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Abstract: Biofilm formation is a molecular assembly process occurring at interfaces, such as in
bioleaching processes. The real time monitoring of the marker bands of amide I/amide II by FTIR
microspectroscopy during Acidithiobacillus ferrooxidans colonization on chalcopyrite surfaces revealed
the central role of lipids, proteins and nucleic acids in bacterial cell attachment to copper sulfide
surfaces. The Raman and FTIR spectra of the interactions of Acidithiobacillus ferrooxidans with bornite
are also reported.
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1. Introduction

Microorganism–mineral interactions are of great importance in hydrometallurgy, because it
is the most important mineral processing technique of low-grade ores. It is environmentally and
economically friendly and has been applied for copper extraction from minerals [1–4]. The bioleaching
mechanisms can be categorized through contact, un-contact, and cooperative mechanisms. One of the
most well-studied copper sulfide ores is chalcopyrite [CuFeS2], due to considerable ore reserves that
could be exploited [1–4]. Metal extraction from low-grade sulfide ores and concentrates is based on the
bacterial activities of acidophilic iron- and sulfur-oxidizing microorganisms. Acidithiobacillus ferroxidans
has been extensively studied, for its interactions with metal sulfides, due to its ability to oxidize Fe2+

ions, elemental sulfur, hydrogen, and hydrogen sulfide in acidic solutions [1,2]. In several procedures,
biofilm formation occurs at interfaces between solid substrates and liquids due to molecular assembly
processes such as protein adsorption and subsequent bacterial adherence [3,4].

Biofilms are densely packed communities of microorganisms that are surrounded by a
self-produced matrix of extracellular polymeric substances (EPS), where they form their immediate
environment [5,6]. Attachment or surface contact of the bacteria stimulates the production of EPS.
These secreted bio-polymers (EPS) are mainly polysaccharides, proteins, nucleic acids and lipids.
Cell attachment and biofilm formation on metal sulfides triggers mineral dissolution, as attached
microorganisms are the ones altering the leaching process by forming a reaction space, enriched in
ferric ions, between the metal sulfide surface and the cells [7,8].

It is widely accepted that bacterial strains of the genus Acidithiobacillus are the dominant structural
members in biofilm communities that grow in acidic environments [8–10]. This is due to the development
of a cell communication mechanism called Quorum Sensing (QS), through which the processes of
biofilm formation and EPS production are regulated. More specifically, bacterial cells can sense the
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density of their population through the secretion of diffuse self-inductors, thus regulating intercellular
or intracellular processes. In Gram-negative bacteria, the main component of QS is homoserine lactone
(AHL), and A. ferrooxidans has been reported to produce N-acyl homoserine lactones (AHLs). However,
they do not have all the bacteria of the genus Acidithiobacillus genes coding for the population–sense
mechanism, as is the case with A. caldus and A. thiooxidans, where the processes of biofilm formation
and production of EPS are regulated by other molecular pathways, such as cyclic digouanilinic acid
(c-di-GMP) [8].

FTIR is an excellent method for investigating the dynamics of the secondary structure of proteins,
as it enables the analysis of chemical bonds [11–15]. Raman spectroscopy has been applied as a
structure-sensitive technique for the investigation of minerals formed during the bioleaching of
chalcopyrite [3,4]. This way, monitoring the formation of K+-and NH4

+-jarosite as well as EPS
formation by a microbial community in a heterogeneous sample is feasible.

There is no consensus on the dynamics of the bio-reactions involved in the oxidation of
sulfide-containing minerals. In an attempt to contribute towards our understanding of the mechanisms
involved, we measured the structural evolution of the FTIR marker bands of amide I/amide II by FTIR
microspectroscopy in order to monitor the bacterial–sulfide mineral interactions. The aim of this paper
is to give an outline of how bacteria cells of A. ferrooxidans interact with chalcopyrite surfaces through
molecular assembly processes. This will be done by presenting data on the structural configuration of
the protein-like band of the extracellular polymeric substances of A. ferrooxidans before (free EPS) and
on their bioactive interactions with CuFeS2 surfaces, giving an extensive interpretation on formational
changes of the structures and entities occurring in the broad band of amide I and amide II at decisive
points in the process of bio-extraction. Furthermore, we report the FTIR and Raman spectra of the
interactions of A. ferrooxidans with bornite [Cu5FeS4].

2. Materials and Methods

Chalcopyrite and bornite (0.5–0.6) × (0.5–0.6) cm2 samples were collected from the Hellenic
Copper Mines in Skouriotissa, Cyprus, and placed in glass tubes with the growth medium and cell
suspensions from pure cultures of A. ferrooxidans (DSM 14882). The experiments were carried out
under aseptic conditions in a water bath at 37 ◦C using recirculating solutions. The glass tubes were
fitted with rubber stoppers and the suspension (growth medium and cells) was recirculated by a pump
through inlet/outlet tubes. The samples were partially dehydrated by purging N2 over the surface of
the samples.

2.1. Extraction of Extracellular Polymeric Substances (EPS) from Bacterial Cells

Bacterial cells were harvested from pure cultures of A. ferrooxidans, by centrifugation at 7012× g
for 20 min at 4 ◦C. The collected cells were then re-suspended in 10 mL of 0.22% formaldehyde solution
and 8.5% sodium chloride, and stored at 4 ◦C for 2 h. Subsequently, the suspension was centrifuged
(7012× g, 4 ◦C, 20 min) and the resultant pellet containing the EPS was dissolved in 10 mL of deionized
water. The suspension was then centrifuged again (7012× g, 4 ◦C, 20 min) to remove cellular debris.
The suspended pellet was dissolved in 10 mL deionized water, sonicated for 3 min, and centrifuged
at 7012× g for 20 min at 4 ◦C. The last step of the method concerned the precipitation of EPS after
re-suspension of the harvested pellet in 5 mL KCl 10−2 M and 10 mL of cold ethanol (100%) and
incubation at 4 ◦C quench. After incubation, the suspension was centrifuged (7012× g, 4 ◦C, 20 min)
and the harvested pellet of EPS was dissolved in 10 mL of deionized water and stored at 4 ◦C for
further analysis [16].

2.2. FTIR and Raman Microspectroscopy

Fourier Transform InfraRed microspectroscopy was applied at defined time intervals in order
to monitor the conformational changes in amide I during the biofilm formation on chalcopyrite
surfaces. Spectra were collected with a Tensor 27 Fourier transform infrared spectrometer (BRUKER,
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Karlsruhe, Germany) and a coupled HYPERION 2000 microscope (BRUKER, Karlsruhe, Germany) [3,4].
Attenuated total reflection was used to obtain infrared spectra of extracellular polymeric substances
in film form. Spectra were collected using an ATR-Germanium plate (Pike Technologies, Fitchburg,
WI 53719, USA) and the FTIR Tensor 27 spectrometer equipped with a deuterated triglyceride sulfate
(DTGS) detector. The spectra were collected in the 900–4000 cm−1 spectral range with a resolution
of 4 cm−1 and 100 co-exposures. Prior to each sample measurement, a background spectrum was
collected. The OPUS 7/IR (BRUKER, Karlsruhe, Germany) software package was used to acquire and
process the FTIR spectra. Raman data were collected by a LabRAM equipped with an Olympus BX41
microscope 50X and CCD detector [3,4].

2.3. Deconvolution of Amide I

Quantitative analysis of the amide I band contour was performed with the OPUS software package
(Version 7) supplied by Bruker using curve-fitting, 2nd derivative, and Fourier self-deconvolution.
The 2nd-derivative spectral analysis was applied to locate the position of the overlapping components of
the amide I band. Therefore, a curve-fitting procedure was applied to quantitatively estimate the area of
each component representing a type of secondary structure. The curve-fitting was successfully performed
based on the damped least-squares optimization algorithm developed by Levenberg–Marquardt, and
assuming Gaussian band envelopes. The obtained residual root mean squared error was 0.000161–0.000594.

3. Results and Discussion

Figure 1 shows the Raman and FTIR spectrum of bornite [Cu5FeS4] over a period of ten months
of bioleaching by A. ferrooxidans. The bands at 220 and 429 cm−1 originate from the ν(Fe–O) of
K+-jarosite and the bands at 454, 623, 1006, 1097, and 1157 cm−1 from the ν2(SO4

2−), ν4(SO4
2−),

ν1(SO4
2−), ν3(SO4

2−) and ν3(SO4
2−) of K+-jarosite, respectively, in agreement with the previously

reported 1–6 months bioleached experiments [3].
Figure 1B shows the FTIR spectra, and the 100 × 100 µm FTIR imaging spectra presented in

Figure 1A shows the changes of the bornite surface over the ten-month bioleaching period of the
samples used for the Raman experiments. The peaks at 1645 and 1427 cm−1 are assigned to amide I
and the N–H vibration of NH4

+-jarosite, respectively. There are additional bands in the 978–1134 cm−1

range due to biofilm and near 1700 cm−1 which we assign to the C=O of the O-acetyl ester bond of free
EPS. The peaks at 978, 1021 and 1051 cm−1 are due to carbohydrates, and the peaks at 1134 cm−1 are
due to P=O. Most importantly is the band at 1171 cm−1, which originated from Fe–O–P [3,4].

Valuable insights into the secondary structures of proteins were provided by analyzing the amide
vibrations revealing information about conformation and folding. Each type of secondary structure gives
rise to a characteristic absorption band of amide I and amide II due to variations in H-bonding patterns
between the amide C=O and N–H groups, as well as contributions from the local environment. The major
bands of proteins in an infrared spectrum are amide I, amide II and amide III, which absorb in the spectral
range of 1600–1700 cm−1, 1500–1600 cm−1 and 1200–1350 cm−1, respectively. The amide I is related to
the backbone conformation and is associated with the C=O vibration (80%), and a small contribution
(20%) arises from C–N stretching [17]. Amide II band arises from the N–H bending vibration and the
C–N stretching vibration [17,18]. The amide III absorption is attributed to C–N stretching vibrations,
coupled to in-plane N–H bending vibrations, with weak contributions from modes of C–C and C=O.
Therefore, amide III is of little practical use for protein conformational studies due to its complexity in
relation to hydrogen bonding, side chains contributions and force field details [19].
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Figure 1. Panel (A): 442 nm Raman excitation spectra of bioleached bornite. The laser power incident 
on the sample was 20 mW and the accumulation time was 15 min. Panel (B): 100 × 100 μm FTIR 
imaging spectra of the surface of bioleached bornite [Cu5FeS4] by Acidithiobacillus ferrooxidans and the 
FTIR spectra collected from the surface of the mineral. The area of infrared fingerprint is 0.01 mm2 
with spectra resolution of 4 cm−1. 

Figure 1. Panel (A): 442 nm Raman excitation spectra of bioleached bornite. The laser power incident
on the sample was 20 mW and the accumulation time was 15 min. Panel (B): 100 × 100 µm FTIR
imaging spectra of the surface of bioleached bornite [Cu5FeS4] by Acidithiobacillus ferrooxidans and the
FTIR spectra collected from the surface of the mineral. The area of infrared fingerprint is 0.01 mm2

with spectra resolution of 4 cm−1.
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The amide I and amide II bands contain information on the structural properties of EPS proteins,
with the amide I band being more sensitive to conformational effects. Amide I contains significant
information about the secondary structure. Thus, the observed amide I band consists of many
overlapping component bands, and each of these conformational entities represents different structural
elements such as α-helices, parallel or antiparallel β-sheets, turns, and unordered or irregular
structures [18]. The difficulty of analyzing the amide I envelopes arises from the fact that the widths of its
component bands are usually greater than the separation between the maxima of adjacent peaks. For this
reason, resolution-enhancement procedures such as Fourier self-deconvolution of Fourier-derivation
have been used to reveal the underlying components of the broad amide I band [17–19]. It should also
be noted that analysis of the amide I absorptions was perturbed by the strongly absorbing and bending
vibrations of water near 1640 cm−1 [17,18]. It is known that amide I frequencies are highly dependent
on the length and direction of hydrogen bonds. Differences in these features leads to strength variations
of the hydrogen bonds for different secondary structures, resulting in a wide range of vibrational
frequencies of the amide C=O group. It should be noted that the stronger the hydrogen bonds are,
the lower the amide I absorption frequencies will be. The frequency of the C=O stretching vibration
can also be affected by its local environment, due to transition dipole coupling [17]. The relative
contributions of the different secondary structural elements in amide I fall in the following spectral
regions: α-helix between 1645–1662 cm−1; β-sheets between 1613–1637 cm−1 and 1710–1682 cm−1;
β-turns between 1662–1682 cm−1; and disordered or random coils between 1637–1645 cm−1 [4,19,20].
Proteins that contain predominantly a-helical structures in amide II, absorb in the spectral range of
1540–1550 cm−1, whereas those which are a predominantly β-sheet structure showed an amide II peak
between 1520–1540 cm−1 [12].

Monitoring EPS protein’s structural modulation through the bioleaching procedure of a pure
bacterial culture of iron- and sulfur-oxidizing microorganisms provides a unique insight for studying
its dynamics and development during biofilm formation. Figure 2 shows the decoupled broad bands
of amide I–amide II from the free EPS surrounding the bacterial cell and the attached EPS of the
bacterial–mineral surface interacting system at fixed intervals. The decomposition of amide I–amide
II of the free extracellular polymeric substances from bacterial cells of Acidithiobacillus ferrooxidans
(Figure 2A) revealed the individual components at 1502, 1518, 1542, 1559, 1584, 1629, 1670 and
1717 cm−1. Peaks at 1502, 1518, 1542, 1559 and 1584 cm−1 are within the amide II range, whereas the
bands at 1629 and 1670 cm−1 are within the amide I domain. The band at 1502 cm−1 is derived from the
bending vibrations of -CH2 and -CH3 of the lipids and proteins [19–21]. Peaks at 1518 and 1542 cm−1

can be attributed to the secondary structures of β-sheet surfaces and to the α-helix, respectively.
Carboxylate ion stretching vibrations at 1559 and 1584 cm−1 of the aspartate and glutamate side chain
groups typically reflect the conformational changes in the micro-environment or the coordination of
the -COO- groups of the side chains with the metal ions [19–21]. The structural pattern of the amide I
band of free EPS from the A. ferrooxidans bacterium consists predominantly of β-sheet and β-turns,
due to the presence of the relevant bands at 1629 and 1670 cm−1, respectively. The peak at 1717 cm−1

originates from the C=O stretch vibration usually observed in hydrated microbial cell spectra [17].
Table 1 summarizes the assignments of the subcomponent bands of the amide I–amide II peaks of free
EPS of the bacterial capsule of A. ferrooxidans in the spectral range of 1500–1800 cm−1.

The FTIR broad band of mainly amides I/II represents a different behavior from that presented in
previous study with a mixed bacterial culture on a chalcopyrite surface [3,4]. At one (Figure 2B) and
three (Figure 2C) weeks of bioleaching, this broad band had a maximum at 1628, 1630 and 1629 cm−1,
respectively. However, at six (Figure 2C) and seven (Figure 2D) weeks the peak is even more shifted,
at 1610, 1622 and 1619 cm−1, respectively. This band shifted to lower frequency with time, therefore we
suggest that the proteins of EPS were involved in the EPS adsorption on chalcopyrite and structural
dynamics, and rearrangements were taking place within the biomolecules.



Crystals 2020, 10, 1002 6 of 10

Crystals 2020, 10, x FOR PEER REVIEW 6 of 11 

 

bending vibrations of -CH2 and -CH3 of the lipids and proteins [19–21]. Peaks at 1518 and 1542 cm−1 
can be attributed to the secondary structures of β-sheet surfaces and to the α-helix, respectively. 
Carboxylate ion stretching vibrations at 1559 and 1584 cm−1 of the aspartate and glutamate side chain 
groups typically reflect the conformational changes in the micro-environment or the coordination of 
the -COO- groups of the side chains with the metal ions [19–21]. The structural pattern of the amide 
I band of free EPS from the A. ferrooxidans bacterium consists predominantly of β-sheet and β-turns, 
due to the presence of the relevant bands at 1629 and 1670 cm−1, respectively. The peak at 1717 cm−1 
originates from the C=O stretch vibration usually observed in hydrated microbial cell spectra [17]. 
Table 1 summarizes the assignments of the subcomponent bands of the amide I–amide II peaks of 
free EPS of the bacterial capsule of A. ferrooxidans in the spectral range of 1500–1800 cm−1. 

 
Figure 2. Deconvoluted amide I–amide II broad band from the free extracellular polymeric substance 
(EPS) of the bacterial capsule of A. ferrooxidans (A) and the bio-interacted system of A. ferrooxidans—
chalcopyrite mineral in the spectral region of 1500–1800 cm−1. FTIR measurements were recorded at 
three (B), six (C) and seven (D) weeks during the bioleaching. 

Table 1. Assignments of the subcomponent bands of the amide I–amide II peaks of free EPS of the 
bacterial capsule of A. ferrooxidans in the spectral range of 1500–1800 cm−1. 

Component Band Composition % Assignments 
1502 1 -CH2 and -CH3 bending modes of lipids and proteins 
1518 5 β-sheet structures 
1542 9 α-helical 
1559 1 Asymmetric stretching -COO- 
1584 16 Carboxylate str. of aspartate and glutamate 
1629 27 Β-sheet structures 
1670 33 Β-turns 
1717 8 C=O stretching 

The FTIR broad band of mainly amides I/II represents a different behavior from that presented 
in previous study with a mixed bacterial culture on a chalcopyrite surface [3,4]. At one (Figure 2B) 
and three (Figure 2C) weeks of bioleaching, this broad band had a maximum at 1628, 1630 and 1629 
cm−1, respectively. However, at six (Figure 2C) and seven (Figure 2D) weeks the peak is even more 
shifted, at 1610, 1622 and 1619 cm−1, respectively. This band shifted to lower frequency with time, 
therefore we suggest that the proteins of EPS were involved in the EPS adsorption on chalcopyrite 
and structural dynamics, and rearrangements were taking place within the biomolecules. 

At three weeks of bioleaching (Figure 2B), the bands at 1533 and 1591 cm−1 of the amide II region 
can be assigned to β-sheet structures and the stretching mode of C=C, respectively. For amide I, the 
peaks at 1635 and 1671 cm−1 are attributed to β-sheets and β-turns. An increase in the β-structural 
motif both in the amide I and amide II region is observed, leading to the conclusion that a continuous 
redistribution of the secondary structure components occurs in the interfacial space between the 
surface of the sulfide mineral and the bacterial membrane. The small contribution of the peak at 1720 
cm−1 is due to the presence of free EPS. At six weeks of interactions between the bacterial cells and 
the sulfide’s mineral surface (Figure 2C), structures of β-sheets are present both in the amide II and 
amide I spectral range at 1520 cm−1 and 1632 cm−1, respectively. In amide II, the β-structural 

Figure 2. Deconvoluted amide I–amide II broad band from the free extracellular polymeric
substance (EPS) of the bacterial capsule of A. ferrooxidans (A) and the bio-interacted system of
A. ferrooxidans—chalcopyrite mineral in the spectral region of 1500–1800 cm−1. FTIR measurements
were recorded at three (B), six (C) and seven (D) weeks during the bioleaching.

Table 1. Assignments of the subcomponent bands of the amide I–amide II peaks of free EPS of the
bacterial capsule of A. ferrooxidans in the spectral range of 1500–1800 cm−1.

Component Band Composition % Assignments

1502 1 -CH2 and -CH3 bending modes of lipids and proteins

1518 5 β-sheet structures

1542 9 α-helical

1559 1 Asymmetric stretching -COO-

1584 16 Carboxylate str. of aspartate and glutamate

1629 27 B-sheet structures

1670 33 B-turns

1717 8 C=O stretching

At three weeks of bioleaching (Figure 2B), the bands at 1533 and 1591 cm−1 of the amide II region
can be assigned to β-sheet structures and the stretching mode of C=C, respectively. For amide I,
the peaks at 1635 and 1671 cm−1 are attributed to β-sheets and β-turns. An increase in the β-structural
motif both in the amide I and amide II region is observed, leading to the conclusion that a continuous
redistribution of the secondary structure components occurs in the interfacial space between the surface
of the sulfide mineral and the bacterial membrane. The small contribution of the peak at 1720 cm−1

is due to the presence of free EPS. At six weeks of interactions between the bacterial cells and the
sulfide’s mineral surface (Figure 2C), structures of β-sheets are present both in the amide II and amide
I spectral range at 1520 cm−1 and 1632 cm−1, respectively. In amide II, the β-structural component is
downshifted, revealing stronger hydrogen bonds, while in the case of the same subcomponent in amide
I region this structure has lost some of the electron density of hydrogen bonding, leading to it being
shifted slightly to a higher frequency. The band at 1576 cm−1 can be assigned to amino acid side chain
vibrations of aspartate and glutamate. A new subcomponent band in the amide I range is observed at
1687 cm−1 and can be attributed to the intermolecular (antiparallel) pairing of β-strands. The band at
1729 cm−1 is due to ν(C=O) of the O-acetyl-ester bond of free EPS, revealing similar behavior as that
observed in the bioleaching experiments of chalcopyrite, covellite, bornite and chalcocite with mixed
bacterial cultures in previous studies [3,4]. At seven weeks of bio-interaction (Figure 2D), changes in
the secondary structure were found to be less subtle. The band at 1495 cm−1 arose from side chains of
amino acids [21]. The major components of amide II are β-sheet structures and aspartate and glutamate,
due the peak absorbance at 1523 and 1571 cm−1 [21]. Structures of β-sheet have been lightly shifted to
a higher frequency due to weaker hydrogen bonds, but their contribution in the amide II region had
been increased compared with the previous week. The species at 1571 cm−1 seemed to have the major
role over the spectral range of amide II due to its high absorbance contribution. β-sheet structures and
their conformations seemed to be predominant in the amide I region. Subcomponent bands at 1630,
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1675 and 1702 cm−1 are attributed to β-sheet structures, β-turns and antiparallel β-sheets, respectively.
Alterations in the amide I region are obvious, as β-sheet structures were shifted slightly to a lower
frequency in order to have space for the turns of β-sheets. Intermolecular pairing of β-strands occurred,
due to the significant observed shift at 1702 cm−1, revealing weak hydrogen bonding compared with
the findings of the previous week. The absorbance band at 1746 cm−1 could be attributed to C=O
stretching vibration of the acyl chains of membrane lipids, indicating that the cells were attached to
chalcopyrite surface [3,4]. This marker FTIR band was observed only in cell-bound but not in free
EPS. This marker FTIR band was observed only in cell-bound but not in free EPS. The images from
the surface of chalcopyrite after bio-interacting with bacterial cells of Acidithiobacillus ferrooxidans at
one-to-seven weeks of bioleaching are presented in Figure 3.
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Figure 3. Images from the surface of chalcopyrite after bio-interacting with bacterial cells of
Acidithiobacillus ferrooxidans at one-to-seven weeks of bioleaching. The FTIR measurements presented
in Figure 2 are correlated, respectively, with the 100 × 100 µm images.

Quantitative analysis about the component bands of amide I and amide II can be provided
through the infrared intensities, which are highly dependent on the nature of the molecular structure,
their bonds, and their environment. The shape of the broad band of amide I and amide II is influenced
by the overall composition in the secondary structure of the bio-interacted system. Table 2 summarizes
the assignments and % composition of the amide I–amide II band components during bio-interaction
of A. ferrooxidans bacterial cells with chalcopyrite surfaces.

Table 2. Assignments and % composition of the amide I–amide II band components in the 1500–1800 cm−1

spectral range during bio-interaction of A. ferrooxidans bacterial cells with chalcopyrite surfaces.

Week of
Bio-Interaction

Component
Band

Composition
% Assignments

1 week 1501 1 -CH2 and -CH3 bending modes of lipids and proteins
1521 2 β-sheet
1537 1 β-sheet
1554 10 α-helical
1600 51 DNA/RNA components
1638 28 β-sheet
1678 4 β-sheet
1773 2 C=O stretching mode of lipids

3 weeks 1533 7 β-sheet
1591 45 Stretching mode of C=C
1635 33 β-sheet
1671 13 β-turn
1720 1 Free EPS

6 weeks 1520 10 β-sheet
1576 34 Carboxylate str. of aspartate/ glutamate
1632 42 β-sheet
1687 9 Antiparallel β-sheet
1729 4 Free EPS
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Table 2. Cont.

Week of
Bio-Interaction

Component
Band

Composition
% Assignments

7 weeks 1495 5 Side chain vibrations
1523 12 β-sheet structures
1571 29 Carboxylate str. of aspartate and glutamate
1630 38 β-sheet structures
1675 3 β-turns
1702 9 Antiparallel β-sheet structures
1746 4 Bound EPS

4. Conclusions

The FTIR data demonstrate the sensitivity of the hydrogen bonding pattern at each of the
secondary structural motifs in the EPS–chalcopyrite system reflecting adsorption-induced variation
phenomena. Probing the amide secondary structure during the bio-degradation procedures of the
mineral provides a unique insight in the dynamics and development within the reaction space of
the extracellular polymeric matrix (EPS). We suggest that the “direct-contact mechanism” shown
in Figure 4 of bioleaching bacteria is the net result of miscellaneous interactions of the secondary
structural motif.Crystals 2020, 10, x FOR PEER REVIEW 9 of 11 
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Raman and FTIR spectroscopies have been applied in our laboratory for more than 25 years for
the investigation of biological mechanisms of NO and O2 respiration by heme-copper enzymes and
the interactions of microorganisms with surfaces and metals [22–35]. The present work extends our
previous investigation of the bioleaching dynamics of Cu-containing minerals, and provides analysis of
the secondary structure of the interacting system between the protein band of extracellular polymeric
substances and the surface of chalcopyrite. The detailed analysis demonstrated the presence of nucleic
constituents, proteins and lipids. The FTIR and Raman data on the bioleaching experiments of bornite
indicated that a similar analysis, which is under investigation in our laboratory, is feasible and can be
applied in a number of Cu-containing minerals.
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