followed by weak, long-range tether adhesion events, which
originate from specific cell surface proteins. These force measurement results provide novel

insights into the molecular origin of the cohesive strength of fungal biofilms.
3.3.3 Nanomechanical properties

AFM indentation has become an important technique for quantifying the mechanical
properties of living cells. The cell elasticity modulus can be determined from the force curves
measured in AFM indentations. Yao et al. [177] measured the elasticity of sacculi from
Gram-negative bacteria E. coli and Pseudomonas aeruginosa using AFM. The sacculi were
deposited on a flat silicon nitride surface with a series of parallel grooves (150 to 400 nm
wide and 300 nm deep), and the AFM tip was forced onto the sacculus surface to deform it.
They reported that the hydrated sacculi had an elastic modulus of 2.5x10" N/m? while the
dried sacculi with a higher value of modulus were more rigid and easily broken by AFM tip.
Velegol et al. [124] also investigated the effects of cell elasticity to the shape of force curves.
They found that the glutaraldehyde significantly affected the elasticity of the E. coli cells, but
the nonlinear portion of the force curve and the nonlinear force were caused by the
deformation of the bacterial surface layer. The same approach can be applied to measure the
modulus of cellulose fibers and other macrobiomolecules [178, 179].
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Figure 8. (A) Three-dimensional schematics showing the cell wall structure of a Gram-
positive bacterial cell. (B) The initial contact between the cell and substrate surface without a

loading force and any deformation. The contact volume is an imaginary cylinder with an

initial area S,and initial height h, . (C) Upon the application of an external loading force the

bacterial cell deforms and results in a cylinder with an area S and heighth [180].

As the air bubble, bacterial cells are much softer compared to hard substrates or even the
cantilever. The deformation of the cells during force measurement has a remarkable
influence on the shape of force curve. Boulbitch [181] proposed a theoretical analysis for the
deformation of the envelope of the Gram-negative bacteria caused by cantilever during the
AFM measurements. They found that the rigidity of bacteria governed its turgor pressure

whereas the lateral rigidity determined the distance from the tip where the displacement
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vanished. Recently, Chen et al. [180] reported a method to determine the viscoelastic
deformation of Gram-positive bacteria. As shown in Fig. 8, a spherical bacterium was
attached to the end of a tipless cantilever, and the cell probe was pressed on a planar surface
with a known extra loading force. The contact volume is represented by a cylinder with an
initial area and initial height. They obtained the values of reduced Young’s moduli ranging
from 8 to 47 kPa by fitting the force-indentation curves to their modified model.
Nanomechanical measurements can be carried out on the whole surface of a cell by force
mapping [182]. Based on the single-cell force spectroscopy, Sullan and co-workers studied
the nanospring properties of the pili during Lactobacillus rhamnosus GG-mucin interaction

and calculated the spring constant of pilus ranging from 4.3 to 8.4 pN/nm [183].

4. Theories for the interacting forces

Adhesion behavior of bacterial cells in aqueous environments is mediated by a sum of
various physicochemical interactions, including the Lifshitz-Van der Waals forces,
electrostatic interactions, steric forces, hydration and hydrophobic interactions. AFM force
measurement data are often compared with quantitative theoretical models for a better
understanding of physicochemical properties of microorganisms.

4.1 Classical DLVO theory

Bacteria can be considered as colloidal particles because they are about 0.2-2 um in size. The
classical DLVO theory was the first theory used to elucidate the interactions involved in
bacterial adhesion. According to the classical DLVO theory, the total interaction forces
between the particles consist of the attractive van der Waals force and the electrostatic double

layer force, which can be either attractive or repulsive depending on the surface charge [184].

The van der Waals force was named after Johannes Diderik van der Waals to honor his
contribution in the field of the equation of state for non-ideal gases. It is quantum mechanical
in origin, and it arises from the time-dependent fluctuations in the electric dipole moment of a
particle as it comes into contact with other particles nearby. The van der Waals forces are
ever present, relatively long-range force, and not very sensitive to ionic strength of the
solution. There are many different types of van der Waals’ attractive forces, including
London dispersive force, Debye inductive force and Keesom orientational force [126]. The
van der Waals force between atoms and/or molecules is the sum of three different forces and
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decays with the seventh power of the intermolecular distance [185]. Because the dispersion
term dominates the van der Waals force, it is sometimes referred to as London dispersion
forces [144].

The van der Waals interaction energy can be calculated using the Hamaker approach and/or
the Lifshitz approach [185]. In the Hamaker approach for some simple geometries, all
interaction energy splits into two terms, the Hamaker constant H = z°C p,p, ( p, is the density
of atoms or molecules) and another term that represents the geometrical dependence of the
van der Waals energy [185]. Two commonly encountered geometries between macroscopic
bodies include the interactions between two spheres or between a sphere and a flat surface.
The calculation of van der Waals force for other geometries can be found in [126]. The van

der Waals force between two spheres is given by:

H RR,

- 3
vdw 6D2 R1+R2 ( )

where H is the Hamaker constant (J) which accounts for the interacting material properties

and the third medium, D is the separation distance (m) between two interacting spheres, R,or

R, is represents the radius of the spheres.

The van der Waals force between a sphere and a planar surface is given by:

HR

F o= 4
vdW 6D2 ( )

where R is the radius of the sphere.

Experimentally measured Hamaker constant between a variety of materials in different media
is summarized in [126]. Typical values of the Hamaker constants are about 10% to 10% J in
the case of biological cells or biomolecules interacting with themselves or minerals in
aqueous environments [186]. The van der Waals force can be attractive or repulsive, but it is
always attractive (H is positive) in the case of two identical particles immersed in a third

aqueous medium.

As described above, the van der Waals interactions between identical particles are always
attractive. However, in the colloidal suspension the aggregation does not always happen due
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to the presence of a repulsive force. In the liquid of high dielectric constant, colloidal
particles are usually charged on surfaces. Repulsion between identically charged particles is a
long-range force, and is often sufficient to overcome the attractive effect of van der Waals
force [187].

Stern-Gouy-Chapman mode! of the electrical double layer

Stern layer E diffuse layer bulk solution

Py

>
X

Figure 9. A schematic diagram showing the electrical double layer (EDL) on the surface of a
particle, with the different potentials to be considered and the Debye length 1/« which is the

length where the potential has fallen to a value of 1/e of the Stern potential [188].

In water, many surfaces are charged. The charging of surfaces can come about in two
mechanisms: 1) by the ionization or dissociation of surface groups (e.g. the dissociation of
protons from carboxylic groups) which results in a charged surface; 2) by the adsorption of
ions onto the previously uncharged surface (e.g. ion exchange) [187]. Since the whole system
is electrically neutral, the overall charge on the particle surface is balanced by the dissolved
counterions which carry opposite charge in the solution and diffuse uniformly throughout the
bulk solution to increase the entropy [144]. As a result, a diffuse layer of counterions
surrounding the charged surface is formed. Together, the diffuse layer and the charged

surface immersed in an aqueous solution are called the electrical double layer (Fig. 9). When
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two charged surfaces approach each other, their electrical double layer begin to overlap,

resulting in a repulsive force if the surfaces are similarly charged.

The electrostatic double-layer forces can be calculated from the Poisson equation:

Vi =L (5)
EpE

where ¥ is the potential, o is the charge density at any position in between the approaching

surfaces and o is given by:
N

p=>.nze (6)
i=1

where n, is the number density of the 1™ ionic species, zis the valence of the i ™ ionic

species, e is the unit charge on electron.

The number density of the species can be given by Boltzmann equation:

n=n, exp(—%} (7
B

This equation (Equation (7)) is combined with Poisson equation (5) to give the following

Poisson-Boltzmann equation:

e N zey
Vip=——") " zn_expl ——— 8
‘// 808 ZI:l [ o] p( kBTJ ( )
Electrostatic double-layer forces are also very sensitive to the ionic strength and the
composition of the liquid solution where the measurements are performed [15]. The thickness
of the electrical double layer is represented by the ratio of the Coulombic potential to the

thermal energy [185]. The so-called Debye constant x is written in [185]:

o Jm ©)

EockgT
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where e is the unit charge on electron, n, (e)is the bulk concentration of the ion species i in
ions per volume, z denotes the valence of ion species 1, ¢is the relative permittivity of the

solution (& =78.54 at 298 K for water), &, is the permittivity of free space (8.854x10™? C4J°

m?, k, is Boltzmann’s constant, T is the absolute temperature, the summation is over all the

electrolyte in the solution. The reciprocal of xis the so-called Debye length which has unit of

length.

When the surface potentials are smaller than about 50 mV, the interaction potential between a

sphere (R is radius) and a planar surface at the separation of D can be mathematically
described by [144]:

4rRo,0, oD (10)

Feo = EyEK

The first approximate theory for the electrical double layer was given by Gouy, Chapman,
Debye and Hickel. This theory assumes that the solvent is a structureless continuum, the ions
are point charges and the potential of the mean force and the average electrostatic potential
are the same [185]. In this theory the average charge and the corresponding electrical
potential distribution are determined from the Poisson-Boltzmann equation, which is a
second-order differential equation [126, 187]. To solve this equation two boundary conditions

are often used:

e The surface potential remains constant (constant potential)

e The surface charge remains constant (constant charge)

Two surfaces with constant charge of equal sign always repel each other for D —0. Two
surfaces with constant potential are attracted for D — 0 even when the surface potentials
have the same sign (except for the hypothetical case that the potentials are precisely equal in
magnitude and sign) [189].

The EDL force between two spheres or a sphere and a flat surface at constant surface

potentials is described as:

L 2mseR (2pne® -yl -y,
= 02d _q

(11)
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where y, and y,are assumed to be the potentials of two interacting surfaces, R, is equal to
RR,/(R+R,) (Rand R, represent the radius of two spheres and when one of them is a

planar surface the radius is treated as infinite).

At the constant charge conditions, the EDL force is described as:

L 2megekR (28 )
F* = o2 _q

(12)

where y,, and y,_ are the potentials of two isolated bodies before interaction.

In addition to the above two cases, a third case has one surface at constant potential and the
other at constant charge, which is important for the ionization or dissociation of amphoteric
surfaces [185]. In the third case, the EDL force is given by:

Eov _ 2meqekR, (2'//1l//2ooeKD R 2079 )

2xD

e +1 (13)

One should choose a more suitable boundary condition according to the interaction materials.
In aqueous solutions, the DLVO theory can satisfactorily predict the interaction force for
monovalent salts of dilute concentration and potentials below about 50 mV. However, due to
the discontinuity of real surface charge distribution the prediction from DLVO theory for
bivalent or trivalent ions leads to deviations [126].

Due to the dimensions, bacterial cells in the solution may be assumed to be colloidal particles.
Accordingly, the DLVO theory has also been applied to describe the bacterial adhesion in a
wide range of applications. A review was contributed by Hermansson [190]. However, many
discrepancies between the experimental observations and the theoretical prediction have been
reported. Rijnaarts et al. [191] reported that at low ionic strength the repulsive interactions
predicted by the DLVO theory are orders of magnitude larger than experimentally obtained
energy barriers. This difference is probably due to the attractive steric bridging effect.
Camesano and Logan [13] studied the interactions between Pseudomonsa putida KT2442
cells and silicon nitride cantilevers. They found that the range of measured repulsive forces is
much larger than that predicted by DLVO theory. For more details regarding the comparison
between experimental data and theoretic predictions, readers are referred to an excellent

review of EDL interaction in bacterial adhesion [4]. In the DLVO theory, the interacting
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surfaces are assumed to be perfectly smooth, with no asperities or surface structures.
However, due to the complexity and heterogeneity of the structure and chemical components

of microbial cells the prediction is not successful in many cases.
4.2 Extended DLVO theory

Bacteria as well as other types of biological cells carry on their surface charged polymers that
form a “soft” ion-penetrable layer around the cell [109]. Besides the DLVO forces, other
forces such as Lewis acid base interactions, hydration forces and hydrophobic interactions
may influence the bacterial adhesion process. To include these interaction forces between
bacteria and the substrate, Van Oss [6] developed the extended DLVO model by considering

the acid-base interactions which determine the hydrophobicity of the interaction surfaces:

G ™ =G"™ + G +G". A comparison between the DLVO and XDLVO predictions has
been previously investigated by many researchers [184].

Similar to the DLVO theory, the extended DLVO model failed to describe bacterial adhesion
process in many cases. This is probably attributed to the presence of cell surface polymers,
which interfere with the DLVO-AB interactions. In 1998, Jucker et al. [192] developed a
method to qualitatively infer the existence of polymer interactions between Gram-negative
bacteria surface and glass, and quantify the interactions separately as the attractive or
repulsive forces from the deviation of the adhesion from DLVO-AB based expectations.
Their results indicate that the polymer interaction mainly govern the bacterial adhesion

process.

Many other researchers employed the extended DLVO theory to calculate the interaction
energies for bacterial adhesion. Roosjen and co-workers [193] assessed the energy of
interaction between Pseudomonas aeruginosa strains and bare or brush-coated glass surface.
They found that the attractive interaction between adhesive bacteria and the brush-coated
glass is dominated by acid-base interactions according to the calculation from extended
DLVO theory. Additionally, the calculated values for the interaction energy were in the same
range as the adhesive energies derived from direct force measurements using AFM. The
adhesion of A. ferrooxidans cells to pyrite and chalcopyrite surfaces was assessed using the
extended DLVO theory [2]. They compared the values of Hamaker constant determined by
microscopic and macroscopic methods and investigated the influence of Hamaker constant,
ionic strength, interacting particle size and pH on the predicted interaction energy. They

39



found the macroscopic approach was more relevant. In summary, neither DLVO nor

extended DLV O theories can fully interpret the bacterial adhesion behavior.
4.3 Thermodynamic approach

Surface thermodynamic approach is a macroscopic and physicochemical approach that
interprets the role of hydrophobicity of bacteria and substrates surfaces by surface tension,
but does not include an explicit role for electrostatic interactions. According to the

thermodynamics, a system spontaneously undergoes a change to obtain a state of minimal
energy [2].
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Figure 10. Theoretical estimation of the bacterial adhesion on solid surfaces by various
thermodynamic approaches (Equation of state, Geometric mean approach and Lifshitz van

der Waals acid/base approach) to convert contact angle data into surface free energy [116].




The thermodynamic approach is based on the free energy of the interacting surface, which is

calculated as follows:
NGy, =7 = (Vg +70) (14)

where 7, 74 and y,, are the solid-bacteria, solid-liquid and bacteria-liquid interfacial free

energies, respectively. In the case of bacteria-mineral interaction the adhesion of bacteria on

the mineral surface leads to the formation of new interface, therefore the spontaneous

attachment requires a decrease in free energy of the system, i.e. g <yy +7, - Similarly,

AG,, in Eg. 14 can also be used to evaluate microbial co-adhesion by replacing the solid

phase with a microbial cell [116].

In order to obtain value of AG,,,, one should know the values of y,, 7, and y,,, which can

be calculated from the measured contact angles of probe liquids with known or pre-
characterized surface energy parameters (e.g. water, formamide and diiodomethane) on solid
substrates and microbial lawns. To convert the contact angle into surface free energy,
different approaches have been proposed, among which three major approaches frequently
used are the equation of state approach, geometric mean approach and Lifshitz-van der
Waals/acid-base approach (LW-AB) (Fig. 10) [116]. These theories are incompatible, and the

value of AG,,, differs depending on the approach used.

The thermodynamic approaches have been applied to the bioleaching system by different
groups to interpret the adhesion behavior of bioleaching microorganisms. Gu et al. [194]
reported that no adhesion between the A. ferrooxidans cells and the pyrite was obtained by
the prediction of the thermodynamic approach, which is controversial to the experimental
results. On the contrary, Vilinska et al. [2] found a good agreement between the
thermodynamic prediction and the experimental results showing the adhesion of A.
ferrooxidans on pyrite and chalcopyrite surface is energetically favourable. The microbial
surface thermodynamics can be influenced by a variety of factors such the nutrient conditions,
extracellular polymer production and cell surface structures. In addition, the thermodynamic
approaches neglect the effect of electric charges and specific interactions (e.g. receptor-

ligand), and assume that the adhesion process is reversible, which however is controversial
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for the case of bacterial adhesion. Hence, the prediction of thermodynamic approach is

generally inaccurate [195, 196].
4.4 Steric model

On the approach of two surfaces covered by polymers, the thermally mobile polymer chains
are confined from free movement at random. A decrease in entropy by confining these
dangling chains causes a repulsive interaction, known as the steric or overlap repulsion [197].
This is similar to what occurs when a bacterial cell is approaching a substrate surface
resulting in a narrowing interface. In general, the discrepancies between the experimental
results and the theoretical calculation of DLVO/extended DLVO interactions are attributed to

the interplay of bacterial surface biopolymers and the substrate surface.

Many biological cells have polymer-like surface components that contribute to the
hydrophobicity including surface or S-layer proteins, amphipathic polymers or lipids. Cells-
surface appendages (especially fimbriae) and possibly fibrillar glycocalyces (capsules) are
considered as potential ‘probes’ bridging some bacterial cells to surfaces [68]. Due to the
complicated spatial distribution of these macromolecular species, it is difficult to specify
sharp boundaries where the forces overlap. However, steric repulsion does not necessarily
have to be due to polymeric molecules. Layers of small molecules can have the same effect,
albeit at a much shorter range [187]. The steric forces are often dominant the interactions
between the bacteria and surfaces and can be modelled using a model developed for grafted
polymer brush. The force per unit area between two interacting parallel flat surface, one of
which is covered with polymer brush and one of which is bare, was modelled by Alexander
[198] and de Gennes [199]. Drummond et al. [200] demonstrated that when the nominal
radius of the tip is small enough they interact as spheres with radii between 100 and 400 nm.
Based on this results, this model was later modified by Butt et al. [201] to describe the forces
between a hemispherical AFM tip and a planar surface with polymer brush. By integrating

the force per unit area over the AFM tip surface, the interaction force can be described as:
F, =50k TaL [ %% 2™/ (15)

where F, is the total force due to steric interactions, a is the tip radius of curvature, L, is the

equilibrium polymer brush length, I'is the grafted macromolecular density in the brush layer

reflecting how much of the surface is covered by polymers, D is the separation distance.
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The steric model has been applied to illustrate the AFM results involving AFM tip-cell
interactions for bacteria such as E. coli [12, 202] and Pseudomonas putida [13, 203]. For the
bioleaching microorganisms, Taylor et al. first [72] probed the thickness and grafting density
of extracellular polymers on living A. ferrooxidans 23270 using an AFM tip cantilever in 0.1
M NaCl solution at pH 2. The results show that the calculated average polymer length is
approximately 29 nm, and the polymer density is about 7.1 x10'® molecules/m?. According to
the length of biopolymers, they proposed that LPS is the dominant polymers on the outer
surface of A. ferrooxidans grown with ferrous ion. Chandraprabha et al. [5] used the steric
model to interpret the steric repulsion between a SisNs AFM tip and an A. ferrooxidans cell

under increasing pH and salt concentrations conditions. They found that L,decreased from

176.7 nm at 0.001 M KClI solution to 8.5 nm at 1 M KCI solution. The polymer length at 0.1
M KClI solution is larger than that observed by Taylor et al. and is consistent with the electron
microscopy result reported by Rojas [204]. They also found that after the removal of LPS on
the cell surface, the resulting polymer length and grafting density dramatically decreased
from 132.7 nm to 39.51 nm and from 12.14x10" molecules/m? to 7.45x10® molecules/m?,

respectively.

Comparing the measured interaction forces to the theoretical models, DLVO and steric
models, indicates that in high ionic strength and low pH solutions the steric force rather than
the electrostatic force dominate the interactions between bacterial cells and the substrate

surface.

5. Concluding remarks

This article has reviewed the diversity of bioleaching microorganism, cell surface properties,
application of AFM in quantification of interaction forces and theoretical models relevant to
the colloidal aspects for bioleaching microorganisms. As emphasized in this review, AFM is
advantageous in operation under physiological conditions for the nanoscale microbe analysis
by means of imaging and force measurements. A suitable model incorporating a variety of
fundamental interaction forces should be optimal in interpretation of the bacteria-solid
interactions. Technological challenges that remain to be addressed include the improvement
of the protocols for firmly immobilizing a single living bioleaching cell to the AFM

cantilever during the consecutive force measurements in various solution conditions.
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Figure captions

Figure 1. Schematic of the cell wall structure of Gram-negative bacteria with several surface

appendages
Figure 2. Schematic of bacteria-mineral interactions in a bioleaching system
Figure 3. Schematic of an atomic force microscope and a force measurement cycle

Figure 4. (a) Schematic of the biological force microscopy showing one of many possible
poly-lysine linkages between negatively charged silanol groups on the bead and negatively
charged cell-surface functional groups on biomolecules. (b) Scanning laser confocal
micrograph of a biologically-active-force-probe (BAFP) . Scale bar 10 um

Figure 5. Bacterial morphology observed by the contact mode of AFM in air. AFM height
and deflection images of four strains of E. coli (a. E2152; b. E2146; ¢. E2302 and d. E2498)
acquired in air shown in height and deflection images with a z-scale of 200 nm

Figure 6. AFM and epifluorescence microscope (EFM) image of A. ferrooxidans cells
attached to pyrite. A: Vertical deflection image obtained by contact mode in air. B: Vertical
deflection image acquired with tapping mode in mineral salt solution. C: EFM image of the

same sample location

Figure 7. Force spectroscopy of cell-cell interaction using wedged cantilevers. (a) SEM
image of a wedged cantilever. (b) A cell probe (labeled with green Con A-FITC) prepared
from a nondestructive method approached a C. albicans hyphae (Calcofluor White, blue)
which was immobilized on a hydrophobic substrate. The yeast cell probe was positioned on
top of the yeast region (c, e) or the germ tube region of the hyphae (d, f) with the

corresponding representative force-distance curves (e, f)

Figure 8. (A) Three-dimensional schematics showing the cell wall structure of a Gram-
positive bacterial cell. (B) The initial contact between the cell and substrate surface without a
loading force and any deformation. The contact volume is an imagery cylinder with an initial
area and initial height . (C) Upon the application of an external loading force the bacterial

cell deforms and results in a cylinder with an large area and height
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Figure 9. A schematic diagram showing the electrical double layer (EDL) on the surface of a
particle, with the different potentials to be considered and the Debye length which is the

length where the potential has fallen to a value of the Stern potential.

Figure 10. Theoretical estimation of the bacterial adhesion on solid surfaces by various
thermodynamic approaches (Equation of state, Geometric mean approach and Lifshitz van

der Waals acid/base approach) to convert contact angle data into surface free energy
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Graphical abstract
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Highlights:

e Bacteria adhesion to mineral surfaces mediates bioleaching processes.

e Bacterial surface appendages and EPS play a vital role in adhesion.

e Review of quantitative measurements of bacteria-solid interaction forces using AFM.

e DLVO and thermodynamic theories cannot fully explain bacterial adhesion
behaviour.

e Steric forces dominate the interaction between cells and substrate surfaces.
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