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Heavy metals, even in low concentrations, can harm living organisms. Therefore, in this
research, the dried Staphylococcus aureus-modified carbon paste electrode's ability to
detect different heavy metals ions in three different buffers, including Tris-HCI, sodium
acetate, and phosphate-buffered saline (PBS), at pH 6 and 7 were investigated. Using
cyclic voltammetry (CV), the capability of the modified biosensor for detecting Cd(Il)
ions was clearly shown. The effects of buffer pH and preconcentration time on the
performance of the developed biosensor for detecting Cd(I1) were also studied. CV results
showed that the PBS at pH 6 resulted in the peak with the highest peak current (3 pA).
Therefore, this buffer was selected as the primary buffer for carrying out the rest of the
experiments to detect Cd(l1). Among four different preconcentration times, 15 minutes
was the optimum one according to both CV and differential pulse anodic stripping
voltammetry (DPASV) results. Scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), and Fourier-transform infrared (FTIR) spectroscopy results
of modified carbon paste also confirmed the adsorption of Cd(Il) ions. According to the
FTIR spectrum, phosphate groups played an important role in accumulating Cd(ll) ions.
The control experiment performed using unmodified carbon paste showed no response to
Cd(I) ions. Finally, using the calibration curve, the biosensor's limit of detection and
sensitivity were calculated as 45 nM (5.4 pg/L) and 7.61814 pA/uM, respectively, and
its linearity was within the range of 100 nM (0.011 mg/L) to 2 uM (0.22 mg/L).
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1 INTRODUCTION
1.1 Heavy Metals

All toxic metals are called heavy metals without considering their atomic mass or density.
Heavy metals can be transition metals, metalloids, lanthanides, and actinides [1].
However, due to their atomic density greater than 4 g/cm?, transition metals such as
copper, cadmium, lead, and zinc are mainly considered heavy metals causing
environmental pollution [1,2]. It is worth mentioning that all living organisms need some
specific concentrations of heavy metals, such as cobalt, manganese, iron, copper, zinc,
and molybdenum, which humans also require [1,3]. However, High concentrations of
these heavy metals can damage different living organisms [4]. Some other heavy metals,
including mercury, plutonium, and lead, are toxic at any amount, and their accumulation
can cause severe illnesses in living organisms [1]. Accumulation of heavy metals can
severely damage the function of different organs such as the heart, brain, kidney, and
liver. Moreover, heavy metals can remove essential nutritional minerals from their place
in living organisms, disrupting different organs functions [1]. Heavy metals can enter the
human body by ingestion, inhalation, and skin contact and cause nausea, vomiting,
allergic reactions, reduced growth, and cancers [5]. For instance, Cd(ll) is a carcinogen
element preventing repairing the errors resulting in DNA mismatches by inhibiting the
enzymes [6]. Moreover, the Cu(ll) and Fe present in the cytoplasmic can be replaced by
Cd(I1) due to their inability to produce free radicals. Therefore, the increase in Fe and

Cu(ll) concentration results in oxidative stress by hydrogen peroxide production [7].
1.2 Heavy Metals Determination

Determination of heavy metals, such as Cd, Cr, Pb, Cu, and Fe, in environment control is
of vital importance due to their hazardous properties causing environmental pollution and
ilinesses for different living organisms [8,9]. According to the World Health Organization
(WHO) chemical fact sheets, there are specific limits for heavy metals concentrations in
drinking water. For example, the guideline value of Cd(Il) presence in drinking water is
0.003 mg/L [10].

Spectroscopic techniques, X-ray fluorescence, and neutron activation analysis are the
most versatile methods for detecting heavy metals because of their advantages, such as

good sensitivity and femtomolar range LoD [5,11,12]. However, these methods need
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control of laboratory setting and complex instrumentation, resulting in high costs and in
situ application problems. Therefore, researchers have been looking for new methods to

overcome these drawbacks [13,14].

On the other hand, electrochemical methods and devices have numerous advantages, such
as being simple, user-friendly, cheap, and suitable for in situ measurements, making them
an effective alternative for mentioned methods [5]. Moreover, since electrochemical
methods require minimal sample changes, contamination and losses due to adsorption by
containers are significantly reduced. Fast testing and real-time data gathering are also
other advantages of electrochemical devices and methods [5]. However, more effort has

to be still put into improving these devices to optimize their sensitivity and LoD [5].

Cyclic voltammetry (CV), square wave voltammetry (SWV), linear sweep voltammetry
(LSV), and differential pulse voltammetry (DPV) are different voltammetry methods that
can be employed for detecting heavy metals [15]. The main difference between these
voltammetry techniques is the time waveforms produced by the respective functional
application, and SWV and DPV are the most sensitive voltammetry methods [15,16]. A
standard electrochemistry system has a potentiostat, detection instrument, and electrolyte.
The electrochemical detection system consists of three electrodes which are working
electrode (WE), reference electrode (RE), and counter electrode (CE). Working
electrodes can be employed for detecting different heavy metal ions [15,17].

Even though it has been reported that mercury electrodes can be successfully employed
for the detection of heavy metals [18], their toxicity has limited their application [19].
Therefore, they have been replaced by other electrodes such as carbon, gold, platinum,

iridium, and silver electrodes [20].

Employing carbon electrodes for electrochemical detection of heavy metals is one of the
best alternatives for previous methods due to the carbon’s fast electron transfer rate, high
electrical conductivity, and chemical stability [21]. Therefore, Researchers have
employed different allotropes of carbon to fabricate electrodes to detect heavy metals by
electrochemical techniques [22]. Since graphite and glassy carbon are great conductors,
they are the best options for fabricating electrodes and detecting heavy metals [22].
Screen-printed carbon electrodes (SPCE), glassy carbon electrodes (GCE), and carbon
paste electrodes (CPE) are the most common carbon-based electrodes that can be used
for this purpose [22].



Zhao et al. investigated the detection of Cu(ll), Pb(Il), Cd(ll), and Zn(lIl) at different
concentrations in acetate buffer by electrochemical methods using carbon nanotubes [21].
Figure 1 [21] shows the anodic stripping peaks and calibration curves of Cu(ll), Pb(ll),
Cd(I1), and Zn(Il) at different concentrations. The anodic stripping peaks were obtained
at 24mV, -488mV, -716mV, and -980mV, respectively. Cu(ll) and Pb(ll) peaks were
sharper than Cd(l1) and Zn(ll) peaks. It was reported that Cu(l1), Pb(I1), Cd(Il), and Zn(II)
peaks could be obtained at potentials more negative than -0.3 'V, -0.7 V, -0.9 V, and -1.2
V, respectively. However, more negative deposition potentials decreased peak currents
because of the hydrogen evolution, which decreased the active electrode surface (Figure
2a) [21]. Moreover, it was shown that the increase in the deposition time increased the
sensitivity of the carbon nanotubes for detecting Cu(ll), Pb(1l), Cd(Il), and Zn(ll), which

was related to the increase of the amount of ion deposition on the electrode surface (Figure
2b) [21].
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Figure 1. Anodic stripping voltammetry and calibration curves of Cu(ll), Pb(I1), Cd(ll), and
Zn(I1) in acetate buffer [21].
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Figure 2. Effect of (a) deposition potential and (b) deposition time on the peak current of Cu(ll),
Pb(11), Cd(I1), and Zn(I1) in acetate buffer [21].

Promphet et al. also fabricated a graphene/polyaniline/polystyrene nanoporous fibers
modified electrochemical sensor using electrospinning for the detection of Pb(ll) and
Cd(Il) at the same time [23]. First of all, the optimum amount of graphene was
investigated. For this purpose, a standard solution of 1 mM [Fe(CN)s]*”*"in 0.5 M KCI
and CV technique were used. According to Figure 3 [23], the increase in the graphene
amount from 0 to 4 mg/mL increased the anodic peak current. However, for graphene
amounts greater than 4 mg/mL, a reduction in the anodic peak current was observed again
that was related to the self-agglomeration of graphene in the fibers, resulting in decreased

surface area and electrical conductivity [23].
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Figure 3. Effect of the amount of graphene on CV peak current obtained from the standard
solution of 1 mM [Fe(CN)s]* " in 0.5 M KCI [23].



Other parameters, including the buffer solution, deposition potential and time, potential
amplitude, and step potential, were also optimized to obtain the highest anodic peak
current for simultaneous detection of Cd(I1) and Pb(ll). HCI was selected as the buffer
solution, and frequency, potential amplitude, and step potential were 100 Hz, 40 mV, and
21 mV, respectively [23]. Different deposition potentials and times were also tested to
determine optimum deposition potential and time. According to Figure 4a, the increase
in the deposition potential from -1 to -1.2 V increased the anodic peak current for both
Cd(Il) and Pb(I1) [23]. However, more negative potentials resulted in less peak current

due to the hydrogen evolution that was in agreement with Zhao et al. [21] result.

Moreover, the time range from 60 to 300 seconds was chosen to study the effect of
deposition time (Figure 4b) [23]. It was shown that the anodic peak current of both Cd(l1)
and Pb(Il) increased with the increase in deposition time from 60 to 180 seconds.
However, the peak current decreased slightly when the deposition time increased from
180 to 300 seconds because of the saturation of electrode surface due to absorbing

excessive heavy metal ions [23].
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Figure 4. Effect of deposition (a) potential and (b) time on anodic peak current of Cd(ll) and
Pb(1l) detected by a graphene/polyaniline/polystyrene nanoporous fibers modified
electrochemical sensor [23].



1.3 Microorganism Modified Electrochemical Biosensors For The Detection of

Heavy Metals

1.3.1. Microorganisms

Bacteria, viruses, and fungi are the three main types of microbes [24,25]. Bacteria are
microscopically very small, and their diameter or length is generally between 1-2 pm.
Viruses are much smaller than bacteria, and their regular size is between 0.2 to 0.02 um
[24,25]. Bacteria do not have a visible internal structure and the nucleus, which is a vital
part of the algae, protozoa, and fungi. For this reason, bacteria are called prokaryotes to
be distinguishable from nucleate organisms that are called eukaryotes. On the other hand,
viruses do not have any cell structure and are simply bundles of genetic information. The
genetic information of the bacteria is in a single loop structure [24,25]. Many different
species of bacteria usually look the same. However, they usually have three main shapes,
including rods (bacilli), spheres(cocci), and commas (vibrios). The cell wall of bacteria,
which is a single rigid, mesh-like web, determines the shape of different bacteria [24,25].

One of the most important classifications of bacteria is based on the Gram stain, which
classifies the bacteria according to their cell envelope [26]. The cell wall thickness of the
gram-positive bacteria is within the range of 20-80 nm, while the cell wall of gram-
negative bacteria is thinner, and its thickness is less than 10 nm [26]. However, gram-
negative bacteria have an outer membrane that has several pores and appendices (Figure
5) [26]. In other words, gram-positive bacteria have a thicker peptidoglycan wall.
However, the peptidoglycan layer of the gram-negative cell wall is covered with an outer

lipid bilayer membrane [26].

S. aureus is one of the 32 species of the Staphylococcus genus bacteria. Even though the
origin of this bacteria is not clear, some researchers believe that it has evolved from
prehistoric soil bacteria. This bacterium cannot move and grows in clusters like grapes

whose shapes are perfectly spherical (Figure 6) [27]. Its cells are 1 um in diameter [27].
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Figure 5. Schematic demonstration of (a) gram-positive and (b) gram-negative bacteria [28].

Figure 6. An SEM image of S. aureus showing bacteria’s spherical shape growing in grape-like
clusters [27].



1.3.2. Biosorption capability of microorganisms

Because of the biosorption capabilities of the microorganisms and their easy and rapid
cultivation, they can be successfully used along with carbon for the rapid detection of
heavy metals [29]. The biosorption capability of the microorganisms is due to their cell
wall components that act as active metal sorption sites [29]. Therefore, employing
microbial-modified carbon paste to detect heavy metals at low concentrations has
attracted the attention of researchers because of their low cost, high sensitivity, accuracy,
and the possibility of in situ analysis [8,13].

Fungal and bacterial biomasses along with carbon paste have been successfully employed
to detect heavy metals using electrochemical techniques [8,13,30-32]. It has been well
shown that different bacteria and fungi have biosorption capability, allowing them to
absorb heavy metals by an active or passive process in the aqueous solutions [13,30-35].
In an active process, the cellular metabolism of bacteria plays a vital role in absorbing
ions. In contrast, the cell walls absorb the metal ions in the passive process, and the
cellular metabolism has nothing to do with ion absorption [36]. It has been reported that
employing heat-dried biomasses makes the electrochemical detection of heavy metals
more efficient and straightforward since they possess secondary or latent binding sites
that can increment the absorption capability [31]. In other words, dried bacteria absorb

heavy metals by a passive process where metal ions bind to cell walls.

In three different studies, Yuce et al. investigated the capability of Rhodotorula
mucilaginosa modified microbial biosensor, an algal sensor, and Pseudomonas
aeruginosa biomass for detecting Cu(ll) and Pb(ll) [8,13,31]. The electrochemical tests
showed that microbial modified biosensors successfully detected Cu(ll) and Pb(l1). It was
shown that different parameters including scan rate, electrolyte pH, and preconcentration
time could affect the sharpness of CV and DPSV peaks [8,13]. For instance, according to
Figure 7 [8], the sharpest CV peaks, obtained from Rhodotorula mucilaginosa modified
biosensor for detecting Cu(ll), belong to the scan rate of 100mV/s and 15 minutes of

preconcentration [8].

Moreover, It has been reported that pH value can also significantly affect the peak
sharpness. According to Figure 8, the optimum pH value for detecting Pb(ll) is 8. It was
shown by Yuce et al. that at very low (acidic) pH values, most of the binding sites on the
biosensor's surface could be protonated, decreasing the binding of heavy metal cations to



the surface of the microbial modified biosensor. On the other hand, it was reported that
at pH values above 8, peak current started to decrease again due to the reaction between
Pb(ll) ions and hydroxide, resulting in the insoluble Pb(l11) hydroxylic complexes, which
prevented binding of Pb(Il) on the biosensor’s surface. [13].
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Figure 7. Effect of (a) scan rate and (b) preconcentration time on CV peaks obtained from
Rhodotorula mucilaginosa modified biosensor for detecting Cu(ll) [8].
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Figure 8. Effect of acetate buffer pH on DPSV peaks of Pb(l1) ions determined by Phormidium
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Even though a few mercury and carbon-based electrodes have been used to detect Cd(1l)
[14,23,37], as far as we know, there is no extensive study on the application of bio-
modified carbon paste electrodes for the detection of Cd(Il) using electrochemical
techniques. Therefore, in this research, the capability of S. aureus-modified carbon paste
to detect Cd(Il) in aqueous media by employing electrochemical methods, including
cycling voltammetry (CV) and differential pulse anodic stripping voltammetry (DPASV),
has been investigated. As mentioned, because of the graphite’s fast electron transfer rate,
high electrical conductivity, chemical stability, and lower costs compared to other
techniques, this method is investigated as an alternative option for other methods. The
reason for choosing S. aureus as the modifying microorganism is because it has been
shown that dead gram-positive bacteria can passively absorb heavy metal ions [18,38];
however, the capability of electrochemical S. aureus-modified carbon paste biosensor for
detecting Cd(I1) ions has not been revealed before.
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2 MATERIALS AND EXPERIMENTS
2.1 Chemicals

The stock solution of Co(ll), Cu(ll), Cd(I1), Zn(11), Pb(1l), and Ni(ll) (1 M) was prepared
using Co(ll), Cu(ll), Cd(I1), Zn(11), Pb(I1), and Ni(lI) nitrate powder (Sigma Aldrich) and
distilled water. By diluting the stock solution using deionized (DI) water, the standard
solutions were prepared. Finally, 0.05M Tris-HCI, 0.05M phosphate-buffered saline
(PBS), and 0.05M sodium acetate buffers were used to prepare the final electrolyte
solution containing 250 nM Cu(ll), Co(ll), Cd(ll), Pb(Il), Zn(1l), and Ni(ll) ions. Tris-
HCI buffer was prepared using trizma base (Sigma Aldrich) and hydrochloric acid, PBS
buffer was prepared using monobasic potassium phosphate (Sigma Aldrich) and sodium
hydroxide (Sigma Aldrich), and sodium acetate buffer was prepared using acetic acid and
sodium acetate (Sigma Aldrich). Griphite powder and mineral oil (Sigma Aldrich) were
employed to prepare the carbon paste. The S. aureus bacteria were cultivated in the broth

medium.
2.2 Microorganism Cultivation

In this study, dried S. aureus bacteria were used for the modification of the carbon paste
electrode. The broth medium was employed to cultivate the microorganism (Figure 9a).
For this purpose, the microorganism was incubated for 30 hours at 37°C and 250 rpm
using a rotary shaker (Figure 9b). After incubation, the microorganisms were separated
from the medium by centrifugation at 5000 rpm for 10 minutes (Figure 9c and d). To
wash the obtained microorganisms, they were centrifuged once more using PBS buffer.
Finally, the microorganism was dried in an oven at 80°C for 15 hours (Figure 9e and f).

2.3 Preparation of Biosensor

To prepare uniform S. aureus-modified carbon paste, dried S. aureus bacteria (0.3g),
graphite (0.99), and mineral oil (0.9g) were thoroughly mixed. The ratio of the graphite
to the dried-S. aureus was 3:1 (0.99/0.3g). The electrode body was made of Teflon
(D=8mm) with a hole (D=4mm) and a Copper rod inside it. The prepared paste was put
into the electrode hole with a volume and surface area of 25 mm? and 12.5 mm? (Figure
10). The surface of the electrode was rubbed against a smooth piece of paper to make the

surface smoother after filling the electrode hole with modified carbon paste.
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Figure 9. The procedure of microorganism cultivation. (a) The broth medium was used for the
cultivation of the microorganism. (b) The microorganism was incubated for 30 hours at 37°C
and 250 rpm using a rotary shaker. (¢) After incubation, cultivated microorganisms and the
broth medium were poured into centrifuge tubes. (d) The microorganisms were separated from
the medium by centrifugation at 5000 rpm for 10 minutes. (e) The separated microorganisms

12



were poured into a glass Petri dish and dried at 80°C for 15 hours. (f) The dried microorganisms
were separated from the Petri dish and turned into powder.

Diameter of Teflon body=8mm Diameter of hole=4mm Depth of hole=2mm

Copper rod

Hole filled with modified
carbon paste

Figure 10. Details of the in-house carbon paste electrode.
2.4  Electrochemical Experiments

A potentiostat device (PARSTAT MC Multichannel Potentiostat) was used for
conducting all electrochemical tests using the three-electrode cell at room temperature.
The working electrode was the electrode filled with the S. aureus-modified carbon paste.
The reference and counter electrodes were Ag/AgCl (3.5 M KCI) and platinum,
respectively. Each experiment had three steps: 1) preconcentration, 2) medium change,
and 3) voltammetric measurements. Open circuit potential (OCP) test was employed for
the preconcentration step. For this purpose, the working electrode was immersed in the
stirred solution containing 250nM Co(Il), Cd(I1), Ni(Il), Cu(ll), Zn(Il), and Pb(Il) ions,
whose pH was measured using a pH meter. Next, the working electrode was removed and
washed with distilled water to remove all metal ions that may remain on the electrode.
All electrodes were transferred into the three-electrode electrochemical cell where 15 ml
of pure Tris-HCI, PBS, and sodium acetate buffers were used without heavy metals ions.
Finally, CV measurements were conducted within the potential range of -1.5to 1.5 V.
The scan rates of all CV tests were 10 mV/s. DPASV experiments were also carried out
within the potential range of -1.5 to 1.5 V and at the scan rate of 10 mV/s. Pulse height,
pulse width, step height, and step width were 1 mV, 0.1 s, 5 mV, and 0.5 s, respectively.
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25 SEM and FTIR Studies

The morphology and elemental analysis of the bare and S. aureus-modified carbon paste,
which were immersed in the stirred solution containing 250nM Cd(ll), ions for 15
minutes, were carried out using SEM and EDX (FE-SEM, LEO Supra VP-35) (Figure
11a).

FTIR spectra (Thermo-Nicolet iS10 FTIR) (Figure 11b) were also carried out to examine
different chemical groups and bands of the S. aureus-modified carbon paste before and
after loading Cd(ll).

Figure 11. (a) SEM and (b) FTIR devices used to characterize biosensors.
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3 RESULT AND DISCUSSION

3.1 Cyclic Voltammetry and Differential Pulse Stripping Voltammetry

Experiments

A schematic illustration for the electrode preparation stages was presented in Figure 12.
Three different buffer media (sodium acetate, Tris-HCI, and PBS) containing 250 nM
Cd(In), Co(lt), Cu(lr), Ni(11), Pb(1l), and Zn(l1) ions were tested to compare the CV results
using an S. aureus-modified microbial biosensor at the scan rate of 10 mV/s and after 15
minutes of preconcentration time (Figure 13a-f). According to the obtained results, all
buffers containing 250 nM Co(ll), Cu(ll), Ni(l1), Pb(I1), and Zn(ll) ions did not have any
anodic or cathodic peaks; however, PBS buffer at both pH values (6 and 7) containing
Cd(I1) ions showed almost sharp anodic peaks. Two anodic peaks with less sharpness can
also be seen in CV curves obtained from Tris-HCI and sodium acetate buffers containing
Cd(ll) ions at pH 6. The formation of metal complexes such as metal acetates and
phosphates and the competitive binding of heavy metal ions and other protons and cations
present in the buffers with the binding sites on the biosensor surface can be the reasons
preventing the detection of Pb(I1), Co(ll), Ni(lIl), Zn(11), and Cu(ll) [13,39].

As it can be seen in Figure 14a and Figure 14b, the sharpest anodic peak for Cd(ll) was
obtained in the PBS buffer at pH 6 within the potential range from -0.9 to -0.7 V. Other
researchers such as Koudelkova et al., Zheng et al., Baldrianova et al., and Hu et al. also
reported the same potential range [39-42]. However, the unmodified carbon paste could
not detect Cd(Il) ions at the same concentration. The S. aureus-modified biosensor could
detect Cd(ll) ions due to the dried S. aureus’ cell wall components that act as metal
sorption sites [29]. Since in this study dried S. aureus is employed, there is no active metal
absorption process based on the cellular metabolism of bacteria. Here, the passive metal
absorption process, where the cell walls absorb the metal ions, and the cellular
metabolism has nothing to do with ion absorption, plays a critical role in detecting Cd(1l)
ions [36]. Therefore, the modified carbon paste electrode can detect a higher amount of
Cd(Il) ions because the anionic moieties present in the extracellular surface of

microorganisms provide binding sites for metallic cations [43].
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Figure 12. Schematic illustration of the experimental process for sensor surface development

It has been reported that the affinity of the gram-positive bacteria for binding divalent
cations is higher than their affinity for binding monovalent ones except for H*, that is
because of the lower mobility of the bound divalent cations compared to monovalent
cations [44]. Moreoevr, divalent cations can be absorbed more easily by gram-positive
bacteria like S. aureus because all vital cations for these bacteria are divalent cations,
including Mg?* and Ca?*. Teichoic acid is a flexible biopolymer that is one of the main
components of the cell wall of gram-positive bacteria. One of the main functions of
teichoic acid is metal cation binding. Teichoic acid has some phosphate groups that help
it bind divalent metal cations [45]. Highly charged teichoic acid (anionic polyelectrolytes)
forms around 60% of the gram-positive bacteria cell walls. There are two types of teichoic
acids containing lipo-teichoic acids (LTAs), connected to the cytoplasmic membrane,
spread into the peptidoglycan layer and the wall teichoic acids (WTAS) that are directly
attached to the peptidoglycan and continue through the cell wall. Since these teichoic
acids are anionic polyelectrolytes in the peptidoglycan, only binding cations, especially
divalent ones, can balance the repulsion between them. Moreover, teichoic acids play an

essential role in absorbing cations that are vital to the gram-positive bacteria [46].
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Figure 15 shows the structure of the wall of S. aureus. The spatial location of a
polyelectrolyte that can be considered independently is defined by a mesh size of length
L that is considered constant. Since a single polyelectrolyte contains N monovalent anions
(9), its charge line density is Ng/L. Divalent cations bound to the cell wall surround these
monovalent anions and are restricted inside a volume Vpoly in the polyelectrolyte [46].
Figure 15b shows the distribution and condensation of the divalent cations within the S.
aureus cell wall. Therefore, it can be concluded that the anodic peaks in the CV results

appeared due to these bound and restricted Cd(l1) cations inside the S. aureus cell wall.

According to these figures, even though the S. aureus-modified carbon paste could also
detect Cd(Il) in Tris-HCI and sodium acetate buffers, the peaks are not as sharp as those
obtained in the PBS buffer pH 6. The peak sharpness reduction in the sodium acetate
buffer can be related to the formation of cadmium acetate complex preventing the
detection of Cd(Il) [39]. In other words, the formation of Cd(Il) complexes with acetate
ions decreases the concentration of free Cd(11) ions leading to lower peak intensity [39].
Moreover, the competitive binding of Cd(I1) and other protons and cations present in Tris-
HCI buffer with the binding sites on the biosensor surface might result in peaks with lower
intensity in this buffer [13].
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Figure 13. CV curves obtained in (a) PBS pH 6, (b) PBS pH 7, (c) sodium acetate pH 6, (d)
sodium acetate pH 7, (e) Tris-HCI pH 6, and (f) Tris-HCI pH 7 containing 250 nM Cd(Il),
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Co(I1), Cu(ll), Ni(I), Pb(I1), and Zn(I1) ions using the S. aureus-modified carbon paste after 15
minutes of preconcentration time, at the scan rate of 10 mV/s and the pH levels of 6 and 7.

Another point seen in Figure 14a and Figure 14b is that pH 6 resulted in sharper peaks in
all buffers compared to pH 7 because, at pH 7, Cd(l1) has a higher tendency to hydrolyze.
Consequently, the peak sharpness decreases [43]. It is worth mentioning that lower pH
levels can also reduce the peak height since there will be more hydrogen ions competing
with Cd(I1) ions for being absorbed by binding sites on the modified carbon paste surface.
Therefore, at lower pH levels, more binding sites can be occupied by hydrogen ions
[13,47].

Following the selection of the most appropriate buffer and optimum pH, four different
preconcentration times, including 10, 15, 20, and 25 minutes, were employed to
investigate their effects on the detection of Cd(Il) ions (Figures 16a and 16b). According
to the CV results, the peak sharpness increases as the preconcentration time increases
from 10 to 15 minutes. The reason for this increase is the absorption of more Cd(ll) ions
with increasing time. In other words, since the biosensor is exposed to the electrolyte for
a longer time, the chance to absorb more Cd(ll) ions increases [8,48]. However, as the
preconcentration time increases from 15 to 25 minutes, the peak current decreases
indicating that binding sites on the biosensor surface reach their maximum absorption

capacity after 15 minutes [8,48].

As shown in Figure 16¢ and Figure 16d, the same buffer, pH, and preconcentration times
were tested using DPASV to confirm the results obtained from the CV test. As it can be
seen, the DPASV results are in complete agreement with CV results, confirming that
exposing the modified carbon paste to the electrolyte containing 250 nM Cd(ll) for 15

minutes in PBS buffer results in the maximum peak current.
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Figure 16. (a) CV curves, (b) enlarged CV anodic peaks, (c) DPASV curves, and (d) enlarged
DPASYV peaks obtained in PBS buffer containing 250 nM Cd(ll) ions using the S. aureus-
modified carbon paste at the scan rate of 10 mV/s and pH 6.

3.2 SEM and EDX Characterization of the Microbial Cd(l1) Biosensor

The SEM micrographs of the S. aureus-modified and unmodified carbon paste after
loading of 250 nM of Cd(11) and 15 minutes of preconcentration time are shown in Figure
17. As shown by arrows in Figure 16a, bright particles on the surface of the modified
carbon paste represent the absorbed Cd(I1) ions. However, no absorbed Cd(Il) can be seen
on the surface of unmodified carbon paste, confirming the electrochemical results. Figure
18a and Figure 18b show the EDX mapping of the S. aureus-modified and unmodified
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carbon paste, respectively, after loading 250 nM of Cd(ll) and 15 minutes of
preconcentration time. Moreover, the weight percent of analyzed elements (C, O, and Cd)
are provided in Table 1. The results also show the ability of S. aureus-modified carbon
paste for Cd(ll) detection, while the weight percent of Cd in unmodified carbon paste
(Figure 18b) was zero.
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Figure 17. SEM micrographs of the (a) S. aureus-modified and (b) unmodified carbon paste
after loading of 250 nM of Cd(Il). The absorption of Cd(ll) ions by S. aureus-modified carbon
paste is seen in (a).
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Figure 18. EDX mapping of (a) S. aureus-modified and (b) unmodified carbon paste after
loading of 250 nM of Cd(ll) and 15 minutes of preconcentration time.

Table 1. Elemental analyses of S. aureus-modified and unmodified carbon paste after loading
250 nM of Cd(Il) ions and 15 minutes of preconcentration time.

S. aureus-modified carbon paste

Unmodified carbon paste

Element wt.% Element wt.%
C 99.07 C 98.57
Cd 0.15 Cd 0

0 0.78 0 1.43
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3.3 FTIR Studies

FTIR spectroscopy of Cd(ll) loaded and unloaded (native) S. aureus-modified carbon
paste is shown in Figure 19 to investigate the interactions between S. aureus-modified
carbon paste and Cd(Il) ions. The broad peak around 3200 cm™ represents bonded O-H
and NH: groups [13,49]. The peaks present around 2850 and 2920 cm™ belong to C-H
stretching, and the peak around 1700 and 1505 cm™ represent the C=0 and C=C bonds,
respectively [49]. There are also two peaks around 1450 and 1400 showing the presence
of C-H [9,49]. Moreover, two C-O bond peaks are seen at about 1070 and 1220 cm™ [49].

There is also a narrow peak around 860 cm™ belonging to the PO4* [50,51].

One of the most apparent differences between the FTIR spectra of the native and loaded
S. aureus-modified carbon paste is the reduction in the intensity of the phosphate peak
around 860 cm, indicating the critical role of this group in the absorption of Cd(Il) ions.
As mentioned earlier, dried S. aureus can absorb Cd(Il) ions by the passive metal
absorption process, where the cell walls absorb the metal ions. There are three cell wall
polysaccharides in S. aureus, teichoic acids, teichuronic acids, and other polysaccharides.
Ribitol teichoic acid is the major cell wall polysaccharide in S. aureus that acts as a
phosphate reserve and participates in metal cation absorption due to the presence of the
phosphate group [52,53]. It has been well shown that the capacity of the S. aureus cell
walls for absorbing cations is in the following order: divalent > monovalent [52].
Moreover, it has been reported that most metal cations are absorbed on the outer surfaces
of the cell walls since they contain more phosphate and electronegative sites than the

inner surfaces [54].

To ensure that a reduction in the intensity of the phosphate peak around 860 cm™ has
occurred, it is also essential to compare the ratio of the intensity of this peak to the
intensity of other peaks in both FTIR spectra. Since the intensity of the C-H stretching
peak around 2920 cm™ has also been reduced dramatically, comparing the ratio of the
intensity of this peak to the intensity of phosphate peak before and after the addition of
Cd(I1) ions can prove the participation of the phosphate group in binding Cd(Il) ions on
the surface of S. aureus-modified biosensor. The ratio of the intensity of the C-H
stretching peak to the intensity of phosphate peak before and after the addition of Cd(lI)
ions is approximately 3 and 10, respectively, confirming the essential role of phosphate
groups in detecting Cd(ll) ions.
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Figure 19. FTIR spectra of the native and Cd(I1) loaded S. aureus-modified carbon paste.
3.4 Analytical Characteristics of the S. aureus-modified Carbon Paste

The optimum conditions (PBS buffer, pH 6, and 15 minutes preconcentration time at open
circuit) were employed to conduct DPASV measurements three times for each different
concentration (Figure 20a) to plot the calibration curve. As shown in Figure 20b, the
increase in the Cd(Il) concentration increased the peak current (ip). However, according
to Figure 20c, the linear range of the S. aureus-modified biosensor was within the range
of 100 nM (0.011 mg/L) to 2 uM (0.22 mg/L). At the concentration of 3 UM, the deviation
from the linearity starts, related to the saturation of the binding sites on the surface of the
S. aureus-modified carbon paste. The line equation and R? are y=7.61814x+1.7532 and
0.99, respectively. Moreover, according to the calibration curve, the biosensor's limit of
detection and sensitivity for detecting Cd(ll) is 48 nM (5.4 pg/L) and 7.61814 pA/UM.
Finally, the dynamic range of the developed biosensor is around 2 orders of magnitude
(from 48 nM/L to 4 uMJ/L, or from 5.4 pg/L to 450 ug/L). Recently, Kava et al. reported
a disposable glassy carbon stencil printed electrode for detecting Cd(Il) using

electrochemical methods, whose linearity was within the range of 7.5 to 200 pg/L, and
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its LoD and sensitivity were 0.46 pg/L and 0.122 pA.L/pug [55]. Nunes et al. also
investigated an electrochemical sensor made of reduced graphene oxide-Sb for detecting
Cd(Il) ions whose detection limit was 20.5 nM. This sensor showed a linear range
between 50 and 120 nM [56]. However, as mentioned before, compared to other methods,
carbon paste electrodes are less complex and low cost, making them an alternative option
for other methods [8].
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Figure 20. (a) DPASV peaks using optimum parameters for plotting the calibration curve (for
each concentration, the DPASV test was repeated three times), (b) peak current vs. Cd(ll)
concentration, and (c) calibration curve of the S. aureus-modified biosensor.

3.5 Selectivity of the developed biosensor for detecting Cd(I1)

The matrix effect of interfering heavy metal ions, including Cu(ll), Co(ll), Pb(11), Ni(ll),
and Zn(I1), on the detection of Cd(Il) ions in PBS buffer, was investigated using DPASV
(Figure 21 a and b). For this purpose, optimum parameters (pH 6, preconcentration time
of 15 minutes, and scan rate of 10 mV/s) were employed. The concentration of the Cd(ll)
in all solutions (1, 2, 3, 4, and 5) was constant and 250 nM, and there were no interfering

heavy metal ions in the first solution (1). However, interfering heavy metal ions
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concentration in solutions 2, 3, 4, and 5 was 250 nM, 500 nM, 750 nM, and 1 uM,
respectively. According to Figure 21 b, the addition of interfering heavy metal ions
reduced the anodic peak sharpness of Cd(Il). Moreover, as the concentration of the
interfering heavy metal ions was increased to 1 uM (solution 5), a small peak appeared
around -0.6 V belonging to Pb(ll). These results showed the competition between heavy

metal ions for binding to the biosensor's surface [30].
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Figure 21. (a) DPASV curves, and (b) enlarged DPASV peaks obtained in PBS buffer
containing (1): 250 nM Cd(Il), (2): 250 nM Cd(ll), and 250 nM of all interfering heavy metal
ions(3): 250 nM Cd(1l) and 500 nM of all interfering heavy metal ions, (4) 250 nM Cd(ll) and

750 nM of all interfering heavy metal ions, (5) 250 nM Cd(Il) and 1 uM of all interfering heavy
metal ions.
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4 CONCLUSION

The main goal of the present study was to detect Cd(l1), Co(ll), Cu(ll), Ni(ll), Pb(ll), and
Zn(11) ions in aqueous media using a new microbial biosensor. For this purpose, a dead
S. aureus-modified carbon paste biosensor was developed. The reason for choosing this
type of biosensor was its low cost and simple preparation. CV and DPASV measurements
and SEM, EDX, and FTIR results confirmed the developed biosensor's ability to detect
Cd(I1) ions instead of unmodified carbon paste, which was unable to detect Cd(ll) ions.
Moreover, it was shown that buffer type, pH, and preconcentration time could
significantly affect the biosensor's performance. According to the FTIR results, it was

observed that the presence of phosphate groups plays a vital role in detecting Cd(l1) ions.

Consequently, according to the obtained results, it can be concluded that this new
microbial biosensor can be an inexpensive, easy to develop, and efficient alternative for
other expensive, complicated methods to detect heavy metals. Therefore, this biosensor
has a great potential to be investigated to determine other heavy metals in different
buffers.
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AGIR METALLERIN SAPTANMASI iCIN STAPHYLOCOCCUS AUREUS
MODIFIYELI YENI BIR ELEKTROKIMYASAL BIYOSENSOR

Parsa Pishva
Malzeme Bilimi ve Nanomuhendislik, MS Thesis, 2021

Dr. Meral Yuce

Cd sensor, Agir metal algilama, elektrokimyasal sensor, mikrobiyal algilama,

Staphylococcus aureus

Agir metaller, canli organizmalara diisiik konsantrasyonlarda bile zarar verebilir. Bu
nedenle, bu arastirmada, kurutulmus Staphylococcus aureus ile modifiye edilmis karbon
pasta elektrotunun ti¢ farkli tamponda, Tris-HCI, sodyum asetat, ve fosfat tamponlu salin
(PBS) dahil olmak iizere pH 6 ve 7'de farkli agir metal iyonlarini tespit etme yetenegi
arastirilmistir. Dontistimlii voltametri (CV) kullanilarak, modifiye edilmis biyosensoriin
Cd(II) iyonlarin1 tespit etme kapasitesi acik¢a gosterilmistir. Ayrica, Cd(I1)'yi saptamak
icin gelistirilen biyosensoriin performansi {izerinde tampon pH'1 ve Onderistirilme
stiresinin etkileri de incelenmistir. CV sonuglari, PBS'nin pH 6'daki sonuglar1 tepe akim
(3 uA) ile sonuglandiginmi belirtmistir. Bu nedenle, bu tampon Cd(Il)'yi saptamak icin
deneylerin geri kalanini gerceklestirmek iizere birincil tampon olarak secildi. Dort farkl
zenginlestirme siiresi arasinda, hem CV hem de diferansiyel puls anodik siyirma
voltametrisi (DPASV) sonuclarina gére en uygun siire 15 dakikadir. Modifiye karbon
pastanin taramali elektron mikroskobu (SEM), enerji dagitict X-1sin1 spektroskopisi
(EDX) ve Fourier doniisiimlii kizilotesi (FTIR) spektroskopisi sonuglart da Cd(II)
iyonlarinin adsorpsiyonunu dogrulamistir. FTIR spektrumuna gore, fosfat gruplari Cd(II)
iyonlarinin birikmesinde dnemli bir rol oynamistir. Modifiye edilmemis karbon pasta
kullanilarak gerceklestirilen kontrol deneyi, Cd(II) iyonlarma kars1 higbir tepki
gostermemistir. Son olarak, kalibrasyon egrisi kullanilarak, biyosensoriin duyarlilik limiti
ve hassasiyeti sirasiyla 45 nM (5.4 pg/L) ve 7.61814 pA/uM olarak hesaplanmis ve
lineerligi 100 nM (0.011 mg/L) ile 2 uM (0,22 mg/L) araligindadir.
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