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Preface
Throughout this study the bacteria Lysinibacillus sphaericus was used to capture gold in
synthetic water samples. Improvements in its efficiency were achieved by the selection of
the strain with the best performance and by its immobilization in two different polymeric
matrixes. In addition, the S Layer protein was extracted from L. sphaericus and its
capacity to adsorb gold was determined. Moreover, a thermodynamic study of the
interaction between gold and this protein was developed to describe this interaction.
In chapter 1, several strains of Lysinibacillus sphaericus were compared to select the one
with the greatest potential for gold capture. The selected strain was then encapsulated in
an alginate matrix and the efficiency in capturing gold was compared to the free cells. The
reusability of the alginate spheres with bacteria and the desorption of gold from the matrix
were also studied.
In chapter 2, the study of the immobilization of Lysinibacillus sphaericus CBAM5 in
polycaprolactone (PCL) microfibers and in alginate microcapsules obtained by Electrohydro dynamic processing, is shown. The efficiency to capture gold was measured after
exposing the immobilized bacteria in the different matrixes to an aqueous gold sample.
These experiments were made in a batch and a filtration system.
In chapter 3, the gold adsorption capacity of the S Layer from L. sphaericus CBAM5 was
determined and a preliminary thermodynamic study was developed to characterize the
interaction between the S Layer protein and gold by using isothermal titration calorimetry.

7

Contents
Pág.
Agradecimientos ........................................................................................................ 5
Preface ........................................................................................................................ 6
Chapter 1: Enhanced gold biosorption of Lysinibacillus sphaericus CBAM5 by
encapsulation of bacteria in an alginate matrix ............................................................. 8
Abstract ........................................................................................................................ 8
Keywords ..................................................................................................................... 8
1. Introduction ........................................................................................................... 9
2. Materials and methods ....................................................................................... 10
3. Results ................................................................................................................ 15
4. Discussion and conclusions ................................................................................ 24
5. References ......................................................................................................... 28
6. Annexes .............................................................................................................. 31
Chapter 2: Effective gold biosorption by biocomposite electrospun
microfibrous membranes of PCL and electrosprayed microcapsules of alginate
functionalized with Lysinibacillus sphaericus CBAM5 ............................................... 33
Abstract ...................................................................................................................... 33
Keywords ................................................................................................................... 33
1. Introduction ......................................................................................................... 34
2. Materials and methods ....................................................................................... 35
3. Results ................................................................................................................ 40
4. Discussion and conclusions ................................................................................ 48
5. References ......................................................................................................... 51
Chapter 3: S layer protein of L. sphaericus CBAM5 as an adsorption matrix for
Au(III): A thermodynamic characterization of this interaction .................................... 55
Abstract ...................................................................................................................... 55
Keywords ................................................................................................................... 55
1. Introduction ......................................................................................................... 56
2. Materials and methods ....................................................................................... 57
3. Results and Discussion ...................................................................................... 60
4. Conclusions ........................................................................................................ 67
5. References ......................................................................................................... 67

8

Improving and understanding the biosorption of Au(III) by Lysinibacillus
sphaericus

Chapter 1: Enhanced gold biosorption of Lysinibacillus
sphaericus CBAM5 by encapsulation of bacteria in
an alginate matrix
Abstract
Given its variety of properties, among which conductivity and slow corrosion, the industrial
uses for gold are increasing dramatically. This means that greater amounts of gold are
being released into the environment, and that a biological approach to recycling gold is of
great interest. Lysinibacillus sphaericus, a bacterium capable of metal accumulation
inside the cell and adsorption in the external surface, was encapsulated in an alginate
matrix to improve the capture of gold from aqueous media. In this study, L. sphaericus
CBAM5 proved to have the greatest potential compared to other strains and, following its
encapsulation, the efficiency for the removal of the precious metal, at a concentration of
60 ppm, was 100% after three hours of exposure. It was identified that the alginate
spheres with bacteria could also be reused. In fact, an efficiency of 60% was retained
after 3 cycles of utilization. Moreover, a solution of thiourea 1%w/v pH 1.88 showed to
have the highest gold desorption efficiency. Finally, encapsulated dead biomass of L.
sphaericus CBAM5 can also be used to capture gold from aqueous media with a
comparable yield to that obtained with encapsulated living cells. Thus, alginate acts as an
adequate immobilization matrix for bacteria as a highly effective gold capture mechanism,
which also shows great potential as an alternative for biotechnological applications.

Keywords
Gold; biosorption; encapsulation; alginate; Lysinibacillus sphaericus
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1.

Introduction

The use of gold for the development of new technologies based on gold nanoparticles in
the pharmaceutical, electronic, and electrical industries is on the increase [1]. This
means that significant quantities of this precious metal are being released into the
environment through industrial waste water and mining activities [1,2]. Some
conventional technologies are used to capture metals from wastewaters. For example,
precipitation,

chemical

oxidation

or

reduction,

reverse

osmosis,

coagulation,

electrochemical treatment, among others [3]. Nevertheless, these methods are
expensive and are incapable to achieve high efficiencies [3]. Thus, the ability to recycle
gold from different residual samples is of great interest and, in this respect, sorption by
microorganisms is an expanding area of research [4,5].
Previous studies have demonstrated that certain types of bacteria possess heavy metal
resistance and detoxification mechanisms, which may be extracellular or intracellular
and specific to a certain metal or to a variety of them [6]. This type of bacteria can
therefore proliferate in metal-contaminated environments and may be able to capture
these metals [7,8]. As an example, Lysinibacillus sphaericus is a gram positive
bacterium isolated from a uranium mining waste pile [9], which has a surface layer (Slayer) protein, a porous lattice that protects it and acts as an ion trap. Moreover, several
studies have revealed L. sphaericus' ability to accumulate heavy metals such as Pb(II),
Cr(IV), Cd(II), among others [10–13] due to its S-Layer protein and heavy metal efflux
pumps [11,14].
Moreover, the dead biomass of L. sphaericus is known to capture Cr and Hg [15,16] and
the use of cells lacking metabolic activity is of great interest in environmental
applications because it brings several advantages. For example, there is no need to
maintain optimal growth conditions throughout the process, there is no risk of modifying
a microbiome in certain environment and the storage periods could be prolonged [3].
It has also recently been found that L. sphaericus is able to accumulate and adsorb
Au(III) and that there is evidence for the biosynthesis of gold nanoparticles or colloids
[1,17].

10

Improving and understanding the biosorption of Au(III) by Lysinibacillus
sphaericus

Given the protection it provides against environmental stress, the immobilization of
bacterial cells could improve their tolerance and capacity to remove contaminants [18].
Several matrices like chitosan, chitin, cellulose, alginate or polyvinyl alcohol are known
to protect against UV radiation, toxins, desiccation, contaminants from the medium and
possible

competing

microorganisms

[19].

For

example,

alginate

is

an

algal

polysaccharide commonly used in the food industry [20] and it has been demonstrated
that may provide an efficient means to encapsulate bacteria to capture heavy metals
such as Cr(IV) [12]. This type of matrix gives not only protection to the cell [12,13] but it
also provides a controlled environment for bacterial cells [20] due to its porosity that
allows the dissolved contaminants to pass through it, increasing the retention time in the
matrix. Other advantages related to the immobilization of bacteria are the increase of
biosorption rates as a result of a higher cell density, and the easy separation of the
biomass in the solid phase from the liquid media [21].
Based on the above, an alginate matrix was used to encapsulate L. sphaericus cells in
order to improve their gold biosorption performance while protecting them to reuse the
encapsulated biomass for several cycles. A comparative study between free and
encapsulated L. sphaericus cells was performed and the gold biosorption efficiency for
living and dead cells was determined. Furthermore, the release of gold from the matrix
was studied with several desorption agents to identify the most efficient process for gold
recovery. Finally, an approach to identify the potential of encapsulated living and dead
biomass to capture gold from a complex water sample was carried out by using a
synthetic aqueous medium spiked with mercury.

2.

Materials and methods

2.1 Strains of L. sphaericus and growth conditions
The strains used in these experiments were selected based on information from previous
studies that showed their potential to capture heavy metals from aqueous media
[11,12,17,22]. Each of the selected L. sphaericus strains shown in Table 1 were
incubated in 15 mL of nutrient broth (OXOID) for 15 h at 30 °C and 150 rpm. They were
then harvested by centrifugation (11000 rpm, 15 min and 4°C) and resuspended in
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minimum salt medium (MSM). This medium contains: KH2PO4 0.5 g/L, NH4Cl 1 g/L,
Na2SO4 2 g/L, KNO3 2 g/L, CaCl2 0.001 g/L, FeSO4 0.0004 g/L, MgSO4*7H2O 1 g/L,
sodium acetate 5 g/L. The resuspended bacteria had an optical density (OD605 nm) of
0.9 – 1.2 and were then used for the gold biosorption assays.
2.2 Biosorption of gold by free-living L. sphaericus cells
Each of the five L. sphaericus strains (Table 1) were grown and the biosorption
assay was conducted as previously described [17]. Briefly, the assay was undertaken in
50 mL flasks with MSM to a final volume of 15 mL, HAuCl4*3H2O (60 mg/L) and 3 mL of
each strain suspension. For the assay with the mixture of strains, 1 mL of each bacteria
suspension (L. sphaericus CBAM5, III(3)7 and MCB2) was used. The assays were
incubated at 30°C, 130 rpm. A control assay was made using the same conditions as
above but without adding cells for the inoculation. The experiment was conducted in
triplicate. Following this, aliquots of 1.5 mL were taken at times 0, 0.25, 0.5, 1, 1.5 and 2
hours and centrifuged at 13000 rpm and 4°C. The supernatants were analyzed by flame
atomic absorption spectroscopy (FAAS), described later.
Table 1. Strains of L. sphaericus evaluated in the biosorption assays.
L. sphaericus strains

Site of isolation

Reference

Hydrocarbon-contaminated
CBAM5

soil

[14]

III(3)7

Oak forest soil

[14]

OT4b.31

Coleopteran larvae

[14]

MCB1

Nechi River

[17]

MCB2

Nechi River

[17]
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2.3 Immobilization of living cells of L. sphaericus CBAM5 in an alginate matrix
Due to its high efficiency for gold removal, L. sphaericus CBAM5 was the strain selected
for the immobilization assays. A total of 0.6 g of sodium alginate was poured and
homogenized in 60 mL of a L. sphaericus CBAM5 suspension in MSM and in 60 mL of
MSM (negative control). These solutions were added separately dropwise to a CaCl2
sterilized solution (2%) in distilled water. The resulting spheres were separated and
washed with sterile distilled water. Using 0.5 g of spheres, the bacteria concentration
was determined by crushing and mixing them with 1 mL of sterile saline solution
(0.85%). Standard serial 10-fold dilutions were inoculated (10 µL) in nutrient agar and
incubated for 20 hours at 30°C for the drop plate count method [23].
2.4 Biosorption of gold by encapsulated living cells of L. sphaericus CBAM5 in alginate
For this assay, 10 g of alginate spheres with L. sphaericus CBAM5 and no cells
(negative control) were added to MSM and HAuCl4*3H2O (60 mg/L) to obtain a final
volume of 15 mL in 50 mL flasks. The mixture was incubated at 30°C and 150 rpm.
Aliquots of 1.5 mL were taken from the flasks at times 0, 15, 30 min and 1, 1.5 and 2, 3
and 4 hours and centrifuged at 13000 rpm and 4°C. FAAS was used to analyze the gold
concentration in the supernatants as described below. The bioassay was conducted in
triplicate. To identify the stability of L. sphaericus CBAM5 in the alginate matrix, the
bacteria concentration after 24 hours was determined as described above. This was also
performed for the negative control spheres to confirm their sterility.
2.5 Reusability test and release of living bacteria from alginate spheres
To determine the potential reusability of the alginate spheres with encapsulated bacteria,
gold biosorption assays were performed three times. Prior to each cycle, the spheres
were washed with distilled water and exposed to gold as described above. Aliquots of
1.5 mL were taken from the flasks at times 0 and 4 hours. Gold concentration in the
supernatant was measured by FAAS and gold capture efficiency was calculated. The
washing steps were performed after every cycle and all assays were conducted in
triplicate.
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In parallel, the protocol to quantify the bacteria released was performed as described
before [20]. Minor modifications were made as follows: 1 g of alginate spheres with
encapsulated bacteria were suspended in 10 mL of sterile saline solution (0.85% w/v) in
15 mL flasks and incubated at 30°C and 150 rpm. At times 0 and 72 hours, 1 mL
aliquots were collected and standard serial 10-fold dilutions were inoculated (10 µL) in
nutrient agar for the drop plate count method after 20 hours of incubation at 30°C.
2.6 Desorption of gold from encapsulated living cells of L. sphaericus CBAM5 in alginate
Firstly, 1 g of alginate spheres with L. sphaericus CBAM5 previously exposed to
HAuCl4*3H2O (60 mg/L) were suspended in 10 mL of different elution solutions: HNO3
(pH 1, 2 and 3), HCl (pH 1, 2 and 3), NaOH 1% w/v, thiourea 1% w/v, NH4OH 1% v/v
and ammonium pyrrolidinedithiocarbamate (APDC) 1% w/v. The suspensions were
shook at room temperature for one hour and then the supernatant was separated and
acidified with HCl 12M. Gold concentration in the supernatant was measured by FAAS.
As thiourea solutions showed the greater desorption performance, an assay to estimate
its specific desorption efficiency was performed. Initially, 1 g of encapsulated cells of L.
sphaericus CBAM5 in alginate were suspended in 10 mL of MMS with HAuCl4*3H2O (0.5
mg/L) and incubated at 30 °C and 150 rpm. Aliquots of the supernatant were taken at
time 0 and 4 hours. Then, the spheres were washed with sterilized distilled water and
were suspended in 10 mL of thiourea 1% w/v pH 1.88. The suspension was incubated at
30 °C and 150 rpm for 24 hours. At the end, aliquots were taken from the three
replicates and the gold concentration from all the samples was measured by FAAS.
To identify the stability of L. sphaericus CBAM5 in the alginate matrix, the bacteria
concentration after 24 hours of the desorption assay was determined as described
above.
2.7 Influence of mercury over the biosorption of gold by encapsulated living and dead
cells of L. sphaericus CBAM5 in alginate
The use of dead biomass for biotechnological applications is of great interest. Therefore,
gold biosorption assays with dead cells of L. sphaericus CBAM5 encapsulated in
alginate were performed to compare their efficiency with that of encapsulated living cells.
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Moreover, the influence of mercury over the biosorption of gold by these two type of cells
was analyzed in the same assay.
The dead biomass was obtained as previously described [16]. Firstly, an overnight
culture of L. sphaericus CBAM5 was harvested and washed twice with PBS (8.5 g/L
NaCl, 1.1 g/L Na2HPO4 and 0.3 g/L NaH2PO4, pH 7.4 in distilled water) by centrifugation
at 11500 rpm and 4°C. Then the pellet was suspended in formaldehyde (10% v/v in
PBS) for 3 hours at room temperature. The resulting dead biomass was obtained by
centrifugation (11500 rpm and 4°C) and washed three times with PBS and twice with
sterilized distilled water. Finally, the pellet was suspended in MMS and encapsulated in
alginate as described above for the living cells.
To identify the performance of the previous protocol, the bacteria concentration in
different alginate matrixes, was determined as described above. This was also
performed for the negative control spheres to confirm their sterility.
For the biosorption assay, 10 g of alginate spheres with living and dead L. sphaericus
CBAM5 and with no cells (negative control) were added to MSM, HAuCl4*3H2O (60
mg/L) and HgCl2 (60 mg/L) to obtain a final volume of 15 mL in 50 mL flasks. The
mixture was incubated at 30°C and 150 rpm. Aliquots of 1.5 mL were taken from the
flasks at times 0 and 4 hours. FAAS was used to analyze the gold concentration in the
supernatants as described below. The bioassay was conducted in triplicate.
2.8 Flame atomic absorption spectrometry (FAAS) measurements
All the experiments for the quantification of gold were carried out using a High-resolution
Continuum Source Atomic absorption spectrometer (HR-CSAAS, ContrAa 800,
commercially available from Analytik Jena, Jena, Germany) in flame mode (FAAS).
Flame conditions were properly optimized before the measurements, using the
absorption line at 242.7590 nm. All gold standards were made on the measurement day
by diluting 1000 mg/L standard (HAuCl4, CertiPUR®, Merck, HCl 2 mole/L) to
concentrations between 2 and 10 ppm. Distilled water and hydrochloric acid 1 mole/L
(ACS reagent, 37%, Merck) were used to acidify and dilute all standards and samples at
5% (M/V).
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2.9 Scanning Electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) Analysis
The remaining spheres were observed using Scanning Electron microscopy (SEM).
Spheres from the assays were collected and sequentially washed with ethanol at 70%,
90% and 100%. They were then frozen using liquid nitrogen and cut in half. An
aluminum support was used for metallization and SEM observation of the samples. In
addition, a semi quantification of the metal with energy dispersive X-ray spectroscopy
(EDS) was performed using the equipment JEOL JSM-6490LV (JEOL, Tokyo, Japan)
scanning electron microscope equipped with an Oxford INCA PentaFetX3 EDS detector.
2.10 Statistical analysis
Data obtained from the bioassays were analyzed using one-way ANOVA followed by the
Tukey test at P<0.05 and a T student test for comparisons between two groups of data
at P<0.05. All the analyses were performed using Software R.

3.

Results

3.1 Biosorption of gold by free-living cells of L. sphaericus
In order to identify the efficiency of gold capture by free cells of five strains of L.
sphaericus, the metal concentration in the supernatants was followed by using FAAS,
during a period of 2 hours because previous studies showed that gold adsorption occurs
in a brief period of time (Figure 1). In terms of single strains, L. sphaericus CBAM5
showed the best efficiency with a decrease of 52% of Au(III) in the supernatant, followed
by MCB2 and III(3)7, although non-significant differences were determined for these two
strains. As those three strains (CBAM5, MCB2 and III(3)7) presented the highest
efficiency, they were chosen to assess gold capture by a mixture of cells. After 2 hours,
a decrease of 33% of Au(III) was observed, showing that single L. sphaericus CBAM5 is
more efficient for gold sorption. The control assay showed that the concentration of gold
remained stable during the two hours of the experiment, which validates the results for
the free cells.
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Figure 1. Gold (60 ppm) biosorption assay with free cells of L. sphaericus strains and a
mixture (MIX) of some of them (CBAM5, MCB2 and III(3)7) with an OD605 = 0.9-1.2, pH =
5-6, for 2 hours. Points at 2 hours denoted by a different letter differ significantly at
P<0.05 according to a one-way ANOVA and a Tukey analysis.

3.2 Biosorption of gold by encapsulated living cells of L. sphaericus CBAM5 in alginate
As L. sphaericus CBAM5 was the most efficient strain in the assay with free cells, it was
chosen for encapsulation in an alginate matrix. Its capacity to capture gold was
examined by using FAAS within the first two hours of the experiment (Figure 2). A rapid
decrease of the gold percentage in the supernatant was observed and after 2 hours,
97% of Au(III) was captured by the cells in the alginate spheres, indicating an
improvement when encapsulating the bacteria. The control assay showed that the
spheres without cells can capture 60% of gold after 1.5 hours and a desorption process
occurs after two hours of the experiment and only 10% of gold is retained in the alginate
matrix.
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Figure 2. Gold (60 ppm) biosorption assays with free (CBAM5_free) and encapsulated
(CBAM5_Alginate) cells of L. sphaericus CBAM5 with pH = 5-6. Control_Alginate: assay
with alginate spheres without bacteria. Points at 2 hours denoted by a different letter
differ significantly at P<0.05 according to a one-way ANOVA and a Tukey analysis.
In comparison with the assay using non-encapsulated cells, a more rapid uptake of gold
was observed with cells within the alginate matrix because after the first hour of
exposure to the metal, those cells captured 94% of the gold in the medium while the free
cells captured only 41%.
The analysis with SEM showed the presence of L. sphaericus CBAM5 within the alginate
matrix (Figure 3A) and bacilli morphology was identified. The detection of backscattered
electrons (Figure 3B) allowed the identification of areas with different compositions.
Using an EDS analysis of those areas (Figure 3C), the presence of gold aggregates and
possible nanoparticles inside the matrix and on the surface of the cells was determined.
3.3 Reusability test and release of bacteria from alginate spheres
In order to characterize the alginate matrix for the encapsulation of bacteria and its
possible use for biotechnological applications, this study determined the reusability of
the spheres and the bacteria released from them.
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Firstly, the alginate spheres were used to test the release of encapsulated bacteria with
an initial concentration of 2.13x106 CFU/mL by their immersion in a saline solution and
incubation for 72 hours. Figure 4 shows that L. sphaericus CBAM5 was released from
the alginate matrix immediately after exposure to saline solution and a bacterial
concentration of 3.11x102 CFU/mL was determined in the medium.

(a)

(b)

(c)
Figure 3. SEM micrographs of L. sphaericus CBAM5 cells (a) inside the alginate sphere
seen with retro-dispersed electrons. (b) Close up of image (a) seen with retro-dispersed
electrons. (c) EDS analysis of image (b) showing the presence of Au in the matrix.
This release of bacteria was continuously observed after 24 and 48 hours of incubation
of the alginate spheres (data not shown). Finally, after 72 hours, a bacterial
concentration of 2x106 CFU/mL was determined inside the spheres and one of 4.83x107
CFU/mL in the saline solution. It could be said that bacteria are being released into the
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medium and are able to continue their division phase, which explains the high titer in the
saline solution. They can also divide inside the matrix, which explains the decrease of
only 6% of the bacterial concentrations inside the alginate spheres after 72 hours of
incubation.
In order to identify the potential reusability of the encapsulated bacteria in alginate, the
efficiency of gold capture was tested for 3 cycles. The results in Figure 5A show a
decrease in the percentage of gold biosorption after the third cycle of reuse.
Nevertheless, the efficiency continues to be higher (60%) than that observed for the free
L. sphaericus CBAM5 cells (51%) in their first cycle. This reveals a clear advantage in
the use of encapsulated cells for metal removal.

Figure 4. Release of bacteria from alginate beads. The bacterial concentration
(log(CFU/mL)) in the saline solution after 72 hours of incubation is shown.
Moreover, a visual difference was identified between the control bioassay and the
treatment with bacteria in alginate spheres, as shown in Figure 5B. The alginate matrix
took on a red-purple color indicating a possible biosynthesis of gold nanoparticles,
characterized by this color [24]. This result correlates with the SEM micrograph of the
alginate spheres with bacteria taken after the first cycle. Figure 3B shows a close up of a
bacterial cell with gold particles of nanometric size, ranging from 200 to 600 nm.
3.4 Desorption of gold from encapsulated cells of L. sphaericus CBAM5 in alginate
The desorption of gold from bacteria encapsulated in an alginate matrix was studied
using several agents proposed in the literature [13,25,26]. A preliminary assay to
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determine the agent with the highest desorption efficiency was developed. The results
are shown in Figure 6. The solution of thiourea 1% w/v exhibited the maximal gold
concentration and therefore it was chosen for the determination of its specific desorption
efficiency.

1

(a)

2

(b)

Figure 5. (a) Reusability of the encapsulated L. sphaericus CBAM5 cells for 3 cycles of
4 hours. (b) Bioassays with 1. Encapsulated CBAM5 and 2. Alginate spheres without
bacteria, showing the difference of color in the matrix obtained after 3 cycles of reuse.
Previously, an assay to determine the best pH of the thiourea solution was developed
(data not presented) and it showed that an acidic pH of 1.8 yielded the best desorption
of gold from the alginate matrix. Therefore, this pH was used to desorbed gold from L.
sphaericus CBAM5 encapsulated in alginate and already exposed to 0.5 ppm of HAuCl4.

Figure 6. Release of gold from encapsulated cells of L. sphaericus CBAM5 in alginate
previously exposed to 60 ppm of HAuCl4*3H2O using different desorption agents.
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The results are shown in Table 2 in terms of a percentage of gold desorbed from the
total amount of metal sorbed by the matrix. The obtained efficiency of 85% indicates that
the elution solution almost yielded a quantitative recovery of gold.
Finally, the bacterial concentration in the alginate matrix at the beginning of the assay
and after 24 hours of desorption with thiourea pH 1.88 was determined. A decrease in
the bacterial population was found from an initial concentration of 3.71x106 CFU/mL to a
final of 9x105 CFU/mL. This shows that L. sphaericus CBAM5 can tolerate acidic
conditions when protected by an alginate matrix.
Table 2. Gold desorption efficiency of a thiourea solution 1% w/v pH 1.88
Gold sorption

Gold desorption

% Gold in
supernatant

% Gold in
alginate

% Desorbed gold

8.43

91.57

85.17

3.5 Influence of mercury over the biosorption of gold by encapsulated living and dead
cells of L. sphaericus CBAM5 in alginate
Due to the advantages that the use of dead biomass brings to biotechnological
applications, its ability to capture gold from aqueous media was evaluated and
compared with that of living cells of L. sphaericus CBAM5. In order to make a proper
comparison, a correction on the value of gold sorbed was made using the total amount
of biomass encapsulated in alginate. The values obtained are presented in Table 3 and
it can be seen that although the dead biomass showed a greater value of mass (mg) of
Au sorbed per g of biomass, there was no significant differences between the living cells
after performing a T student test.
Figure 7 shows a visual difference between the bioassays with the living and dead cells
of L. sphaericus CBAM5. A strong red color was observed in the alginate beads
containing living cells while the dead encapsulated cells had no color which suggest that
active metabolic bacteria are necessary for the biosynthesis of gold nanoparticles, as
stated before.
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Table 3. Comparison of gold biosorption efficiency between alive and dead cells of L.
sphaericus CBAM5 in the presence of mercury.
Biomass
type

mg sorbed Au/g
biomass*

Alive

0.40 ± 0.06

Dead

0.48 ± 0.13

*A t student test was performed and no significant difference
was determined with a p value of 0.4214 (α 0.05).

Moreover, the presence of a high concentration of Hg in the aqueous medium had no
influence over the efficiency of gold biosorption by living cells. This is stated because
after 4 hours of this assay a 90% of gold was removed from the medium, which is
comparable to the efficiency obtained for the living cells without the presence of Hg. For
future studies, the biosorption of mercury by encapsulated cells should also be quantify,
considering a SEM and EDS analysis which showed the presence of Hg and Au in the
surface of living and dead cells of L. sphaericus CBAM5, as shown in Figure 8 and 9.
This suggest that both metals are being adsorbed from the aqueous medium.

Figure 7. Bioassays with living and dead cells of L. sphaericus CBAM5 encapsulated in
an alginate matrix and the control assay (alginate free of cells) showing the difference of
color in the matrix obtained after 24 hours of incubation.
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Figure 8. SEM micrographs of L. sphaericus CBAM5 living cells (a) inside the alginate
sphere seen with retro-dispersed electrons. (b) Close up of image (a) seen with retrodispersed electrons. (c) EDS analysis of image (b) showing the presence of Hg in the
matrix.

Figure 9. SEM micrographs of L. sphaericus CBAM5 dead cells (a) inside the alginate
sphere. (b) EDS analysis of image (a) showing the presence of Au and Hg in the matrix.
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Discussion and conclusions

Sustainability is a current global challenge but the massive extraction of metals from the
environment interfere with the possibility to reach this goal [27]. Great efforts are being
made to develop circular economies in an attempt to minimize waste by giving it value
and by replacing mass production [28]. In this respect, the recovery and reuse of metals
is an interesting alternative through which to approach sustainability. Biosorption has
been described as a low cost method for metal recovery and the use of microorganisms
with bio-derived materials could serve as sustainable technology for industries [27] that
operate with precious metals with high economic value, such as gold [29].
Alginate is a polysaccharide produced by algae and given the presence of carboxylic
groups in its structure, it has been studied as a metal-binding polymer [30,31]. It has also
been used as an immobilization matrix given its simple preparation method [31]. In this
study, L. sphaericus, a bacteria with a high metal-binding capacity [12,14,17], was
chosen for encapsulation in an alginate matrix, improving its efficiency to capture gold to
100% in a period of just 3 hours.
Several strains of L. sphaericus were chosen to determine their potential to capture gold
from aqueous media. As shown in Figure 1 L. sphaericus CBAM5 showed the highest
efficiency and it might present different mechanisms to achieve this. For instance, L.
sphaericus CBAM5 is known for having an S Layer protein present in the external cell
envelope, capable of self-assembly, and with a P4 symmetry [32,33]. This protein is
known to have a high affinity to metals and its functional groups are able to bind Au(III)
in a stable and efficient way [5]. The bacteria could present other resistance
mechanisms like gold absorption and accumulation inside the cell by sequestration.
There was no evidence of efflux pumps being activated during the bioassays because
no oscillations of the gold concentration in the supernatant were observed (Figure 1).
Moreover, as shown in Figure 2, the encapsulated L. sphaericus CBAM5 was able to
remove nearly 100% of the gold from the aqueous media in three hours, making alginate
a suitable polymer for the optimization of metals sorption processes in biotechnological
applications.
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The relevance of alginate as an immobilization matrix is its biodegradable potential and
its non-toxic nature [20]. It provides a controlled environment for the bacteria by
protecting them from stress conditions such as UV radiation, contaminants, and
desiccation, among others. Due to its tortuosity, the alginate matrix is also able to control
the diffusion of the aqueous media towards the encapsulated cells, increasing the
contaminant retention time [19,21] and improving L. sphaericus CBAM5's efficiency in
capturing metals such as gold.
The tortuosity of the matrix also determines the release of bacteria into the medium. In
this study, it was determined that L. sphaericus CBAM5 can be released from the
alginate spheres after 72 hours of incubation because a high titer of bacteria was found
in the saline solution (Figure 4). Nevertheless, the bacterial concentration remained high
inside the alginate matrix, with a decrease of only 6%. It is proposed that cell division
can be achieved in a saline solution and inside the alginate matrix due to energy
reserves available for the microorganisms acting as autotrophs in nutrient-limiting
conditions. These promising results showed that the alginate beads could be reused for
enhanced gold biosorption for at least 72 hours because high titers of bacteria remain in
the spheres, despite the fact that they could be released into the environment. Future
studies with a longer period of time should be conceived.
To study the reusability of the encapsulated cells (Figure 5), the alginate spheres with L.
sphaericus CBAM5 were reused for 3 cycles of exposure to a gold solution. An efficiency
of 60% was retained after the cycles. This decrease in the gold biosorption might
indicate a level of saturation of the proteins capable of metal adsorption on the external
layer of the bacteria, specifically the S Layer protein, which is abundant in L. sphaericus
[5].
The gold desorption study found that thiourea has the highest efficiency as a lixiviant
among the different solutions used and it should be applied under acidic conditions
(Figure 6). Thiourea has a sulfur atom in its structure which is able to complexate gold as
stated in the Pearson acid-base concept. This theory classify sulfur as a soft base which
would have strong interactions with soft acids like gold [34]. The reaction between this
compounds produces a cationic complex (Au[SC(NH2)2]2+) which is more stable under
acidic conditions [34,35]. These factors may explain the great performance of thiourea
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as a gold elution solution. In addition, it was interesting to find that the cell viability of L.
sphaericus CBAM5 was retained after the desorption assay which demonstrates that the
alginate matrix is able to protect the encapsulated cells from stress conditions of the
environment. Further research should be done to investigate the biosorption efficiency of
encapsulated cells after several gold sorption/desorption cycles.

Figure 10. Scheme indicating the main processes that may occur in the encapsulated
cells after exposure to Au(III): Adsorption through the S Layer, absorption and
accumulation inside the bacterial cell and inside the alginate matrix. A possible gold
nanoparticles biosynthesis was observed.
With regard to the use of encapsulated dead biomass, it is worth noting that no
significant difference was determine when comparing the amount of sorbed gold with
that of encapsulated living cells. In metabolic inactive cells, an adsorption mechanism
rules the process of capturing metals like gold in liquid media. The structures involved in
the adsorption should be present in the cell wall of bacteria. In the case of L. sphaericus
CBAM5, its S Layer protein plays a key role in the capture of gold. This protein is
characterized by its ability to reassembly and form 2D polymeric lattices in the cell wall
and has demonstrated a certain selectivity towards gold and other precious metals [5].
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Moreover, absorption mechanisms involving the active transport of metal ions are
excluded as no pumps are functioning in dead cells of L. sphaericus CBAM5.
Employing non-living cells in biotechnological applications brings several advantages to
the process. For example, there is no need to ensure an appropriate environment to
maintain the metabolism of living cells and a growth media or added nutrients might be
avoided. Moreover, the storage period is prolonged and stress conditions occurring
during the process are not going to have an effect on the efficiency of metals adsorption.
Additionally, there is no risk of altering the microbiome of certain environment by the
liberation of external microorganisms [3].
Finally, a model explaining the possible interactions of gold with the bacteria and the
matrix is shown in Figure 10. Gold in solution is absorbed by the alginate beads due to
their porous structure that controls the diffusion of the aqueous media. The metal can
also be adsorbed by the matrix which is made up of mannuronic and glucuronic acid,
which are able to bind with Au(III) complexes [31]. L. sphaericus CBAM5 inside the
matrix can also adsorb gold through its S Layer protein assembled in the cell wall. An
accumulation of gold inside the cells could also be occurring, and it is proposed that
metabolic active bacteria are responsible for the synthesis of gold nanoparticles. This
could also be supported as no colorimetric evidence for the synthesis of nanoparticles
was observed during the experiment with dead cells.
Although the reduction pathway was not studied here, it is suggested that a rapid
reduction of Au(III) to Au(I) occurs in the cell wall and is followed by a slow reduction to
Au(0) [36]. This reduction pathway could compromise the S Layer [37] and a mer-like
cluster, the latter of which confers microbial resistance to mercury by reducing the toxic
metal to Hg(0) with the reductase enzyme, MerA [38]. Although this enzyme was not
annotated in the genome of L. sphaericus CBAM5 [11,16,39], it is believed that an
analogous reductase enzyme is involved in the reduction to Au(0).
For future studies, a protocol for the extraction and characterization of the gold
nanoparticles should be standardized. Also, the gold reduction pathway should be
identified. Moreover, an extensive study using complex water samples with the presence
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of different metal ions, apart from gold and mercury, should be carried out in order to
determine the selectivity of L. sphaericus CBAM5 towards gold.

5.
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Annexes

6.1 Preliminary results from this study were presented as a Poster in the Latinoamerican
Microbiology Congress ALAM 2018.
Title: Improving the biosorption of Au(III) by Lysinibacillus sphaericus immobilized in
alginate spheres and electrospun nanofibers. Santiago de Chile. November 13th - 16th /
2018
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6.2 The majority of the results presented in this Chapter have been published in the
Journal Metals.
Reference of Publicated article:

Chapter 2: Effective gold biosorption by biocomposite
electrospun microfibrous membranes of PCL and
electrosprayed microcapsules of alginate functionalized
with Lysinibacillus sphaericus CBAM5
Abstract
Electro-hydrodynamic

processing,

comprising

electrospinning

and

electrospraying

techniques, is a novel technology to produce nano and submicro scale materials with
specific properties suitable for environmental remediation processes. Microfibrous
membranes of PCL and microcapsules of alginate were produced by electrospinning and
electrospraying techniques and Lysinibacillus sphaericus CBAM5, a bacterium capable of
metal removal by adsorption and accumulation inside the cell, was immobilized in these
matrixes. The polymeric structure was able to protect and maintain the cell viability and
the biocomposite materials were used to capture gold from synthetic water samples. The
microfibrous membranes with immobilized bacteria were able to remove 93% of gold after
120 hours of inclusion in the aqueous medium and using a filtration system, an efficiency
of 64% was obtained for the removal of the precious metal after 10 cycles of filtration. On
the other hand, the microencapsulated L. sphaericus CBAM5 captured the 64% of gold
after 4 hours of the assay. Thus, both microstructured matrixes were adequate to
immobilize and protect L. sphaericus CBAM5 and showed high efficiencies of gold
biosorption. Hence, these biocomposite materials could be used to concentrate gold from
industrial wastewaters.

Keywords
Gold; electrospinning; Polycaprolactone; Alginate; Lysinibacillus sphaericus CBAM5

34

Improving and understanding the biosorption of Au(III) by Lysinibacillus
sphaericus

1. Introduction
The past two decades have seen rapid advances in the field of nanotechnology and
several new applications are emerging from these studies. The concept of
nanotechnology refers to the production and manipulation of materials at the nano and
submicro scale, where its properties differ from states at larger dimensions [1]. Due to
these specific properties, several nanomaterials have been used in environmental
sciences as an alternative for remediation processes [2]. Particularly, in the field of water
treatment, removal of pollutants represent a great challenge and it is a current problem
due to the increase of industrial activities such as mining and metallurgy [3]. Therefore,
there has been an increment in the use of nanostructured components because they
have shown several advantages over traditional water treatment techniques as a result
of its large surface areas and reactivity [2].
There are several alternatives to manufacture nanomaterials: bottom-up or top-down
approaches [1]. During this study, a top-down technique was used, named Electrohydrodynamic processing (EHP). It consist in the injection of a polymer solution through
a metallic needle exposed to a high voltage [4]. This creates an electrically charged
solution and a fine, elongated jet that determines the diameter of the fibers or capsules
formed. The solidified polymer is deposited in a metallic collector after the solvent is
evaporated in the air [5]. Several parameters determine the morphology of the material
obtained, which could be fibrous or spherical. The solution viscosity, conductivity,
polymer concentration, the distance between the collector and the injection needle and
the voltage are all parameters that should be modified to obtain the desire material
morphology [4].
In the case of water treatment, adsorption of pollutants has shown considerable
advantages like its low cost and the simple operation required, thus several
nanomaterials have been used for this type of applications [6]. Nanoadsorbents
materials from organic polymers obtained by EHP are known to have large surface areas
and high porosity that allow the capture of heavy metals from aqueous media [7].
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Polymers like polycaprolactone (PCL) and sodium alginate are suitable to obtain this
type of nanoadsorbents and they possess attributes like biodegradability, ease of
manipulation, biocompatibility, among others [8,9].
Moreover, these polymers have been used as immobilization matrixes for bacteria with
metabolic potential for remediation processes in the environment. This type of
biocomposites materials have been studied for the removal of textile dyes, heavy metals
and other water pollutants [10–12].
Lysinibacillus sphaericus is a gram positive bacterium that has been extensively studied
for its ability to resist and capture metals like uranium, Pb(II), Cr(IV), Cd(II), Hg(II) and
Au(III) [13–17]. This bacteria is known to have a surface layer (S-layer) protein, a porous
lattice that protects it and acts as an ion trap. In addition, it presents heavy metal efflux
pumps that help the cell to resist high concentrations of metal ions [14,18].
Accordingly, the aim of this study was to synthesize and characterize microfibrous
membranes of PCL and microcapsules of alginate both with immobilize living cells of L.
sphaericus CBAM5. Additionally, the gold biosorption efficiency of these biocomposite
materials was determined. Gold was selected due to the increase in its use for the
development of new technologies in the fields of pharmaceutical, electronic, and
electrical industries [19]. The findings of this study demonstrated that L. sphaericus
CBAM5 were effectively immobilize in two types of nanoscale materials and were able to
capture great amounts of gold from aqueous media.

2. Materials and methods
2.1 Bacterial growth and media
The selected strain L. sphaericus CBAM5 was incubated in 5 petri dishes with nutrient
agar (OXOID) for 24 h at 30 °C. The biomass was then collected and resuspended in
minimum salt medium (MSM). This medium contains: KH2PO4 0.5 g/L, NH4Cl 1 g/L,
Na2SO4 2 g/L, KNO3 2 g/L, CaCl2 0.001 g/L, FeSO4 0.0004 g/L, MgSO4*7H2O 1 g/L ad
sodium

acetate

5

g/L.

The

resuspended

microencapsulation and immobilization assays.

bacteria

was

then

used

for

the
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2.2 Production of biocomposite microstructures
2.2.1 Electrospinning of PCL nanofibrous membranes
The PCL solution was prepared by dissolving 8% (wt./wt.) of polymer in a chloroform/1butanol 75:25 (wt/wt) mixture, both reagent grades, at room temperature. The PCL
solution was electrospun for 3 hours using an electrospinning machine (NANOFIB1000)
manufactured and commercialized by Qubitextp (Bogotá, Colombia) (Scheme 1). The
solutions were then processed at room temperature under a constant flow of 10 mL/h
using a 18 gauge injector, scanning vertically onto the metallic cylindrical collector
covered with an aluminum foil with an oscillatory movement. A dual polarization added
voltage of 9.8 kV per single emitter and a tip-to-collector distance of 12 cm were used.
The obtained PCL nanofibrous membrane was dried for 24 hours in a desiccator and
sterilized under UV light for 40 min on each side.

Scheme 1. Representation of the electrospinning process used to obtain a) microfibrous
membranes of PCL and b) microcapsules of alginate with encapsulated L. sphaericus
CBAM5
2.2.2 Immobilization by inclusion of L. sphaericus CBAM5 in PCL nanofibrous membranes
Six pieces of 5.5 x 6 cm and equal weight of PCL membranes were placed in 50 mL
flasks with 30 mL of a L. sphaericus CBAM5 suspension with a concentration of
1.02x109 CFU/mL in saline solution (0.85%). The flasks were incubated at 30°C, 150
rpm for 5 hours. The membranes were then washed twice with sterile saline solution
(0.85%) to remove non-immobilized cells.
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Bacterial immobilization was confirmed by scanning electron microscopy (SEM) analysis
and a detachment protocol to estimate the bacterial concentration immobilized in the
membranes.
The detachment protocol was made as previously reported [12]. Firstly, three
membranes were transferred to flasks containing 15 mL of sterile saline solution (0.85%)
and were vortexed for 30 seconds. Then, sonication was performed at 40kHz and 4°C in
a Branson 2800 Ultrasonic cleaner during 2 cycles of 1 min sonication and 30 s rest for a
total of 10 min of sonication. After sonication, the membranes were vortexed for 1 min
and between each cycle, fresh saline solution (0.85%) was used. Standard serial 10-fold
dilutions were inoculated (10 µL) in nutrient agar and incubated for 24 hours at 30°C for
the drop plate count method [20].
2.2.3 Microencapsulation of L. sphaericus CBAM5 in an alginate matrix by electrospraying
The bacteria suspension in MMS (90 mL) previously obtained (section 2.1) was mixed
with sodium alginate at 1%w/v. The solution was placed in a 20 mL syringe which was
connected to a flow pump and was electrospun for 5 hours into a CaCl2 2%w/v solution
in a collector covered with aluminum foil using a electrospinning machine
(NANOFIB1000) manufactured and commercialized by Qubitextp (Bogotá, Colombia)
(Scheme 1b). The process was developed at room temperature, humidity of 64.8%,
under a constant flow of 10 mL/h using a 20 Gauge injector and scanning vertically onto
the metallic collector. A dual polarization added voltage of 11.7 kV and a tip-to-collector
distance of 20 cm were used.
The bacteria containing microparticles were filtrated, washed with distilled water and
stored at 4 °C until further use.
Using 0.5 g of microparticles, the bacteria concentration was determined by crushing
and mixing vortex them with 0.5 mL of sterile saline solution (0.85%). Standard serial 10fold dilutions were inoculated (10 µL) in nutrient agar and incubated for 20 hours at 30°C
for the drop plate count method [20].
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2.4 Characterization of electrospun and electrosprayed microstructures
2.4.1 Scanning Electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) Analysis
The nanofibrous membranes of PCL with and without immobilized bacteria were
observed using Scanning Electron microscopy (SEM). Membranes from the gold
biosorption assays were also collected and sequentially washed with ethanol at 70%,
90% and 100%. They were then placed in an aluminum support for metallization with
graphite and SEM observation. In addition, a semi quantification of gold with energy
dispersive X-ray spectroscopy (EDS) was performed using the equipment JEOL JSM6490LV (JEOL, Tokyo, Japan) scanning electron microscope equipped with an Oxford
INCA PentaFetX3 EDS detector. Estimation of the average fiber diameter was done by
means of Image J software from 300 fibers at random from SEM images.
2.4.2 Fourier transform infrared spectroscopy (FT-IR)
Fourier transform infrared spectroscopy (FTIR) was used to characterize and determine
chemical bonds within the structure of PCL microfibrous membranes functionalized and
un-functionalized with L. sphaericus CBAM5. Spectra were recorded on a Shimadzu IR
Tracer-100 spectrometer using a single-reflection ATR accessory.
2.4.3 Optical microscopy
The obtained microcapsules were observed with an optical microscope to measure the
average diameter of the spheres. Several samples were placed in glass slides and
observed in a light microscope Zeiss Axioskop 40 and different visual fields were
photographed and analyzed by Image J to measure the diameter of the microcapsules.
2.5 Gold biosorption assays with electrospun and electrosprayed microstructures
2.5.1 Biosorption by inclusion of microfibrous membranes with immobilized L. sphaericus
CBAM5 in a synthetic water with gold
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For biosorption assay, membranes with and without immobilized bacteria were placed in
30 mL of MSM spiked with HAuCl4*3H2O (10 mg/L). The mixture was incubated at 30°C
and 60 rpm. Aliquots of 1.5 mL were taken from the flasks at times 0, 2, 4, 18 and 120
hours. Flame atomic absorption spectrometry (FAAS) was used to analyze the gold
concentration in the supernatants as described below. The bioassay was conducted in
triplicate.
2.5.2 Gold biosorption performance of microfibrous membranes with immobilized L.
sphaericus CBAM5 in a filtration system
PCL membranes with and without (control) immobilized bacteria were wetted with saline
solution (0.85%) and then placed in a filtration system, as shown in scheme 2. Then 30
mL of MMS spiked with 10 ppm of HAuCl4*3H2O were dripped over the filtration system
with a constant flow of 150 mL/h and a gravity filtration was performed. The filtrate was
collected and 10 cycles of filtration were used. Aliquots of the filtrate were taken after 5
and 10 cycles. Complete filtration time was of 2 hours. Finally, FAAS was used to
analyze the gold concentration in the aliquots as described below.

Scheme 2. Filtration system using a microfibrous PCL membrane with immobilized L.
sphaericus CBAM5.
2.5.3 Biosorption of gold by microencapsulated cells of L. sphaericus CBAM5 in alginate
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This assay was developed as previously reported [21]. Briefly, 5 g of alginate
microbeads with L. sphaericus CBAM5 were added to MSM and HAuCl4*3H2O (60 mg/L)
to obtain a final volume of 15 mL in 50 mL flasks. The mixture was incubated at 30°C
and 150 rpm. Aliquots of 1.5 mL were taken from the flasks at times 0, 2 and 4 hours.
FAAS was used to analyze the gold concentration in the supernatants as described
below. The bioassay was conducted in triplicate.
2.6 Flame atomic absorption spectrometry (FAAS) measurements
All the experiments for the quantification of gold were carried out using a High-resolution
Continuum Source Atomic absorption spectrometer (HR-CSAAS, ContrAa 800,
commercially available from Analytik Jena, Jena, Germany) in flame mode (FAAS).
Flame conditions were properly optimized before the measurements, using the
absorption line at 242.7590 nm. All gold standards were made on the measurement day
by diluting 1000 mg/L standard (HAuCl4, CertiPUR®, Merck, HCl 2 mole/L) to
concentrations between 0.5 and 10 ppm. Distilled water and hydrochloric acid 1 mol/L
(ACS reagent, 37%, Merck) were used to acidify and dilute all standards and samples.
2.7 Statistical analysis
Statistical analysis of biosorption data was performed through a one-way analysis of
variance (ANOVA) Data obtained from the bioassays were analyzed using a one-way
ANOVA with a Tukey analysis at P<0.05. In addition, a T student test for comparisons
between two groups of data at P<0.05 was used. All the analyses were performed using
Software R.

3. Results
3.1 Morphological characterization of electrospun and electrosprayed microstructures
3.1.1 Characterization of electrospun fibers freshly prepared and with immobilized L.
sphaericus CBAM5
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The PCL nanofibrous membranes were characterized by SEM analysis and its average
diameter length and thickness were calculated, as shown in Figures 1, 2 and 3. The
obtained average thickness after 3 hours of PCL solution deposition by electrospinning
was 66.34±16.08 µm (Figure 1). Moreover, the average diameter for the freshly
synthesized PCL membrane was 2.91±0.36 µm (Figure 2) and this small value indicates
that the membrane is highly porous and with a large superficial area.

Figure 1. (a) Distribution of the thickness lengths for the PCL fiber freshly synthesized
(average thickness is 66.34±16.08 µm). (b) SEM micrograph of a PCL membrane cross
section.
The previous characteristics of the PCL fiber make it a proper material for bacterial
immobilization. This was proven by the determination of bacterial concentration
immobilized using the detachment protocol. After sonication of the PCL membranes with
bacteria a concentration of L. sphaericus CBAM5 in the saline solution was 5.59x107
CFU/mL for the first cycle and more than 1x106 CFU/mL after the second cycle.
In addition, a SEM analysis showed the presence of bacteria attached to the PCL fibers
as shown in Figure 3b. Also a change in the average diameter of the fiber after the
bacterial immobilization was determined. The final diameter was 4.72±1.64 µm (Figure
3a) which shows that the inclusion of the membrane in an aqueous medium changed its
morphology.
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Figure 2. (a) Distribution of the diameter lengths for the PCL fiber freshly synthesized
(average diameter is 2.91±0.36 µm). (b) SEM micrograph of a PCL membrane freshly
synthesized.

Figure 3. (a) Distribution of the diameter lengths for the PCL fiber with immobilized
bacteria (average diameter is 4.72±1.64 µm). (b) SEM micrograph of a PCL membrane
with immobilized bacteria.
The analysis with FT-IR for the functionalized and un-functionalized PCL membrane is
shown in Figure 4. Characteristic absorption bands for PCL were observed at 1365 and
2943 cm-1, which correspond to the bond C-H and its bending and stretching vibrations,
respectively. Moreover, the band at 1165 cm-1 is due to the C-O stretching and the band
at 1720 cm-1 is assigned to the C=O stretching, both from ester groups within the PCL
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structure. No differences between the spectra from the functionalized and unfunctionalized PCL membranes were observed.

Figure 4. FT-IR spectra of un-functionalized (Control) PCL microfibrous membrane and of
a biocomposite PCL membrane with L. sphaericus CBAM5 (Functionalized).

3.1.2 Characterization of electrosprayed microcapsules with L. sphaericus CBAM5
The obtained microcapsules were observed with an optical microscope to measure the
average diameter of the spheres. Figure 5 shows the distribution of the measured
diameter lengths and the average is 0.72±0.06 mm. Moreover, the bacterial
concentration in the beads was 1.17x106 CFU/mL which demonstrated that no cell
viability was lost after the exposure to high voltages during the electrospinning process.
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Figure 5. (a) Distribution of the diameter lengths for the alginate spheres with
encapsulated bacteria (average diameter is 0.73 mm). (b) Optical microscopy of the
alginate microcapsules with bacteria.
3.2 Gold biosorption assays with electrospun and electrosprayed microstructures
3.2.1 Biosorption of gold by microfibrous membranes with immobilized L. sphaericus
CBAM5
In order to assess the gold biosorption efficiency of L. sphaericus CBAM5 immobilized
on a PCL membrane, FAAS was used to determine the gold concentration of the
supernatant after the inclusion of the biocomposite mat in a synthetic water with initial
concentration of 10 mg/mL HAuCl4x3H2O. As shown in Figure 6, the concentration of
gold decrease slightly (14%) during the first 4 hours of the bioassay with the
biocomposite electrospun membrane and no removal of gold was identify for the control
assay. A period of 120 hours was necessary for L. sphaericus CBAM5 immobilized to
remove 93% of gold in the aqueous medium. The neat PCL membrane was also
capable of removing 57% of the metal and the difference between the biosorption
efficiency of the biocomposite mat indicated that the presence of bacterial cells was
responsible of the greatest proportion of gold capture.
The removal of gold by the attached cells of L. sphaericus CBAM5 was also confirmed
with a SEM analysis. From the Figure 7 it can be seen that the bacteria have a bacilli
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morphology typical of L. sphaericus CBAM5 and the EDS analysis showed that the
biomass was able to accumulate gold.

Figure 6. Gold (10 ppm) biosorption assays with L. sphaericus CBAM5 immobilized in
PCL fibrous membranes (Fiber + CBAM5) and the fiber without cells (Control). Points at
18 and 120 hours denoted by a different letter differ significantly at P<0.05 according to
a t student analysis.
3.2.2 Gold biosorption performance of microfibrous membranes with immobilized L.
sphaericus CBAM5 in a filtration system
As an attempt to improve the gold biosorption efficiency of the microfibrous PCL
membrane functionalized with L. sphaericus CBAM5, a filtration system was set up and
several cycles of filtration were performed. As shown in Figure 8, the functionalized PCL
membrane achieved a 64% of gold removal from the liquid sample after 10 cycles of
filtration, which represent a total time of 2 hours for the filtration process. It is believed
that by performing more cycles, a greater efficiency could be achieved. The control
membrane also showed potential for the removal of gold and after 10 cycles a 47% of
the metal ions in the sample were captured.
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Figure 7. SEM micrographs of L. sphaericus CBAM5 cells (a) attached to a PCL
microfiber seen with retro-dispersed electrons. (b) Close up of image (a) seen with retrodispersed electrons. (c) Gold mapping of image (b) with X rays. (d) EDS analysis of
image (b) showing the presence of Au in the cells.
It can thus be suggested that by placing the PCL membrane in a continuous filtration
system, a great improvement in the removal of gold from liquid media is obtained
compared to a process were the membrane is submerged in the synthetic water sample.
Nevertheless, to make a direct comparison between the efficiency of both systems, a
correction over the value of gold sorbed should be made using the amount of PCL
membrane used and the bacterial concentration immobilized (g sorbed Au/g PCL x
CFU). By doing this, a value of 0.16 g sorbed Au/(g PCL x UFC) was determined for the
membrane after 10 cycles of filtration and 0.02 g sorbed Au/(g PCL x UFC) was found
for the membrane submerged in the liquid sample for 2 hours. Therefore, the efficiency
of the filtration system is approximately 9 times greater than that of the inclusion system.
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Figure 8. Gold (10 ppm) biosorption assays with L. sphaericus CBAM5 immobilized in
PCL fibrous membranes (Functionalized) and the fiber without cells (Control) placed in a
filtration system were the filtrate was recirculated for 10 cycles and a constant flow of 150
mL/h was used for every cycle.
3.2.3 Biosorption of gold by microencapsulated cells of L. sphaericus CBAM5 in alginate
A comparison of the gold biosorption efficiency between the electrospun and dripped
encapsulated bacteria in alginate was made and the results are presented in Figure 9. A
correction was made on the mg of gold captured using the total amount of alginate
beads used in the bioassays due to the differences in this quantity on the two types of
experiments. After the correction, the electrosprayed alginate beads showed a more
rapid capture of gold than the dripped alginate beads with L. sphaericus CBAM5. Also,
after 4 hours the electrospun matrix captured almost the double amount of gold from the
aqueous medium compared to the dripped alginate beads.

48

Improving and understanding the biosorption of Au(III) by Lysinibacillus
sphaericus

Figure 9. Gold Biosorption assay with L. sphaericus CBAM5 encapsulated in
microcapsules of alginate (Electrosprayed CBAM5), in dripped alginate spheres (Dripped
CBAM5) and with microcapsules free of bacteria (Electrosprayed Control) for 4 hours.
Points at 2 and 4 hours denoted by a different letter differ significantly at P<0.05
according to a one-way ANOVA and a Tukey analysis.

4. Discussion and conclusions
One of the major challenges for humanity nowadays is to provide clean water for all the
people. Population growth, contamination of water sources by industrial activities,
droughts among others conditions, hamper the efficient water supply in modern
communities [2]. Mining and metallurgical operations are responsible for a great
proportion of water contamination by metal ions, a type of pollutant that require complex
technologies to achieve its removal from water bodies [3].
Some of the techniques used nowadays to remove metals are chemical precipitation,
sorption, coagulation, oxidation/reduction, among others [3]. Nevertheless, sorption
represent a good alternative to capture metal ions due to its low cost, simple operation,
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there are no byproducts and the materials used can be regenerated [3]. Moreover,
sorption allows the recuperation and recycling of metal ions from wastewaters with
interesting properties for industrial applications. Gold is a clear example of that. This
precious metal is characterized for its slow corrosion, high conductivity and its
nanoparticles are being used in the electronic, biomedical and pharmaceutical industries
[22].
For that reason, two types of biocomposite nanomaterials were developed in this study
to enhance the gold biosorption efficiency of L. sphaericus CBAM5, a bacterium capable
of binding with several metal ions like Hg(II) [16] and Au(III) [17,21].
Firstly, PCL microfibrous membranes were synthesized by using the electrospinning
technique, which allowed the production of submicro scale structure with an average
diameter of 2.91 µm, suitable for the immobilization by inclusion of L. sphaericus
CBAM5, as shown in Figures 2 and 3. Bacteria were immobilized by attachment to the
randomly oriented fibers and due to its high superficial area [12]. An adsorption
mechanism involving weak interactions like hydrogen bonds, hydrophobic bonds or van
der Waals interactions between the cells and the polymeric matrix occur [23]. These
weak interactions could lead to the release of bacteria from the membrane and these
should be studied in the future.
After validating the high bacterial titers attached to the membranes, the assay to
determine the gold biosorption efficiency of the biocomposite membranes were
performed. The results of this study indicated that the capture of gold was a slow
process that required 120 hours to remove a 93% of metal in solution (Figure 6). A
possible explanation for this result may be the moderate wettability of the PCL polymeric
structure due to its high hydrophobicity which restrain the water flux and thus the contact
of the solution with the bacteria immobilized [24].
Therefore, a filtration system with the PCL membrane was proposed in order to improve
the gold capture efficiency. This type of process allows a higher contact time of the
solution with the membrane, and thus enable the immobilized bacteria and the PCL
microstructure to interact and adsorb efficiently gold ions in solution. The results
obtained in this study support this idea as a 9 times greater efficiency in gold sorption
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was obtained by using functionalized PCL membranes in a filtration system compared to
the efficiency of the membrane submerged in the liquid sample.
This high efficiency to capture gold by PCL microfibrous membranes may be explained
by the fact that the morphology of the biocomposite brings several advantages during
the sorption of gold from the aqueous medium and thus it can capture the metal with or
without the functionalization with bacteria (Figure 6 and 7). Its sub micro structure makes
it a highly porous material with a large surface-to-volume ratio that offers several active
sites for bacterial adsorption or metal binding and this reduces the amounts of material
required for the assays. Also, the porosity of the material and its interconnectivity allows
the water permeation through filtration systems applied for water treatment [7]. The
microfibers functionalized with immobilized bacteria have higher selectivity and therefore
restrict the flow of specific substances or elements like gold ions and allow the flux of
water.
L. sphaericus CBAM5 is also responsible for the great efficiency as this bacterium
possess mechanisms for gold absorption and adsorption. Previously, it has been shown
that this bacterium present an S Layer protein that assembles in the cell wall and acts as
an ion trap [18], which can be observed in Figure 7, where a SEM analysis demonstrate
the presence of gold in the surface of the bacteria. Moreover, L. sphaericus CBAM5 is
able to transport metal ions through efflux pumps or ion channels [25].
The other approach to enhance the gold biosorption of L. sphaericus CBAM5 involved
the microencapsulation of the living cells in an alginate matrix using an electrosprayed
processing. By using a high voltage during the injection of the bacterial suspension with
alginate into a CaCl2 solution, a large decrease in the capsules diameter was achieved
and the resulting spheres were seven times smaller than the ones obtained by dripping
the alginate solution with no voltage supplied (Figure 5). Several properties of the
injected solution, like its conductivity due to the presence of ionic salts, favored the
initiation of jetting and the formation of the Taylor cone, which is responsible for the
decrease in the capsules diameter [26].
Notably, a high bacterial titer was determined in the microcapsules which shows that
there was not a considerable lost in cell viability after the exposure of the bacterial
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suspension to high voltage. These results demonstrated that the encapsulation in an
alginate matrix acts as a protection layer for bacteria and it could also prevent their
deterioration by factors such as low pH, UV light, oxygen, drought and other stress
conditions in the environment [27].
Afterwards, the gold biosorption efficiency of the microcapsules with L. sphaericus
CBAM5 was determined and compared with the performance of the capsules with a
millimeter scale diameter (Chapter 1). The microcapsules showed a more rapid sorption
of gold from the aqueous medium (Figure 9). The observed increase in the biosorption
efficiency by microcapsules could be attributed to their small size and large surface-tovolume ratio [26], which increase the effective retention time of the solution and its
exposure to bacterial cells. As seen in Figure 9, the sorption of gold could be divided in
two process. First, a rapid step that involves the absorption of the solution by the porous
structure of alginate and the ad/absorption of gold by the encapsulated bacteria and then
the process reach an equilibrium with the saturation of the biocomposite [28].
Nevertheless, this should be verified in a future work by a kinetic study and analyzing
more aliquots in different points of time.
In conclusion, both microstructured matrixes were adequate to immobilize and protect L.
sphaericus CBAM5 and showed improved gold sorption performances so they could be
applied to the recycling of this precious metal from industrial wastewaters. Further
research should be done to investigate the desorption of gold from the microfibrous
membranes and microcapsules and more efforts should be done to develop a scalable
process in order to obtain larger amounts of this type of microstructured-biocomposite
materials.
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Chapter 3: S layer protein of L. sphaericus CBAM5 as an
adsorption matrix for Au(III): A thermodynamic
characterization of this interaction
Abstract
The S Layer, as the major protein in bacteria like Lysinibacillus sphaericus, has been
studied because of its capacity to bind several metals like calcium, uranium, gold and
chromium. This property of the S Layer makes it a relevant protein for biotechnological
applications like removal of pollution such as metals from waste water or for biomining
processes. The capacity of the S Layer obtained from L. sphaericus CBAM5 to capture
Au(III) was identified. A net efficiency of 30% to adsorb gold from an aqueous medium
was determined. Moreover, the use of the technique of isothermal titration calorimetry
(ITC) allowed the thermodynamical characterization of the interaction between the
monomeric protein and Au(III).

Keywords
S Layer protein; Gold; adsorption; Lysinibacillus sphaericus CBAM5; isothermal titration
calorimetry
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1. Introduction
The surface layer (S Layer) is the major protein component of various groups of Bacteria
and Archaea and is constituted by several proteins with high molecular weight which can
be glycosylated or with post-translational modifications [1,2]. It has been extensively
studied because of its functions in the cell and its capacity to undergo self-assembly to
form an organized 2D lattice [2]. This lattice is able to adopt different types of
symmetries like oblique (p1 and p2), square (p4) and hexagonal (p3 and p6) [1,3]. This
protein matrix gives protection to the cell, it may be involved in the pathogenesis of a
bacterium, it can be seen as a permeability barrier and allows the correct formation of
the cell envelope [2,4].
There are several studies related to the metal coordination capacities of the S Layer. For
example, its capacity to bind calcium [1,5], magnesium [1], uranium [3,6], gold [7] and
several other heavy metals [8–10] has been identified. Bacteria are able to mobilize this
kind of metals by mechanisms like leaching, chelation with biomolecules or siderophores
and methylation [6]. Microorganisms can also immobilize metals by sorption to diverse
cell components or polymers like the S Layer and precipitation as insoluble compounds
[6]. These characteristics of the S Layer make it a relevant protein for biotechnological
applications [3].
In the field of environmental sciences, it is believed that the S Layer can be used to
capture pollution like metals present in waste water from the mining industry, oil industry,
among others [9,10]. Moreover, it could act as a matrix to concentrate precious metals,
like gold, which have several properties of interest for the electronic, electrical and
pharmaceutical industry [11]. Previous studies demonstrate that certain types of bacteria
are able to biomineralize toxic Au(III) complexes and form Au nanoparticles [14]. It is
believed that cell envelope proteins, like the S Layer, are involved in those processes
[7].
Lysinibacillus sphaericus CBAM5 is an aerobic bacteria with bacilli morphology that was
isolated from oil samples collected in the Eastern region of Colombia [12]. Previous
genomic studies demonstrated that this strain has several gene sequences encoding for
S Layer proteins in the chromosome and in extrachromosomal sequences [12]. In
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addition, this bacterium display sequences encoding for efflux pumps that may confer
resistance to heavy metals. Gold is also a metal that can be sequestrated from an
aqueous medium by L. sphaericus CBAM5 free or encapsulated in an alginate matrix
[13].
Based on the above, it is important to identify the gold sorption efficiency of the S Layer
protein encoded by L. sphaericus CBAM5 and to characterize its interaction with gold
using the technique of isothermal titration calorimetry (ITC). This experimental technique
allows the determination of several thermodynamic variables like the binding affinity,
binding enthalpy, Gibbs energy and entropy of the reaction [14]. This information permits
to approach the elucidation of the mechanism involved in the capture of gold by L.
sphaericus CBAM5.

2.

Materials and methods

2.1 Bacterial growth and Media
The selected strain L. sphaericus CBAM5 was incubated in 1500 mL of nutrient broth
(OXOID) for 14 h at 30°C. The biomass was then collected by centrifugation at 10000
rpm, for 20 min and at 4°C. Then the pellet was resuspended in cold 50 mM buffer TrisHCl pH 7.4. The resuspended bacteria was used for the extraction of the S Layer
protein.
2.2 Extraction of S Layer protein
The protocol for the extraction of the S Layer protein was previously described [8].
Briefly, the resuspended bacteria were centrifuged and the pellets were washed four
times with cold 50 mM buffer Tris-HCl pH 7.4. The cellular lysis was carried out with
sonication (15 pulses, 50 sec ON/40 sec OFF and 40% amplitude) in a 130 Watt
Ultrasonic Processor with Timer and Pulser (SONICS & MATERIALS, INC, USA). The
broken cells were washed three times and then resuspended in 0,5% Triton X-100 in 50
mM buffer Tris-HCl pH 7.4 for 10 min. After washing the resulting pellet three times with
50 mM buffer Tris-HCl pH 7.4, the S Layer was treated with guanidine hydrochloride (5
M in 50mM Tris-HCl buffer, pH 7.4) for 4 h at 4°C. The supernatant obtained after
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centrifugation at 13000 rpm for 40 min at 4°C was dialyzed against 1L of distilled water
for 20 h at 4 °C. The final extract was collected after centrifugation at 13000 rpm for 40
min at 4°C and stored at -20°C.
To confirm the extraction of the S Layer, an SDS-PAGE in 10% acrylamide separation
gel was performed. The gel was visualized with Coomassie blue staining. The S Layer
was quantified using a standard Bradford Protocol.
2.3 Gold biosorption assay with polymeric S Layer protein
Firstly, the monomeric S Layer protein was polymerized for the biosorption assay. The
protein suspension obtained and stored after the dialysis in section 2.2 was melted at
room temperature and dialyzed against 500 mL of recrystallization buffer (1.5 mM TRIS,
10 mM CaCl2, pH = 8.0) for 48 h. One change of buffer after 24 h of dialysis was made.
The suspension was then ultracentrifuged at 45500 g for 1 h at 4°C. The pellet was
resuspended in 850 µL of type I water and is dialyzed against 500 mL of type I water for
24 h and two changes of water during the process were made. The polymeric S Layer
was quantified by spectrophotometry at wavelength 280 nm, the adsorption maximum for
proteins.
The purified polymeric S Layer was then used for the gold biosorption assay. The
protocol was previously described [11]. A concentration of 1 mM of HAuCl4x3H2O and 1
g/L of the polymeric S Layer were used. The mixture was incubated at room temperature
and softly agitated. The assay was made in triplicate and a control experiment without
protein was performed. Also, aliquots were taken at times 0, 4 and 24 h and analyzed by
flame atomic absorption spectroscopy (FAAS), described later.

2.4 ITC analysis
The thermodynamic analysis of the interaction between the S Layer protein and gold
(HAuCl4)) was performed in a Nano-ITC instrument (TA instruments, USA). All the
different solutions were degassed before the experiments using sonication or incubation
at 30°C, to avoid interference of bubbles during the measurements. Every incremental
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titration employed 20 injections of 2.5 µL, every 20 s. The cell was filled with 300 µL of
the different solutions used in each analysis. All the experiments were carried out at
30°C and a stir rate of 350 rpm.
Several systems were evaluated to determine the conditions suitable for the analysis of
the interaction between the S Layer protein and gold, avoiding the presence of
uninteresting secondary reactions. The following systems were evaluated.
2.4.1 Titrations using buffer Tris-HCl
Firstly, a blank titration without protein was performed to determine the heat of dilution of
gold in the buffer Tris-HCl 50 mM pH 7.4. 300 µL of this buffer were continuously titrated
with 50 µL of HAuCl4*3H2O (10 mM) prepared also in the Buffer Tris HCl 50 mM, pH 7.4.
The experiment was carried out at 30°C and a stir rate of 350 rpm. This was made in
triplicate.
2.4.2 Titrations using NaCl 0.9%
Similarly, a blank titration with gold was carried out. 300 µL of NaCl 0.9%, pH 6 were
titrated with 50 µL of HAuCl4*3H2O (9.69 mM) prepared in NaCl 0.9%, pH 6. Then, 300
µL of the S Layer (1.1 mg/mL) in NaCl (1.08%, pH 6) were titrated with 50 µL of
HAuCl4*3H2O (9.69 mM) prepared in NaCl 0.9%, pH 6. The conditions of both
experiments were described in section 2.4 and they were made in triplicate.
2.4.3 Titrations using type I water at pH 2.7

Initially, a blank experiment was performed with 300 µL of type I water pH 2.739
titrated with 50 µL of HAuCl4*3H2O 10.12 mM pH 2.77 prepared in type I water.
Afterwards, 300 µL of the S Layer protein (aprox. 9.67x10-3 mM) in type I water pH 2.7
was titrated with 50 µL of HAuCl4*3H2O 10.12 mM pH 2.77 prepared in type I water. For

these experiments, 350 µL of type I water pH 2.7 were placed in the reference cell.
The conditions of both experiments were as initially described and they were made in
triplicate.
2.4.4 Data analysis
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The data obtained from NanoITC experiments were analyzed by using the software
NanoAnalyzer® and Affinimeter®.

2.5 Flame atomic absorption spectrometry (FAAS) measurements
All the experiments for the quantification of gold were carried out using a High-resolution
Continuum Source Atomic absorption spectrometer (HR-CSAAS, ContrAa 800,
commercially available from Analytik Jena, Jena, Germany) in flame mode (FAAS).
Flame conditions were properly optimized before the measurements, using the
absorption line at 242.7590 nm. All gold standards were made on the measurement day
by diluting 1000 mg/L standard (HAuCl4, CertiPUR®, Merck, HCl 2 mole/L) to
concentrations between 2 and 10 ppm. Distilled water and hydrochloric acid 1 mole/L
(ACS reagent, 37%, Merck) were used to acidify and dilute all standards and samples at
5% (M/V).

3.

Results and Discussion

3.1 Characterization of extracted S Layer
The obtained protein extracts were analyzed and the concentration of S Layer protein
was found to be around 1100 and 1200 µg/mL using a Bradford protocol. Moreover, an
SDS-PAGE analysis was performed (Figure 1) and a highly concentrated protein band
was observed at 123 kDa, corresponding to the S Layer monomer.

Figure 1. SDS-PAGE gel for the S Layer extracts (1 and 2) from L. sphaericus CBAM5.
3.2 Gold sorption assay with polymeric S Layer protein
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The S Layer is a proteic matrix capable of self-assembly even with in-vitro conditions.
This property has attracted the interest from researches working in different fields due to
its possible applications [15]. In this study, CaCl2 was used for the polymerization of S
Layer monomers from L. sphaericus CBAM5 because this ion is responsible for the
structural stability of the protein [16]. This polymeric form was employed to determine its
capacity to adsorb gold from liquid media.
As shown in Figure 2, the assay with S Layer presented a decrease of 30% for gold
concentration and it can be attributed to an adsorption mechanism of the polymeric
protein.

Figure 2. Gold biosorption assays with S Layer protein extracted from L. sphaericus
CBAM5 (S Layer). Control: Assay without added protein.
The adsorption of gold is mainly a rapid process that occur within the first 4 hours of the
experiment and is then stabilized. It is proposed that the binding of gold occur in the NH2 and -COOH functional groups of the protein, as previously reported [16].
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Nevertheless, further research should be carried out to determine the specific bonds
formed between gold and the S Layer protein.
3.3 ITC analysis
As the polymeric S Layer protein of L. sphaericus CBAM5 showed that it is able to
adsorb gold ions, there was a growing interest to characterize the interaction of the
protein monomers to this metal ion. Therefore, a preliminary thermodynamic study was
developed using isothermal titration calorimetry (ITC). This technique allows the direct
and quantitative measurement of binding energy involved in the interaction between the
S Layer monomer and gold. ITC consist in the analysis of the heat flow occurring in the
event under study and due to the titration of gold with protein occurs a binding
equilibrium and several thermodynamic variables might be calculated from the
experimental data [14]. Parameters like the binding constant, the change in Gibbs free
energy (ΔG°), the enthalpy (ΔH°) and the binding entropy (ΔS°) may be obtained with the
development of a single ITC experiment.

Figure 3. Thermograms for the dilution of HAuCl4*3H2O in Buffer Tris HCl 50 mM pH 7.4,
three replicates are shown.
Nevertheless, the Nano ITC instrument used in this study has a high sensitivity so it can
measure the heat flow associated with all the processes that occur during the titration of
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the gold solution with the protein. Therefore, the heat of the dilution of HAuCl4 in the
different solvents must be considered as a background and as a consequence it is
subtracted from the experimental data of the analysis of the interaction between the S
Layer and gold.
The first experiment was the study of the dilution process of HAuCl4 in buffer Tris HCl 50
mM pH 7.4 (Figure 3). The results showed complex heat fluctuations during the time of
measurement, which indicates that there are multiple equilibriums during the dilution
process. This results can be occurring due to a complexation between the functional
groups of the TRIS molecule and Au(III)[14]. As the previous dilution is a complex
process, it was necessary to change the solvent of the titrant to obtain a simpler process
to analyze.
In this way, a solution of NaCl 0,9% pH 6 was then used as a solvent for HAuCl4 and the
dilution titration was carried out (Figure 4a). The results showed that non-appreciable
heats were detected which means that there are not important heat contributions of the
dilution to the interaction titration between the protein and gold.

a)

b)

Figure 4. Thermograms for a) the dilution of HAuCl4*3H2O in NaCl 0,9% pH 6 and b)
the interaction between the S Layer and HAuCl4*3H2O in NaCl 0.9% pH 6 at 30°C,
done in triplicate.
As the solution of NaCl 0,9% pH 6 was proved to be a suitable solvent for the study, a
subsequent titration with the S layer and the gold solution in NaCl 0,9% pH 6 was
carried out (Figure 4b). The results showed that there are several possible equilibriums
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involved in the interaction between the protein and the metal ion, which cause difficulties
to fit a model to the experimental data and to obtain the thermodynamic values. As
previous studies had shown [17], the species in solution of Au(III) vary depending on the
pH. At acidic pH’s (1-3) the dominant species is [AuCl4]− and as the pH increase
[Au(OH)4]− becomes the main gold complex in solution [17]. In the pH range between 4
and 8 there is a complex mixture of gold species which could explain the various
possible equilibriums happening during the titration of gold into the protein, because this
solution is at pH 6.
As a result, the solutions involved in the next titrations had acidic conditions (pH < 3) an
the solvent used was type I water in order to simplify the analysis as only one gold
species is expected to be in solution. In addition, reported studies suggest that the S
Layer is stable under acidic conditions, however, this should be analysis in a future work
for the monomer of the protein extracted from L. sphaericus CBAM5.

a)

b)

Figure 5. Thermograms for a) the dilution of HAuCl4*3H2O in type I water pH 2.7, done
in triplicate, and b) the fitted isotherm using Affinimeter for one replicate.
Firstly, the titration of HAuCl4 in type I water pH 2.7 into the same acidified solvent was
made. Figure 5a shows the obtained thermogram where the tendency is not the typical
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for a dilution titration. In order to elucidate the process occurring in these experiment,
models were fitted to the data. Statistically, the best adjustment was found using a model
based on an independent sites approach with 3 sets of sites (Figure 5b). Nevertheless,
this model hardly relates to actual equilibriums occurring upon the titration of HAuCl4 into
type I water pH 2.7.
The thermogram for the titration of HAuCl4 in the S Layer using type I water pH 2.7 as
the solvent for the system, is presented in Figure 6. After performing a correction using
the blank titration, it was determined that there are relevant energetic process occurring
in this system, apart from the ones related to the dilution of gold. Nevertheless, there
was not a model based on an independent sites approach, nor a model based on a
stoichiometric approach that fitted adequately to the data. These results are an evidence
of the complex interactions or reactions happening in the system under study.

Figure 6. Thermogram for the interaction between the S Layer and HAuCl4*3H2O in type I
water pH 2.7 at 30°C, done in triplicate.
In Figure 7, several hypotheses of the different reactions that are probably occurring in
the system are presented. First of all, an interaction of the S Layer monomer with several
gold ions through its carboxylic functional groups or through nitrogen and sulfurcontaining amino acids [11] are probably occurring. In parallel, dimerization and even
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oligomerization of S Layer monomers is probably happening in the absence or divalent
cations like Ca2+ or Mg2+ [1]. Besides, the presence of secondary cell wall polymers as
impurities, may stabilize and promote the polymerization of the S Layer [15].
Moreover, the dimers or oligomers in suspension may be interacting with gold ions upon
titration and these processes have different energetic contributions to the overall heat
flow, measured by the NanoITC instrument. It is also possible that the interaction with
gold facilitates the recrystallization of the protein in a similar manner as Ca2+, by
neutralizing carboxy groups and thus decreasing electrostatic repulsion and finally,
favoring hydrophobic contacts and other non-covalent bonds between the monomers [1].
Previous studies demonstrate intrinsic reducing properties of the polymerized S Layer.
Therefore, if oligomers are being formed, they may be reducing Au(III) species to Au(I)
or even Au(0) [7,11]. Although, this process tend to be slow.

Figure 7. Hypotheses to describe the different interactions that are probably occurring
during the titration of the S Layer with HAuCl4*3H2O in type I water pH 2.7. a) Proposed
complexes of Au(III) with different amino acids that may be present in S Layer monomers.
b) Dimerization and oligomerization of S Layer monomers and their proposed interactions
with Au(III).
Nevertheless, further work is required to establish whether these hypotheses may be
confirmed or discarded. Studies using recombinant S Layer proteins should be carried
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out to avoid undesired re-assembly processes [15]. Moreover, as the interaction of the S
Layer with gold appears to be a complex process, techniques like Dynamic Light
Scattering (DLS), Circular dichroism (CD), Atomic force microscopy, among others
should be employed to complement the thermodynamic studies in order to elucidate this
interaction.

4.

Conclusions

The extraction of the S Layer protein from L. sphaericus CBAM5 was achieved and its
gold adsorption efficiency was determined. It is proposed that the interaction with gold
ions involved complexation through different amino acids with carboxy, amino or sulfurcontaining functional groups.
Moreover, the thermodynamic study using ITC showed differences between the titration
of HAuCl4 upon type I water and the experiment with HAuCl4 and the S Layer, which
indicates that an interaction is occurring but other equilibriums are happening in parallel.
Therefore, some modifications to the system along with other techniques like DLS and
CD should be performed to elucidate the mechanism involved in the adsorption of gold
by the S Layer protein of L. sphaericus CBAM5.
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