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ARTICLE INFO ABSTRACT

Keywords: The presented study is focused on the development of electrochemical genosensor for detection of tox gene
Electrochemistry fragment of toxigenic Corynebacterium diphtheriae strain. Together with our previous studies it fulfils the whole
DNA

procedure for fast and accurate diagnostic of diphtheria at its early stage of infection with the use of electro-
chemical methods. The developed DNA sensor potentially can be used in more sophisticated portable device.
After the electrochemical stem-loop probe structure optimization the conditions for real asymmetric PCR (aPCR)
product detection were selected. As was shown it was crucial to optimize the magnesium and organic solvent
concentrations in detection buffer. Under optimal conditions it was possible to selectively detect as low as 20.8
nM of complementary stand in 5 min or 0.5 nM in 30 min with sensitivity of 12.81 and 0.24 1-uM ! respectively.
The unspecific biosensor response was elucidated with the use of new electrode blocking agent, dieth-
yldithiocarbamate. Its application in electrochemical genosensors lead to significant higher current values and
the biosensor response even in conditions with magnesium ion depletion. The developed biosensor selectivity
was examined using samples containing genetic material originated from a number of non-target bacterial
species which potentially can be present in the human upper respiratory tract.

Diphtheria diagnostics
Diethyldithiocarbamate

1. Introduction

The uncontrollable spread of pathogens can lead to serious threads
for human health and life [1]. As could be observed during the recent
pandemics of COVID-19, Swine or Spanish flu also the global markets
can suffer from such an circumstances [2,3]. That is why the early stage
infection detection and fast introduction of the appropriate preventive
measures are the central issues for public health, environment protec-
tion and, in exceptional situations, also in the prevention for the global
financial recession. Moreover, because of the climate change, global-
ization, mass people migration or the anti-vaccination movements, it is
certain that new infectious threats or an old ones will continue to (re-)
emerge and spread. This makes research and development of tools
dedicated to rapid diagnosis of infections an indispensable part of the
fight against them [4-7]. The method of choice, for any early stage
infection identification, seem to be detection of DNA or RNA specific for
a given pathogen and, if possible, also its antigens. This can be clearly
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observed during the recent COVID-19 pandemic and related WHO rec-
ommendations [8]. Although traditional methods are sensitive and can
give equally qualitative and quantitative information of the investigated
microorganisms, they are severely restricted by the assay time, the cost
and place of the analysis and by the skilled personnel availability
[9-12]. New technologies using microfluidic platforms with disposable
or reusable biosensors have emerged, aiming to match Affordable,
Sensitive, Specific, User-friendly, Rapid and Robust, Equipment free,
Deliverable to end users (ASSURED) criteria [13]. Because of it porta-
bility, compact dimensions and low operational cost the detection ele-
ments used in such an devices usually are equipped with electrochemical
transducers [14]. This guarantee fast response times, low detection
limits and flexibility in detection mechanisms used [14].

The aim of the presented study is the further insight into diphtheria
early stage diagnostic based on electrochemical approach. This highly
infectious and potentially lethal human disease, caused by toxigenic
Corynebacterium diphtheria strains, characterizes extremely short
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incubation period (2-5 days) [7]. Since the introduction of vaccination
against diphtheria, in the 1940s, the infections seemed to be controlled
in developed countries. However, according to ECDC data, the
confirmed diphtheria cases in EU/EEA increased over three times from
2011 to 2015 [15]. Diphtheria is endemic in many countries of Asia, the
South Pacific, the Middle East, and Eastern Europe and since 2011
outbreaks were recorded in Indonesia, Thailand, Laos, South Africa,
Sudan, and Pakistan [16]. Between 2012 and 2016 almost 28400 cases
of diphtheria were recorded worldwide [17]. In addition, the diphtheria
cases were described in asylum seekers in Europe [18,19]. This makes
diphtheria one of the potentially most serious public health problem
[20,21]. Rapid and accurate tests are of high value because clinical
diagnosis of toxin-producing strains of Corynebacterium diphtheria is not
easy and might be confused with other causes, such as streptococcal sore
throat or tonsillitis [22]. This time consuming diagnosis is based on
isolating C. diphtheriae and testing the isolate for toxin production by the
Elek test, an in vitro immunoprecipitation (immunodiffusion) assay. To
identify Corynebacterium diphtheriae also other techniques can be
considered, such as polymerase chain reaction (PCR) or matrix assisted
laser desorption/ionization-time of flight mass spectrometry (MALDI--
TOF). However they do not confirm toxin production by the potentially
toxigenic Corynebacterium strains and are considered supplemental [7].
There are special recommendations for Corynebacterium species isola-
tion, staining, and toxigenicity confirmation, what with the use of
traditional procedures could last even a several days. These procedures
are also severely restricted by the place of the analysis [23]. The diph-
theria antitoxin, the protein which neutralize the bacterial lethal toxin,
is not easily available in many countries and it takes time till it can be
shipped to the medical facility. That is why of special significance are the
methods which allow for simplifying and shortening of the above di-
agnostics procedures [24]. The commercially available kits and systems
are dedicated only to identification of Corynebacteria spp., but there are
no for full diphtheria toxigenicity confirmation [23]. One of the possible
solution for above restrictions are electrochemical sensors which could
be used as detection elements in more advanced Point-of-Care (POC)
devices. To date for fast, electrochemical based diphtheria diagnosis we
developed (i) electrochemical immunosensors for detection of toxin
(toxoid) produced by Corynebacterium diphtheria [25,26], (ii) evaluated
the influence of the swab type used for sample collection on the results
obtained in toxoid/antibody or PCR reactions during Corynebacterium
diphtheria diagnosis [27], (iii) developed miniaturized, microfluidic
device dedicated to amplification of 107 nucleotide fragment of tox gene
(coding diphtheria toxin) in asymmetric PCR reaction in 15 min [28].
However to accomplish the full electrochemical diagnostics, which ful-
fils the ASSURED criteria, also the detection of amplified tox gene
fragment is indispensable.

The presented study is dedicated to development of the electro-
chemical DNA biosensor and conditions for detection of single stranded
tox gene fragment amplified in asymmetric PCR reaction. After inves-
tigation of the effects of different factors (probe sequence and its second
order structure, temperature, magnesium ion concentration, addition of
dimethyl sulfoxide) on the sensor response, the real samples were
analyzed. The selectivity of the developed biosensor was examined with
the samples where genetic material was originated from a number of
non-target bacterial species which potentially can be present in the
human upper respiratory tract. Also the short descriptions of nucleic
acid isolation and amplification methods used by us and suitable for
resource limited areas are mentioned.

2. Materials and Methods
2.1. Equipment
Voltammetric measurement (cyclic voltammetry (CV), square-wave

voltammetry (SWV) and alternate current voltammetry (ACV) were
performed using CHI 660A and CHI 1040A electrochemical workstation
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(CH Instruments, USA). The experiments were conducted with a three
electrode system consisting of a gold disk electrode (GDE) (CHInstru-
ments, USA), an Ag/AgCl/1.0 mol L~ KCl reference electrode (Mineral,
Poland) and a gold wire as an auxiliary electrode (Sigma Aldrich, Ger-
many) or with the use of AC1.W1.R2 and AC1P.W1.R2 3-electrode
transducers (BVT, Czech Republic). Cyclic voltammetry was executed
at 0.1 V/s scan rate, square-wave voltammetry and alternate current
voltammetry were performed at a pulse amplitude of 25 mV, an incre-
ment of 4 mV and different frequencies (from 15Hz to 300 Hz). For
experiments performed in elevated temperature the peltier-cooled
incubator IPP30 from Memmert (Germany) was used. DNA amplifica-
tion was performed with Mastercycler AG 22331 thermocycler
(Eppendorf, Germany) and visualized after electrophoresis (Hoefer,
USA) with UV transilluminator.

2.2. Reagents

All chemicals and reagents were of analytical reagent grade and used
as received, without further purification. Concentrated HCIl
(36.5-38.0%), NaOH, NaCl, KCl, K3Fe(CN)g, K4Fe(CN)g, KHPO4, 6-
Mercapto-1-hexanol (MCH), sodium diethyldithiocarbamate trihydrate
(DETC), Tris, Borate, EDTA, concentrated HySO4 (95.0-98.0%),
dimethyl sulfoxide were purchased from Sigma Aldrich Chemicals
(Germany). MgCly was purchased from Fluka Analytical (Germany).
H,0, was purchased from POCh (Poland). Acrylamide (AA), N,N’-
methylenebisacrylamide (Bis), ammonium persulfate (APS), and N,N,N,
N’-tetramethylethylenediamine (TEMED) were purchased from Bujno.
Chem. (Poland). Alumina powders of grain size 1, 0.3 pm and 0.05 pm
were purchased from Buehler (USA). Ready-to-use master mix for PCR
containing Taq Polymerase, dNTPs and MgCl in buffer: Hot- StarTaq
Master Mix Kit was purchased from QIAGEN (Germany). Agarose was
purchased from MP Biomedicals™ (USA). Primers for PCR were pur-
chased from Oligo (Poland), electroactive probes were purchased from
Metabion (Germany) and other unlabeled oligonucleotides were pur-
chased from Genomed (Poland). For silica magnetic beads-based DNA
extraction the MagJET Genomic DNA Kit was purchased from Ther-
moScientific (USA), and for filter paper-based DNA extraction the
QIAGEN (Netherlands) reagents were used. The sequences used in the
presented work, both with its symbol, are summarized below in Table 1.

2.3. Solutions

The following solutions were prepared: immobilization solution 1 M
KH2PO4, pH 4.5; hybridization solution 10 mM Tris-HCl; 50 mM KCl; 2
mM MgCI2 pH 7,0; acidic piranha solution (H202/H2S04; 3:1); KsFe
(CN)g/K4Fe(CN)g in 20 mM PBS, pH 7.4. The pH was adjusted with 1 M
NaOH or HCl water solution. Ten times concentrated Tris-Borate- EDTA
(TBE) solution for electrophoresis (0.9 M Tris and Borate and 0.01 M of
EDTA, pH 8.3). All solutions were prepared with Milli-Q water.

2.4. Receptor layer preparation procedure

Prior the biosensor preparation, the gold electrode was polished
successively with alumina powder of grain sizes from 1 to 0.05 pm. Then
the electrode was washed with water and sonicated for 15 min in
demineralized water. Next, the piranha solution was dropped on the
working gold disk electrode and incubated for about 5 min. After
removing this solution, the electrode was washed again with deminer-
alized water. Then it was scanned electrochemically (—0.5-1.7 V) in1 M
NaOH and 1 M H2SO4 until the CV characteristic for a clean gold was
obtained. After washing the electrode with demineralized water and CV
scanning in hybridization buffer in the potential range used in further
experiments, the receptor layer preparation was started. First, the 0.2
uM solution of chosen electrochemical probe in immobilization solution
was deposited on the electrode surface for 30 s. After that time the
electrode was rinsed with immobilization buffer and left in 2 mM MCH
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Table 1

Sequences used in presented work, their names and function. For electro-
chemical probes also their predicted stem and loop fragment lengths are given
(AttoMB2 -blue methylene covalently attached to DNA probe).

Name Sequence Function

5°- CAA TCA TCG TCA TAA
TTT CCT TGT GTA CCA GAT
TTT GGC TTT TGT ATA CCT
TTT TGA ATG GAA TCT ACA
TAA CCA GGT TTA GTC CCG
TGG TAC GAA GAAAAGTTT
TC -3’
5°- CAA TCA TCG TCA TAA
TTT CCT TGT GTA CC -3’
5’- GAA AAC TTT TCT TCG
TAC CAC GGG ACT AA -3
TOX1 5’ —thiol C6 - A tatacctt GAA
AAC TTT TCT TCG TAC CAC
GGG ACT AAA CCT GGT TAT
GTA GAT TCC ATT CAA AAA
GGT ATA - AttoMB2 - 3/
TOX2 5’ —tiol - A tatacc GAA AAC
TTT TCT TCG TAC CAC GGG
ACT AAA CCT GGT TAT GTA
GAT TCC ATT CAA AAA GGT
ATA - Atto MB2 -3’
TOX3 5’ —tiol - A ggaatc GAA AAC
TTT TCT TCG TAC CAC GGG
ACT AAA CCT GGT TAT GTA
GAT TCC - Atto MB2 -3
TOX4 5’ —tiol - A acataa GAA AAC
TTT TCT TCG TAC CAC GGG
ACT AAA CCT GGT TAT GT-
Atto MB2 -3’

tox gene
fragment/
cDNA/aPCR

Target for electrochemical
biosensor. cDNA — commercial
product, HPLC purified

aPCR - real asymmetric PCR
product

Short-toxF Starter for tox gen fragment
amplification

WHO2

Probe for electrochemical
detection of tox gen fragment

solution in immobilization buffer for overnight. Then it was rinsed
several times with immobilization buffer and water and left in hybrid-
ization solution for approximately 10 min. Afterwards further mea-
surement were conducted.

2.5. The tox gene fragment amplification in standard PCR mode

The PCR reaction (standard PCR reaction) was performed in a final
volume of 20 pl. The reaction mixture contained: 6.5 pL of sterile
deionized water; 10 pl Hot Start Taq 2x Master Mix [Hot Start Taq DNA
Polymerase, dNTPs, MgCly, KCl]; 0.5 pl of 10 mM of each primer; 2.5 pl
of template DNA. The amplification reaction was carried out in a Mas-
tercycler AG 22331 thermocycler (Eppendorf) under the following
conditions: 95 °C for 15 min, then 35 cycles: 94 °C for 45 s, 60 °C for 45
s, and 72 °C for 45 s, the last step 72 °C, 5 min. The amplification
products were separated on a 2% agarose gel (MP Biomedicals) in 1XTBE
buffer.

2.6. The tox gene fragment amplification in asymmetric PCR mode
(aPCR)

The asymmetric PCR reaction was performed in a final volume of 40
pl. The reaction mixture contained: 14.75 pL of sterile deionized water;
20 pl Hot Start Taq 2x Master Mix [Hot Start Taq DNA Polymerase,
dNTPs, MgCly, KCl1], 1 pl 10 mM F primer and 0.25 pl 10 mM R primer; 4
pl of template DNA. The amplification reaction was carried out in a
Mastercycler AG 22331 thermocycler (Eppendorf) under the following
conditions: 95 °C for 15 min, then 35 cycles: 94 °C for 45 s, 60 °C for 45 s
and 72 °C for 45 s, the last step 72 °C, 10 min. The amplification
products were separated on a 2% agarose gel (MP Biomedicals) in 1XTBE
buffer (Fig. 6). The DNA template for the PCR reaction was a DNA
template isolated from the Corynebacterium diphtheriae PW8 strain (tox
+, dtxR +). The amplification product was obtained by applying forward
and reverse primers complementary to the expected sequence, at
different concentrations. The forward to reverse primer ratio used was 1:
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4, one of which was completely depleted during the first amplification
cycles. In the following cycles, the excess primer elongated, giving the
appropriate asymmetric PCR product - single strand DNA (ssDNA) of a
specific length.

2.7. Bacterial strains and DNA extraction

Bacterial strains, the toxigenic and nontoxigenic C. diphtheriae and
other bacterial species that might be present in the respiratory tract
(Fig. 3 in supplementary material, SM) were cultured from freezing
(=70 °C) on suitable culture media for each of the species: Columbia
Agar with 5% Sheep Blood (COS) (Biomerieux), Common Agar (Bekton
Dickinson), Heamophilus Chocolate Agar (Biomerieux) and incubated
for 24 h at 37 °C. In the case of the Heamophilus influenze strain, incu-
bation was carried out in an atmosphere of 5% CO,. The next day, after
checking the purity of the cultures obtained, the selected colony was
passaged into the culture medium for the genetic material isolation and
tox gene fragment amplification. DNA extraction was performed for 24 h
bacterial cultures on the medium appropriate for the bacterial species by
using DNeazy Blood and Tissue Kit (Qiagen, Germany) according to the
manufacturer’s instructions for Gram-positive and Gram-negative bac-
teria, respectively.

2.8. Silica magnetic beads-based DNA extraction

Corynebacterium diphtheriae cells resuspended in 0.87% NaCl to
density 1 McF were used as a tested sample. A swab was placed in the
suspension for a few seconds and then transferred to 300 pl of TE buffer,
mixed for a few seconds and removed. The sample was incubated for 10
min at 96 °C. Next, 300 pl of lysis buffer B-1 (3 M guanidine hydro-
chloride; 0,2% Tween-20) were added and the sample was mixed by
vortexing for 5-10 s. The sample was transferred to a tube prefilled with
400 pL of isopropanol and 25 pl of silica magnetic beads suspension
(ThermoScientific). The tube was mixed by vortexing and placed on the
magnetic rack for 2-3 min. Supernatant was removed using a pipette.
The tube was removed from the magnetic rack, 800 pl of washing buffer
(10 mM Tris HCI pH 8.0; 1 mM EDTA, 70% ethanol) were added, the
tube was mixed by vortexing and placed on the magnetic rack for 2-3
min. Supernatant was removed using a pipette. The tube was removed
from the magnetic rack, 150 pl of TE buffer were added, the tube was
mixed by vortexing and incubated for 5 min at 72 °C with mixing oc-
casionally. After incubation the tube was placed on the magnetic rack
for 2-3 min and the supernatant containing extracted DNA was trans-
ferred to a new tube.

2.9. Filter paper-based DNA extraction

Corynebacterium diphtheriae cells resuspended in 0.87% NaCl to
density 1 McF were used as a tested sample. A swab was placed in the
suspension for a few seconds and then transferred to 300 pl of lysis
buffer B-2 (20 mM Tris-Cl, pH 8,0, 2 mM sodium EDTA, 1,2% Triton X-
100) with 50 pl of lysozyme (100 mg/ml), mixed for a few seconds and
removed. The sample was incubated for 30 min at 37 °C. Then, 200 pl of
AL buffer (QIAGEN) and 50 pl of proteinase K (20 mg/ml) were added,
the sample was mixed by vigorous reverting the tube and incubated for
30 min at 56 °C. A piece of about 0.5 cm? of filter paper Watmann no. 2
was placed into the sample and incubated for 3 min at room tempera-
ture. Then the filter paper was transferred to a new tube containing 100
ul of TE buffer and mixed vigorously. The suspension contained
extracted DNA.

2.10. DNA extraction using DNeazy Blood and Tissue Kit (Qiagen)
Corynebacterium diphtheriae cells resuspended in 0.87% NaCl to

density 1 McF were used as a tested sample. A swab was placed in the
suspension for a few seconds and then transferred to 200 pl of enzymatic
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lysis buffer. The extraction was conducted according to the manufac-
turer’s instruction for Gram-positive bacteria.

3. Results and discussion

The early stage identification of human infection with bacterial or
virus agent is indispensable for fast introduction of appropriate pre-
ventive measures. This is especially important as the new (COVID-19) or
treated as a past and forgeted infectious threats (plague [29]) (re-)
emerge and spread.

To secure the operation simplicity, reagentless and reusable elec-
trochemical detection of the tox gene fragment in real conditions, we
decided to use as the probes the loop-and-stem “hairpin” DNA sequence.
In this case the registered signal, biosensor response, depends only on
the conformational changes of the probe after hybridization with com-
plementary strand, amplified e.g. in asymmetric PCR reaction. The
mechanism is based on the analysis of the distance between redox probe,
tethered to DNA probe, and the electrode surface (Fig. 1). The biosensor
response (signal change) is related to the spatial changes between ssDNA
(Fig. 1A) probe and dsDNA (Fig. 1B).

As the complementary single stranded DNA recognition influence the
distance between redox marker and electrode surface, it results in
reduction of registered current intensity. The change in electrochemical
signal is calculated according to Eq. (1):

Iy —1

0

-100% (€Y

where: Ip - current registered for receptor layer before hybridization
step; I - current registered for receptor layer after hybridization.

Such an approach will eliminate, among others, the unspecific in-
teractions present in other detection mechanisms, like free redox indi-
cator added to the sample and its adsorption, electrostatic attraction or
mixed interactions with biosensing elements present at the electrode
surface [30-34].

The mentioned tox gene fragment (107 nucleotide long), amplified
and detected in the sample taken from the patient, can be the indication
of the infection with the potentially toxigenic Corynebacterium strain
(only diphtheria toxin detection confirms strain toxigenicity). The gene
itself encodes the diphtheria toxin which penetrates directly into the
host cell and inhibits the multiple proteins synthesis which finally leads
to the cell death. The lethal dose of this toxin for humans is about 0.1 pg
per kg of body weight [35].

e - -OH group
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3.1. The electrochemical stem-loop probe sequence selection and cDNA
detection

The first step of the electrochemical genosensor preparation was the
selection of electrochemical probe sequence. Although examples of
genosensors based on electrochemical stem-loop probes dedicated to
detection of short, approximately 30 nucleotide long, DNA or RNA
strands have been reported in the literature, there are no strict recom-
mendations for the probe sequence designing for detection of longer
nucleic acids strands, especially dedicated to real life applications. Ac-
cording to our previous findings [32] in presented studies the stem-loop
probe architecture was based on the stems no longer than 7 bp (stems for
three probes were of 6 bp and for one 7 bp long) and loops from 35 to 57
nucleotides (Table 2). The predicted most stable second order structures
of the used sequences, together with their Gibbs energies, are shown in
Table 2. There could be observed differences between the designed stem
and loop lengths and the most stable second order structures adapted by
the sequences.

As can be seen both second order structures and Gibbs free energies
of the chosen stem-loops strongly depends on their sequences. In the
biosensor construction as receptor probe first the TOX1 stem-loop was
used (the highest second order structure stability from the investigated,
AG -6.58 kcal mol™1). The biosensor’s receptor layer was prepared with
the same procedure as in Ref. [32] and briefly described in experimental
part. This allowed for the stem-loop spatial distribution at the electrode
for efficient cDNA recognition process [32]. Before the cDNA recogni-
tion the sensor was conditioned in hybridization buffer till the signal
stabilization (approximately 10-15 min). After that the HPLC purified
cDNA detection was conducted. The analyte recognition process was
carried out in the same hybridization buffer as in our previous studies (2
mM MgCly, 50 mM KCl, 10 mM Tris-HCl, pH 7) [32]. Such a buffer
composition shows high similarity in ion concentrations to the PCR mix
used in ssDNA fragment amplification (material part). Nonetheless as
can be seen (Fig. 1A, supplementary material, SM) for 2 mM Mg?* this
time no satisfactory results were obtained. Because the similar ion
concentration in PCR MIX allowed for PCR product amplification in bulk
solution (Fig. 1B-SM), it can be concluded that there are significant
differences in ssDNA/ssDNA hybridization efficiency conducted in bulk
solution (PCR reaction) and at solid-liquid interfacial (electrochemical
biosensor). As these two environments (solution and surface) are sub-
stantially different also the significantly different effects influence the
ssDNA/ssDNA recognition process: (i) steric hindrances of the receptors
immobilized at the transducer surface which could influence the
ssDNA/ssDNA hybridization, (ii) the stability of the second order
structure of the electrochemical DNA stem-loop probe, (iii) the elec-
trostatic repulsion between the analyte (phosphate moieties in ssSDNA)

L 1 L
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70 : d

6.0

50

f
) B !
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0 -o.bs-o.'1 0-0'1 5-0'20-0'25-0’1)-0’555-0;0-0'45-050
Potential / V

Fig. 1. Mechanism of electrochemical tox gene detection (A) a zipped stem-loop probe with redox marker in a small proximity to the electrode surface; (B) open
stem-loop probe with redox marker in increased distance from electrode surface. The graph represents change in registered electrochemical signal before (Ip) and

after (I) ssDNA hybridization.
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Table 2
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Influence of the electrochemical stem-loop probe sequence and their second order structures stability (predicted at the base of
[361) on the sensor response toward different cDNA concentrations (n > 4).

Probe’s second order
structure of the lowest

structures
energy

Other 3 most stable second order

Sensor response for cDNA recognition for 5 and 30 minutes
hybridization
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and the modified transducer surface (phosphate moieties in stem-loop
probe and -OH groups of MCH). The first two of above was already
investigated by us in Ref. [32], where the similar in length (82 nucleo-
tide) single stranded PCR product was detected. Nonetheless, in the
presented study both the chosen probe density nor the designed stem or
loop lengths were not enough to obtain satisfactory biosensor response
even for HPLC purified cDNA. This may result from the third of above

effect, where ions present in hybridization buffer do not guarantee
enough charge shielding in the case of investigated sequence, especially
as the electrode blocking agent, the mercaptohexanol (MCH, -OH
moiety possess partially negative charge and the same surface modified
with mercaptohexanol) was used. Since magnesium ion characterizes
with much more compact distribution around DNA duplex than other
monovalent species [37] we optimized its concentration versus
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potassium ion in the hybridization buffer. As shown in Fig. 1A-SM, the
hybridization efficiency was significantly improved by increasing the
concentration of magnesium ion in the hybridization buffer. Above this
concentration the efficiency in stem-loop/cDNA interactions was grad-
ually diminish due to increasing the standard deviation (for better view
in Fig. 1A-SM only results for chosen magnesium ion concentrations
were presented). Based on above results buffer containing 15 mM Mg?*
was used for evaluation of the applicability of the chosen stem-loop
probes sequences in commercially available HPLC purified 107 nucle-
otide length tox gene fragment detection (Table 2). For each of the
analyzed stem-loop sequence the hybridization process with comple-
mentary strand (cDNA) was conducted for 5 and 30 min. As could be
seen (Table 2) the registered dependence between biosensor response
and cDNA concentration was significantly influenced by the probe
sequence used as a receptor in the sensing layer (each of investigated
sensors were prepared in the same manner). The clear relationship be-
tween sensor signal change and cDNA concentration could be observed
only for probes TOX1 and TOX3, which predicted second order struc-
tures (Table 2. Stem-loop structure) were of the highest similarity to the
typical form of zipped “hairpin”. Comparing the biosensor’s signal
change registered for these two probes after the hybridization with
cDNA, the significantly higher values were obtained for TOX3. This can
be explained by the differences in the free Gibbs energy of these probes,
TOX1 -6.58 [keal'mol '] and TOX3 -5.58 [keal'mol '], which results in
different energies needed for breakage of their second order structures.
In the case of TOX2 and TOX4 probes no satisfactory results were ob-
tained. The response of the sensor with TOX2 probe was proportional to
cDNA concentration, however high standard deviations of the results
were observed. When TOX4 probe was used, except poor linear
response, the registered standard deviations were also of significant
value. This is most likely due to the fact that for these two probes no
typical stem-loop probe architecture could be observed. Moreover, for
TOX4 probe two separate peaks were registered (results not shown)
which is highly undesired as potentially both peaks correspond to I,
current shown in Fig. 1 and equation (1). Such a voltammogram shape
could originate from the possibility of the adopting by the same probe
different structures, including open and zipped forms (Table 2), which in
turn lead to split peaks of significant smaller current intensity and of
significant broader base than in the case of other investigated probes.
This significantly affected the linear relationship between cDNA con-
centration and the signal change, the standard deviations of the ob-
tained results and the easiness of its interpretation.

That is why for further sensor development, only probe TOX3 was
chosen as a receptor. The working parameters of the sensor with TOX3
probe, for 5 and 30 min of hybridization with HPLC purified 107
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nucleotide length tox gene fragment, were as follows: linear detection
range 0.16-2.0 pM and 13.5-60.0 nM with sensitivity of 0.24 and 12.81
1-uM ! and regression coefficients 0.980 and 0.965 respectively. As the
biological analysis based on the biosensor response may be hampered by
the probe desorption from the electrode surface the above parameters
were defined for biosensor signal change between 10 and 90% [38,39].
However, the level of detection (defined by the equation LOD = 30/s,
where o is the standard deviation of the corrected blank signals
measured for electrochemical biosensor and s is the slope of the cali-
bration curve) was estimated as 20.8 nM for 5 min of hybridization and
0.5 nM for 30 min hybridization. Above investigations were performed
using the square wave voltammetry (SWV) as detection technique, with
frequency of 100Hz (peaks registered in higher frequencies were of
similar heights [40]). This allowed to shorten the time of applied po-
tential from 3 min, when alternate current voltammetry (ACV) was used
as detection technique, to about 1 s. The sensor response (Fig. 2, SWV)
both for 5 and 30 min of hybridization was smaller on average by 17%
and 13.5%, respectively, than sensor response registered with the use of
ACV technique (Fig. 2, ACV). However, in the point of view of the ul-
timate application of the proposed biosensors as a detection part of
microfluidic device for real life applications, the time of the detection
procedure may play a crucial role. Especially as the real asymmetric PCR
product concentration, calculated at the base of intensity of

cDNA real asymmetric PCR product (aPCR)
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100 15 mM Mg
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Fig. 3. Influence of detection temperature and magnesium ion concentration
increasement on biosensor’s signal change (with TOX3 as a probe) after 30 min
of hybridization with real asymmetric PCR product of 107 nucleotide length tox
gene fragment, (n > 4).
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corresponding band present on polyacrylamide gel electrophoresis
(Fig. 1B-SM), was estimated at the level of about 0.54 pM. This value lies
within the linear range for 5 min of hybridization and well above the
linear detection range for 30 min of hybridization (Fig. 2).

3.2. Biological material sampling, DNA extraction and fast tox gene
amplification

As was previously mentioned, the diphtheria is a potential health
problem especially in resource limited areas, where the disease has the
highest probability to emerge (refugee camps and developing countries
[4]). That is why the simple and cost efficient genetic detection method
should be also supplemented with easy and possible to perform outside
laboratories DNA sampling, isolation and amplification methods. The
sampling procedure was previously estimated and according to our
findings the crucial for appropriate diphtheria diagnosis based on pro-
teins investigation (diphtheria toxin) the different swab material should
be used than for nucleic acids investigations [27]. Investigated by us the
simplified procedures recommended for Corynebacterium diphtheriae
DNA extraction from swabs containing bacterial cells is based on the use
of magnetic beads and filter paper to capture the DNA are provided in
Materials and Methods section of this manuscript. The effectiveness of
the extraction was verified by PCR. The efficiency of PCR amplification
of DNA extracted using both methods was compared to the DNA sample
extracted with DNeazy Blood and Tissue Kit (Qiagen) as a reference
method and used for quantitative results in presented manuscript.
Despite significant simplification of the procedure of DNA extraction,
the amount of extracted DNA was sufficient for PCR and no inhibition of
the PCR was detected (results not shown). We also propose the cost
efficient and field ready microflow device for fast (15 min) amplification
of 107 nucleotide long tox gene in asymmetric PCR reaction fragment
However as it is the subject of patent pending and is published elsewhere
[28] herein only brief information will be provided (Fig. 2-SM). The
main part of this device is a chip with a specific microchannel system in
which reaction takes place (Fig. 2A-SM). The chip structure can be
divided into three separate zones, which correspond to three steps of the
reaction: denaturation, annealing and elongation. The chip was con-
nected to a separately constructed miniaturized peristaltic pump and
valve, which provided required flow of the reaction mixture. An external
set of heaters provided adjustment of the temperature in individual
zones of the chip to carry out subsequent steps of the reaction
(Fig. 2B-SM). Dedicated software has been developed to control both the
pump and the valve. This resulted in a modular device for carrying out
PCR reactions allowing for automatic introduction of the mixture into
the chip and its circulation within the chip. The adjustment of any
number of reaction cycles and the flow rates of the mixture in a wide
range, hence also the total reaction time, was possible in such a device
(Fig. 2C-SM).

3.3. Detection of tox gene fragment as a product of real asymmetric PCR
(aPCR)

The amplified tox gene fragment, real asymmetric PCR product
(aPCR), was subjected to the analysis with biosensor where TOX3 probe
was used (Fig. 2). However, despite the fact that such a sensor in room
temperature (RT) was sensitive to HPLC purified single stranded DNA of
the same sequence as tox gene fragment (Figs. 2 and 3, cDNA), the
biosensor response registered for direct aPCR was of significantly
different characteristic (Fig. 3, aPCR, RT). According to the utilized
mechanism, the current registered for TOX3 probe should decrease after
hybridization, or stay at the same level when no complementary strand
was present in the sample. This assumption was true only when the aPCR
was detected in elevated temperatures, or when it was diluted 1:1 v/v
with solution of appropriate magnesium ion concentration in order to
finally obtain 15 mM Mg?* in analyzed sample (according to results
presented in Fig. 1A-SM). As could be seen, when the direct aPCR
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product detection was performed in room temperature the increase in
the registered current could be observed, even despite the fact that no
new TOX3 probes were added to the sample. Moreover, as the tox gene
fragment concentration in aPCR was estimated at the level of 0.54 pM,
the registered biosensor response in RT for undiluted aPCR sample or
sample diluted 1:1 v/v to 15 mM Mg?*, were significantly below ex-
pected values of approximately 80% for 30 min hybridization time
(Figs. 2 and 3 cDNA).

Above results indicate that the proteins, indispensable for PCR re-
action, present in the real sample significantly hamper the DNA/DNA
recognition in room temperature. This was confirmed by the improved
biosensor response after increasing the temperature (changes in DNA/
proteins second order structures and the same in DNA/proteins in-
teractions [41]). According to obtained results (Figs. 2 and 3 cDNA), the
expected biosensor response (approximately 80% signal change) was
obtained only for 40 °C. After further temperature increase resulted in
smaller signal change most likely due to receptor layer degradation or
thiols desorption from the electrode surface. However above observa-
tion proved that to successful detection of tox gene fragment in real
samples in ambient conditions it is necessary (i) to use increased mag-
nesium ion concentration in the sample and (ii) to reduce the DNA/p-
roteins interactions.

To further elucidate the necessity of the magnesium ion concentra-
tion increase and the possible reason of nonspecific biosensor response
(current increase after receptor layer contact with aPCR sample in room
temperature), the receptor layer with significantly different electrode
blocking agent was prepared. The mercaptohexanol (MCH, with
partially negative ~-OH group) was changed into diethyldithiocarbamate
(DEDTC, characterized by resonance structures and proximity to the
Fermi level of gold [25]). Such a change should lead to the significant
reduction in overall negative charge present at the modified electrode
surface and to significant increase in its conductivity. We already proved
that the resistivity of the bare gold electrode was increased from 500 Q
to 1500 Q for MCH and reduced to 30 Q when the gold was modified
with DEDTC [25]. Although in the literature there are information about
the possible substitution of the thiols, especially for pure quality
monolayers, already covalently attached to the gold electrode by the
DEDTC [42,43], such a phenomena was not observed for DNA probes in
the presented study. The currents, of the electrochemical TOX3 probes
already immobilized at the electrode surface, were registered twice,
after 24h and 72h of filler immobilization (Fig. 4 A).

As could be seen, the effect of the extended blocking agent immo-
bilization time on the registered currents is significantly different. In the
case of TOX3/MCH (Fig. 4 A), the blocking agent immobilization elon-
gation from 24h to 72h resulted in decreasement of the registered cur-
rent (by 40%), what could be explained by more dense MCH layer
formation (confirmed by the increase in the overall electrode resistivity)
or TOX3 probe substitution at the electrode surface. The opposite results
were observed for TOX3/DEDTC (Fig. 4 B). The currents registered after
extended DEDTC immobilization time, related to electrochemical reac-
tion of redox marker attached to TOX3 probe, were higher by almost
150% (with keeping quality of peaks on the registered voltammograms
which could be interpreted as no unspecific adsorption of the immobi-
lized probes took place). Such a behavior could be explained by an in-
crease in the overall electrode conductivity by more dense DEDTC layer.
The similar observation, the current increase after real aPCR product
detection in room temperature was shown in Fig. 3, when the MCH was
used as the electrode blocking layer. According to the literature, in
certain conditions the nonspecific protein adsorption at the electrode
surface also could lead to the increase in its conductivity (change in the
isoelectric point at the electrode surface and the same increase in the
local ion concentration) [44,45]. As further confirmed, the change in
type of electrode blocking agent from MCH into DEDTC significantly
affects also the requirements for cations concentration in buffer dedi-
cated to hybridization process to take place (Fig. 4C). As was shown in
Fig. 1A-SM, the most suitable buffer was composed with 15 mM MgCly,
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or TOX3/DEDTC receptor layer. C) response of the electrochemical biosensor with TOX3/DEDTC receptor layer for 0.2 pM HPLC purified 107 nucleotide long tox
DNA gene fragment after 30 min of hybridization time, (n > 4). As the detection technique the SWV was used.

50 mM KCl, 10 mM Tris-HCl, pH 7 which resulted in biosensor
(TOX3/MCH) response for 0.25 pM HPLC purified cDNA at the level of
79 + 2% (Fig. 2). The potassium or magnesium concentration reduction
in the buffer leads to smaller biosensor response and higher standard
deviations. As was shown in Fig. 4C, Buffer 1x, the biosensor response
with TOX3/DEDTC receptor layer for the same cDNA concentration and
in the same buffer was at the level of 92 + 3%. The similar result were
obtained after tenfold dilution of the hybridization buffer (buffer 0.1x),
93 £ 2%. After next tenfold dilution (Buffer 0.01x; with final composi-
tion of 0.15 mM MgCly, 0.5 mM KCl, 0.1 mM Tris-HCl, pH 7) the
biosensor response was reduced to 36 + 4%. As was shown elimination
from the electrode surface significant negative charge of -OH present in
MCH blocking agent and substituted it with DEDTC eliminated the ne-
cessity of increased mono- or divalent cations concentration versus real
aPCR product. This allows in turn, after further optimization steps,
direct electrochemical detection of real asymmetric tox gene fragment as
a PCR product, without the necessity of its dilution with appropriate ions
or other compounds. This will be more intensively investigated by us in
the future.

However, after ions concentration optimization the satisfactory
biosensor response for aPCR product was still observed only when the
temperature was elevated (Fig. 3). As the temperature increase did not
influence the Iy current value (used in biosensor signal change in
equation (1)), most probably the interactions between aPCR product and
proteins present in the sample hamper the biosensor response. Infor-
mation about destabilization of proteins structure by even small addi-
tion of organic solvents to their water solutions have already been
reported [46-50]. One of such, used in the presented study, dimethyl
sulfoxide (DMSO), belongs to this group of solvents. According to the
literature, this small amphipathic organic molecule with a hydrophilic
sulfoxide group and two hydrophobic methyl groups (favorable proton
acceptor than donor) influences the DNA-protein interaction at several
levels [49,50]. At low concentrations, where proteins shows negative
preferential DMSO binding, or preferential hydration, this solvent often
is used as a cryoprotectant during the cells or proteins freezing. How-
ever, when DMSO concentration is increased, the preferential interac-
tion changed to DMSO binding, correlated with structural changes and
proteins unfolding which reduce ligand binding affinities by as much as
10-fold with just 10% DMSO participation in buffer [50,51]. It was also
proved that addition of the organic solvents to buffers where nucleic
acids hybridization took place (in bulk solution) increase both the hy-
bridization efficiency and the specificity [52]. As could be seen (Fig. 5)
also in our investigations, surface confined electrochemical detection of
nucleic acid, the DMSO significantly improved the biosensor response in
room temperature.

The analyzed sample, asymmetric aPCR product was enriched in
magnesium ion (final concentration of 15 mM Mg2?") and DMSO by
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Fig. 5. The influence of DMSO concentration in hybridization buffer on
registered biosensor response, (n > 4). The hybridization was conducted with
aPCR product for 30 min.

addition of appropriate solution in 1:1 v/v proportion. This resulted in
surface confined electrochemical detection, in room temperature, of
amplified single stranded tox gene fragment (107 nucleotide length) of
toxigenic Corynebacterium diphtheriae strain with the use of TOX3/MCH
receptor layer. This proved that to perform this assay the negative
charge deposited at the electrode surface (phosphate moieties in stem-
loop probe and —~OH groups of MCH) had to be screened with magne-
sium ion, and DNA/protein interactions had to be disrupted, in this case
with dimethyl sulfoxide.

3.4. Real sample analysis

Except confirmation of the developed biosensor applicability in
electrochemical real aPCR product detection, also its usefulness in real
life analysis was proved. Test samples were prepared, amplified in
traditional and asymmetric PCR mode using primers complementary to
the tox gene fragment encoding the diphtheria toxin gene of Cor-
ynebacteriu diphtheriae strains. The DNA templates were isolated from
bacterial strains (Fig. 3-SM) that may occur in the human upper respi-
ratory tract and may be a potential pathogen, including the toxin-
forming strain Corynebacterium diphtheriae NCTC 10648, gravis, tox*
(toxin-strain) and Corynebacterium diphtheriae 5820/2019, tox™ (non-
toxic strain).

The DNA matrixes composition for 107 nucleotide length tox gene
fragment amplification are given in Fig. 3-SM. There are both single
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matrixes (Fig. 3A-SM), where only DNA isolated from a given pathogen
strain DNA was subjected for further analysis, and mixes of DNA tem-
plates (Fig. 3B-SM), where DNA isolated from different pathogens were
combined and subjected for further analysis. In Fig. 3C-SM also exam-
ples of chosen bacterial strains growth was given.

The specificity of the 107 nucleotide length tox gene fragment
amplification with the use of standard (Fig. 6, Standard PCR reaction)
and asymmetric (Fig. 6, asymmetric PCR reaction) PCR reaction was
proved after the gel electrophoresis. The clear bands, of the appropriate
length were visualized only for matrixes where the toxigenic strains of
Corynebacterium diphtheria were present (single matrix no. 1 and
mixed matric no. 3 and 4). The products of the asymmetric PCR reaction
(after its enrichment in magnesium ion and DMSO) were subjected also
to electrochemical detection by developed biosensor (Fig. 6, electro-
chemical DNA sensor). The results clearly confirms that the biosensor
response was observed only for samples where the tox gene fragment
was amplified. This confirmed the applicability of our sensor in real life
investigations.

3.5. Application of disposable electrochemical transducers in tox gene
fragment detection (aPCR)

To make the field-ready fast electrochemical genetic diphtheria
diagnosis possible, it is necessary also to perform the DNA detection
with a compact, easy in use and disposable transducers, capable of direct
utilization in more advanced devices. We tested two classical 3-elec-
trode electrochemical transducer for the possibility of their utilization
in such an applications, AC1.W1.R2 (gold working electrode simply
screen-printed on a ceramic corundum ceramic base) and AC1P.W1.R2
(high quality homogenous and polished gold surface with roughness less
than 1 pm) from BVT Technologies, Czech Republic (Fig. 7, A). Both
transducers consisted a Ag/AgCl g reference electrode and a gold
counter electrode.

Before use both transducers had to be cleaned as the electrochemical
response in 2.5 mM K3Fe(CN)g/K4Fe(CN)g in 20 mM PBS, pH 7.4 solu-
tion was highly irreversible (Fig. 7 B, dashed line). From applied
different procedures (e.g. ultrasonication in water and ethanol and/or
electrochemical cleaning in 0.5 M H»SO4) the simple 30 s incubation in
piranha solution (3:1 v/v H2SO4:H205) was the most appropriate (Fig. 7
B, solid line). As in both cases the transducer response before and after
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cleaning was similar, only results for AC1P.W1.R2 were presented. Than
the transducers were abundantly rinsed with deionized water, the
biosensor receptor layer (TOX3/MCH) was prepared and the tox gene
fragment detection performed (Fig. 7, C). As could be observed, in the
case of both transducers it was possible to detect the aPCR product.
However, the AC1 response significantly lower (49 + 9%) than AC1P
(74 £ 4%). Such a change most likely resulted from the difference in the
above mentioned gold working electrode construction which signifi-
cantly can influence the quality and composition of immobilized thiols
monolayers [25]. However, the biosensor response, prepared at the
AC1P transducer, was comparable to classic gold working electrode (72
+ 4%). This proves the applicability of the developed receptor layer,
procedure and this transducer in modern, electrochemical genetic
diphtheria diagnostic. Moreover, the compact design and ease in use of
developed biosensors, together with proposed sampling [27], isolation
and genetic material amplification [28] solutions make them true
alternative for still valid time consuming procedures.

3.6. Conclusions

The presented study was dedicated to further investigations on the
possibility of the application of modern, electrochemical diagnostic
methods in diphtheria detection. It completes our ongoing in-
vestigations concerning the full electrochemical diagnosis of diphtheria,
which also encompasses biological material sampling, electrochemical
diphtheria toxoid detection, and fast amplification of tox gene fragment.
As was shown, for successful electrochemical detection of the real
asymmetric PCR product, it is always indispensable to optimize both the
receptor structure (here as the stem-loop probe) and the assay conditions
(magnesium and DMSO concentration). The origin of the initial unspe-
cific biosensor response was elucidated and eliminated. Moreover,
diethyldithiocarbamate used in the presented study for discrepancies
elucidation as the new electrode blocking agent only, even in non-
optimized conditions, showed a significant increase in the biosensor
response towards HPLC purified cDNA. Because of these promising re-
sults, we will further investigate the possibility of its application in aPCR
product detection directly in the reaction mixture. However, even the
biosensor based on TOX3/MCH receptor layer allowed for highly spe-
cific and fast detection of tox gene fragment. Its detection range
(calculated for signal change between 10 and 90%) was 0.16-2.0 upM (5
min hybridization) and 13.5-60.0 nM (30 min of hybridization) with
respect sensitivity 0.24 and 12.81 1 uM ™, regression coefficients 0.980
and 0.965 and LOD 20.8 nM and 0.5 nM. The developed biosensor
proved its applicability by detection the tox gene fragment of Coryne-
bacterium diphtheriae in the PCR samples. The selectivity was confirmed
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by real samples analysis where the genetic material was originated from
several non-target bacterial species, which potentially can be present in
the human upper respiratory tract. Moreover, the electrochemical gen-
osensor elaborated in the presented study, based on the compact 3-elec-
trode transducer, most probably could be directly introduced into more
advanced Point-of-Care devices.

Still for pathogen detection the high-throughput, well plate-based
bioanalytical techniques (e.g. ELISA) or polymerase chain reaction
(PCR) are considered as gold standard which was extensively described
in appropriate reviews [53-57]. The stage of an infection and the
availability of antibodies and DNA sequences (viral RNA/DNA,
toxin-producing genes, species and/or strain-selective genes) are factors
which determine of using immunoassays or DNA-based assays in the
given case. However, emerging label-free biosensors for pathogen
detection and bioanalytical techniques using selective biorecognition
element in combination with an analytical system are capable of being
highly sensitive and robust and are becoming considered as complement
to PCR and ELISA for pathogen detection. As can be found in the liter-
ature, the DNA biosensor’s performance in this matter can be further
improved by application of other electrode substrates or by application
of other bio-electrochemical signal transduction methods. The applica-
tion of self-organized monolayers in receptor layers and external redox
marker for signal generation allowed for elaboration of multiple use
biosensors. The obtained detection limits of such were at the level of
micro to femto molar [58]. The lowest LOD were obtained for electrodes
modified with conducting polymers (e.g. polyaniline) [59]. On the other
hand the detection limits for biosensors where detection mechanism
were using conformational changes of the redox-labelled DNA probe
tethered to the electrode surface lies within the range of nano to the
picomolar [58,60]. For example F. Li et al. developed biosensor with
LOD at the level of 1 pM, linear detection in the range of 0.001-1 nM and
sensitivity of 2.3622%-nM'. This parameters were obtained for the
DNA detection assay time of 60 min [61].
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