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Abstract

For sensitive detection of the L-fuculokinase genome related to the Haemophilus influenzae (H. influenzae), this research work
demonstrates the label-free electrochemical-based oligonucleotide genosensing assay relying on the performing hybridization
process. To enhance the electrochemical responses, multiple electrochemical modifier-tagged agents were effectively utilized.
For attaining this goal, NiCr-layered double hydroxide (NiCr LDH) has been synthesized and combined with biochar (BC)
to create an efficient electrochemical signal amplifier that has been immobilized on the surface of the bare Au electrode.
Low detection and quantification limits (LOD and LOQ) associated with the designed genosensing bio-platform to detect
L-fuculokinase have been achieved to 6.14 fM and 11 fM, respectively. Moreover, the wide linear range of 0.1 to 1000 pM
demonstrates the capability of the designed platform. Investigated were the 1-, 2-, and 3-base mismatched sequences, and
the negative control samples clarified the high selectivity and better performance of the engineered assay. The values of
96.6-104% and 2.3-3.4% have been obtained for the recoveries and RSDs, respectively. Furthermore, the repeatability and
reproducibility of the associated bio-assay have been studied. Consequently, the novel method is appropriate for rapidly and
quantitatively detecting H. influenzae, and is considered a better candidate for advanced tests on biological samples such as
urine samples.

Keywords Haemophilus influenzae - NiCr LDH - Biochar - AuNP genosensor - DNA hybridization - Differential-pulse
voltammetry

Introduction

Haemophilus influenzae is a gram-negative coccobacillus
bacterium classified by generating polysaccharide capsules
found in human respiratory tracks. It is a commensal in the
human nasopharynx, mostly existing on the mucosal sur-
faces. This pathogenic agent results in, for instance, men-
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The currently introduced methods for the determination of
H. influenzae are mostly molecular approaches, such as PCR
(polymerase chain reaction)-based methods [5], immuno-
chromatography [6], culture-based phenotypic identification
[7], immunoglobulin analysis [8], serotyping by agglutina-
tion including LAT (latex particle agglutination) [9], and cap-
sular genotyping [10]. Some drawbacks considered of these
approaches are low sensitivity and specificity, time-consuming,
laboriousness, and the requirement of developed expensive
instruments and expert technicians [11-13]. Nevertheless,
because of being a fastidious bacterium, growing this kind of
bacterium species requires complex nutrition [14]. Further-
more, replicating such species is laborious and time-consum-
ing, and several days or weeks are sometimes needed [15-18].
Due to the constraints of common methods concerning biologi-
cal molecule detection (particularly H. influenzae), biosensing
platforms were used for more sensitive and specific detection
of H. influenzae [19-22].

Because of high selectivity and the low cost of detected
analytes [23-28] and the miniaturization possibility [29-32],
electrochemical biosensors (EBs) [29, 33—37] are encouraging
tools for the detection of H. influenzae. Electrochemical devices
[38—41] integrate a biological recognition element, including
proteins, nucleic acids, and antibodies that have selective reac-
tions with the analyte [30, 34, 42—44]. Recently, DNA-based
platforms were extensively used for detection aims due to their
minimization ability, simplicity, low cost, specificity, and great
sensitivity. DNA hybridization is the main process in fabricat-
ing DNA-based sensing assays in which ss-pDNA (single-
stranded probe DNA) can be applied for immobilizing on the
modified electrode, and ss-tDNA (single-stranded target DNA)
can bind to it to form the double-stranded helix (ds-DNA). With
the emergence of nanotechnology, different nanoparticles are
used for immobilizing thiolated DNA probes with outstanding
attributes such as electrochemical and optical modifier agents,
biocompatibility, great surface area, and great adsorption capa-
bility [45-49].

Layered double hydroxides (LDHs) [19] as host—guest lay-
ered compounds consist of positively charged metal hydroxide
layers with anions trapped within interlayer galleries [50] and
can be considered nanostructures with two dimensions that
contain special chemical and physical characteristics [51].
LDHs can be synthesized utilizing different approaches such
as sol—gel, electrodeposition, co-precipitation hydrothermal,
and urea hydrolysis methods. These two-dimensional com-
pounds attracted much attention because of their special
characteristics like tunable characterization, water-resistant
structures, high anion exchange capacities, ease of prepara-
tion, low cost, high surface area, non-toxicity, layered compo-
sition, and antacids. LDHs can be greatly utilized in analytical
extractions [52], adsorption [53], drug delivery [54], flame
retardants [55], fuel cells [56], and catalysis [57-59], as well
as their important usage in biosensing and sensing assays. On
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the other hand, biochar (BC), as a modifier agent, has gained
too much attention in this capacity. BC can be considered as
the carbon-rich material achieved by heating biomass, like
wood, manure, or leaves in a closed container with little or
no available air. Some significant benefits of BC include high
surface area, sustainability, cost-effectiveness, unequaled
porous structure, and a simple production process permitting
the facile synthesis of carbon-based nanocomposites [42,
60-62]. Nevertheless, utilizing greatly conductive BC-derived
nanocomposites for constructing electrochemical-based geno-
sensing assays has not been widely investigated. Additionally,
gold nanoparticles (AuNPs), as conductive mediators, can be
used to enhance the electrical response and are also capable
of maintaining biological activity. Therefore, AuNPs can be
applied for the immobilization of DNA probes on the elec-
trode surface [63, 64].

In the present paper, a new genosensing platform based on
NiCr LDHs decorated with honeycomb-like BC (NiCr LDH®@
BC) was designed. The facile co-precipitation route was used
to synthesize NiCr LDHs. In the following, the effective NiCr
LDH@BC synthesis has been provided and consequently uti-
lized as a capable modifier agent for modifying the Au elec-
trode surface. The novelty of our research work is to develop
a new label-free genosensing assay based on DNA hybridiza-
tion and bioconjugation for determining H. influenzae in urine
samples by applying the newly synthesized nanocomposite.
Long-term stability, high sensitivity, and simple design are the
most dominant analytical features of the introduced genosensor
in comparison with similar research works.

Materials and methods
Chemical agents

Sodium hydroxide pellets (NaOH), nickel (I) nitrate hexahy-
drate (Ni(NO;),-6H,0), chromium (III) nitrate nonahydrate
(Cr(NO3);.9H,0), DL-Dithiothreitol (DTT), hydrogen peroxide
solution (H,0,, 30%), acetone (CH;COCH,), hydrochloric acid
(HCI), sulfuric acid (H,SO,), sodium acetate (CH;COONa),
mercaptoethanol (HS(CH,),OH), ammonia solution (NH,,
25%), and ethanol were obtained from Merck (Germany).
Biochar was formed through the pyrolysis of pine trees (Pinus
halepensis) using a curtain flame. Hydrogen tetrachloroau-
rate (III) hydrate (HAuCL,-3H,0), potassium ferrocyanide
K, Fe(CN)g, potassium ferricyanide K;Fe(CN), and potassium
chloride (KCl) were obtained from Sigma-Aldrich Co.

Apparatus and instrumentation
The Potentiostat/Galvanostat Autolab PGSTAT 30 (Eco

Chemie B.V., The Netherlands) was applied for perform-
ing the electrochemical and biosensing analyses. The
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Scheme 1 Fabrication process
NiCr LDH, BC, and the NiCr
LDH@BC nanocomposite
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electrochemical analysis was performed in a cell contain-
ing three electrodes. The bare and also modified gold (Au)
electrodes were used as working electrodes (d =2 mm). The
auxiliary electrode was a Pt wire electrode and the reference
electrode was a saturated calomel electrode (SCE, Hg,Cl,)
in KCI solution. All electrodes were purchased from Azar
Electrode Co. (Urmia, Iran). For characterization purposes,
the Fourier transform infrared (FT-IR) spectra were obtained
from Bruker Instruments, Germany, model Aquinox 55. For
explaining the morphology of the surface, scanning electron
microscopy (SEM) was investigated on a MIRA3 FEG-SEM
TESCAN made in the Czech Republic. HRTEM (Thermo
ScientificTM Talos F200S 200 kV S, USA) was used to con-
trol the morphology of the fabricated compounds. The com-
position of synthesized NiCr LDH and NiCr LDH@BC by
X-ray diffraction (XRD) analysis was examined by Siemens
diffractometer (D500 S) at room temperature applying the
scan range of 20 from 5 to 70° and Cu-Ka radiation at 35 kV.

The synthesis steps of the modifier agent
Preparation of biochar

Biochar was fabricated from pine tree (Pinus halepensis)
residues by applying a pyrolysis process using a flame cur-
tain kiln. This kind of kiln is a conical metal container that
lets the biomass get pyrolyzed layer by layer. The pyrolysis
process was performed for 1 h at about 600 °C. The provided
biochar was quenched with water and after drying in the air
for 4 days, it was ground and passed from a 2-mm sieve to
produce a product with uniform particle size.

The synthesis of NiCr LDH nanosheets

The facile co-precipitation route was utilized to synthesize
NiCr LDH. Initially, 4.57 and 5.81 g of Cr(NO3);-9H,0 and

Ni(NO;),-:6H20 were dissolved in distilled water, respec-
tively. NaOH solution (1 mol L™") was added drop by drop,
along with the maintaining solution under argon gas, and
magnetically stirred to achieve a pH of 8.5-9. Subsequently,
the obtained suspension was further stirred for 24 h at 65 °C.
Eventually, the obtained NiCr LDH was retrieved by centri-
fuge and dried at 60 °C in the oven. Scheme 1 demonstrates
the schematic of the synthesis method applied in this study.

The synthesis of NiCr LDH@BC

To synthesize NiCr LDH@BC, 0.08 g of BC solution was
dispersed ultrasonically in 10 mL distilled water. NaOH
solution (2 mol-L~") was added to the Cr(NO3);-9H,0 and
Ni(NO3),-6H,0 solutions and the pH was raised to 9. Then,
the solution was mixed with the ultrasonicated BC solu-
tion and stirred for an extra 30 min, and transferred into a
stainless-steel autoclave. The autoclave was placed in the
oven at 90 °C for 24 h. The generated precipitate was rinsed
with distilled water and dried at 60 °C for 18 h (Scheme 1).

Designing the electrochemical genosensing
bio-assay

In this regard, ss-pDNA has been mixed with DTT to prepare
an appropriate and active probe sequence. DTT can be used as
an efficient protecting intermediary for SH- functional groups
in ss-pDNA probes and inhibits the oxidation of the thiol group.
The sulfur atoms of the thiolated ends want to dimerize in the
presence of molecular oxygen. The impact of the electrode
modifier agents on Au electrodes in biosensing assays can
greatly be reduced by the formation of dimer compounds. In
this study, a 10-uL DTT has been added to a 10-pL ss-pDNA
solution. Subsequently, a vortex has been applied to combine
the obtained solution, and later, it has been placed at 25 °C for
30 min. Eventually, for obtaining NiCr LDH/BC/AuNPs/ss-
pDNA/Au electrodes, the solution has been cast on the surface
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Scheme 2 Schematic illustra-
tion of the designed bio-assay
for highly sensitive recognition
of H. influenzae

Electrodeposition

Au modified electrode,
(NiCr LDH/biochar)

STEP1:

Surface modification

Au Bare electrode

of the modified Au electrodes and incubated for 5 h at 4 °C.
At this stage, the modified Au electrode has been incubated by
MCH at 25 °C for 30 min. MCH is capable of displacing the
non-specific interactions between AuNPs and the DNA and
forming a self-assembled monolayer (SAM), which can resist
the nonspecific ss-tDNA adsorption. Blocking the non-reacted
AuNPs with DNA probe is the critical point. In addition, MCH
can significantly enhance the ss-tDNA immobilization capabil-
ity at the next step. Blocking effectively the unresponsive sites
is obtained by MCH. Filling the remaining Au locations and
producing a well-organized assay are obtained by MCH immo-
bilization. Eventually, for applying the hybridization process at
37 °C, the ss-tDNA has been cast on the Au-modified electrode
surface. Scheme 2 highlighted the performance of the proposed
gene detection assay.

Results and discussion
Characterization of NiCr LDH and NiCr LDH@BC
Morphological investigations (SEM and TEM)

SEM analysis was applied to assess the morphology charac-
terization of the NiCr LDH and its BC-based nanocomposite
(Fig. 1B and C). The NiCr LDH has a layered crystal structure
with firmly stacked layers, as can be observed. Similar morphol-
ogy was reported for NiCr LDH in the previous works [65, 66].
Additionally, regarding the modified electrodes, SEM images
of Au bare electrodes are shown in Fig. 2A. After modification
of the electrode surface with NiCr LDH (Fig. 2B and C), the
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presence of layered crystal structures confirms the successful
immobilization of the synthesized NiCr LDH on the surface of
the Au electrode. On the other hand, Fig. 2D-F depict the Au
electrode modification with NiCr LDH@BC composite. Like-
wise, the existence of NiCr LDH inside the pores and on the
surface of the BC can be well asserted. It is significant to men-
tion that various characterization information regarding BC have
been reported in our previous research work [67].

Further investigation on the morphology of the so-pre-
pared samples was carried out by TEM analysis. The sheets
of the NiCr LDH can be seen in Fig. 1C, approving the
layered structure of the NiCr LDH. Furthermore, the pres-
ence of the layered structure of NiCr LDH on the BC can
be seen in Fig. 1D.

Investigation of the various functional groups

The FT-IR spectra of the NiCr LDH and NiCr LDH@BC sam-
ples are illustrated in Fig. 1E. Based on the literature review,
the FT-IR spectrum of the so-synthesized samples can be
approximately described as follows: (1) the O-M-O vibration
associated with the LDH layer causes the absorption peaks at
450-550 cm™!; (2) the Ni—O and Cr—O vibration is responsible
for the absorption < 1000 cm™'; (3) the stretching vibration of
NO,~ causes the absorption at 1384 cm™'; (4) the absorption
at 1630 cm™! comes from the bending vibration of H-O-H; (5)
the peak located in 2950 cm™" is associated with the stretching
absorbance of C-H; (6) the stretching mode of the OH group in
the LDH layer and the adsorbed water caused the wide absorp-
tion peak at 3440 cm™'.
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Fig. 1 SEM images of NiCr LDH (A) and NiCr LDH@BC (B), FT-IR spectra of NiCr LDH and NiCr LDH@BC (C), TEM images of NiCr
LDH (D) and NiCr LDH@BC (E), XRD patterns of NiCr LDH and NiCr LDH@BC (F)

XRD patterns

The XRD spectra of the as-prepared catalysts are depicted in
Fig. 1F. XRD pattern of NiCr LDH and NiCr LDH@BC fitted
well by the existence of diffraction peaks at (003), (006), (012),
(015), (018), (110), and (113) JCPDS PDF- 96-210-2794)
[68]. The XRD patterns validated the successful synthesis of
NiCr LDH and NiCr LDH@BC. The characteristic bands of
BC were not observed in the XRD patterns owing to the low
amount of BC in the nanocomposite structure.

Electrochemical properties of the designed
genosensor

Electrochemical feasibility

The voltammograms in a [Fe(CN)6]3'/4' the solution were
used to evaluate the electrochemical behavior related to
changes in the Au electrode via the process of modifica-
tion. Figure 3 A represents the achieved electrochemical vol-
tammograms concerning Au bare electrode, Au-modified

electrode by NiCr LDH sheets, and NiCr LDH@BC. Fur-
thermore, the chronoamperometry (ChA) method is used
for carrying out the electrodeposition of AuNPs on a modi-
fied Au electrode (NiCr LDH@BC/AuNPs/Au electrode).
Accordingly, the Au electrode was effectively modified
by ss-pDNA (NiCr LDH@BC/AuNPs/ss-pDNA/Au elec-
trode), and ss-tDNA (NiCr LDH @BC/AuNPs/ss-pDNA/
ss-tDNA/Au electrode) represents different electrochemical
responses, which demonstrates the effective hybridization
process. A peak current of 21.8 pA at 0.25 V is represented
for the achieved voltammograms concerning a bare Au
electrode. After Au electrode surface modification via the
immobilization of NiCr LDH, the peak current of oxida-
tion is enhanced and the potential reduced as well which
represents the suitability of NiCr LDH sheets as an effi-
cient modifier for fabricating the electrochemical sensing
platform (66.4 pA in 0.215 V). The peak current increased
to 126 pA (0.244 V) after immobilization of NiCr LDH@
BC on the Au electrode surface. According to what was
obtained from the CVs, the presence of BC and NiCr LDH
enhanced the peak current. The electrode surface area and
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Fig.2 SEM images of Au
electrode: Au bare electrode
(A), Au-modified electrode
with NiCr LDH (B and C), Au-
modified electrode with NiCr
LDH@BC (D-F) in various
magnifications

SEM HV: 15.0 kV WD: 6.36 mm
View field: 25.4 ym Det: SE
SEM MAG: 5.00 kx | Date(m/dly): 01/10/23

SEM HV: 15.0 kV
View 25.4 ym E
SEM MAG: 5.00 kx | Date(m/dly): 01/10123

View field: 25.4 pm
SEM MAG: 5.00 kx _ Date(m/dly): 01/10/23

the electron transfer rate can be improved by applying the
BC and NiCr LDH. Subsequently, electrodeposition of the
AuNPs as the final modification stage has been performed
on the Au electrode surface. This modification step leads to
an upsurge in the peak current (152 pA at 0.239 V) that has
been presented in Fig. 3A. The use of AuNPs can afford an
appropriate surface for the immobilization of the thiolated
ss-pDNA and improve the efficiency of the electrochemical
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reaction in the considered sensing platform. A small reduc-
tion in currents has been noted in the oxidation peak after
immobilizing ss-pDNA. Such alterations are associated
with the strong S—Au bounds among thiolated ss-pDNA
and AuNPs. At the final stage, ss-tDNA has been dropped
on the surface of the Au electrode and hybridization hap-
pened after fabricating the gene-sensing bioassay, where the
peak current has been reduced to 86.2 pA.
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Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy represents the
different changes in the obtained electrochemical signals
due to the modifications of the surface of the working elec-
trode on the interfacial electron-transfer resistance (Ret).
The acquired impedimetric values can also be depicted as
Nyquist plots which consist of two significant parts: (1) a
semicircle shape in the higher frequency range and (2) a
straight line in the lower frequency range. The appropriate
data fitting process for providing the associated impedance
spectra considers a significant part of EIS-based analysis.
To achieve this purpose, the Randles circuit in its modi-
fied form is professionally used in the various series of data
for performing the fitting process. Charge-transfer resist-
ance (Rct), solution resistance (Rs), Warburg impedance
(Zw), and constant phase element (CPE) are four signifi-
cant parameters of the Randles circuit. Figure 3B reveals
the impedance curves associated with the various modifica-
tion steps of the Au electrode which were recorded in the
[Fe(CN)6]3_/4_ solution as a redox probe at the potential of
0.25 V which the constant frequency ranges from 100 kHz to
10 MHz. Between these parameters, the Rct values of the Au
electrode were recorded for each modification step. As pro-
vided, the modification of the electrode surface influences
the kinetics of electron transfer. As clear from the obtained

results, the charge-transfer resistance related to the unmodi-
fied Au electrode is expressively larger than the modification
steps and also confirms the diffusion-controlled process of
the electrochemical reaction of the redox probe. In addition,
the order of Rct values for each modification step should
be considered. NiCr LDH/Au electrode > NiCr LDH@BC/
Au electrode > NiCr LDH@BC/AuNPs/Au electrode. The
obtained results meaningfully confirm that the low Rct value
for NiCr LDH@BC/AuNPs/Au electrode, in comparison
with the unmodified Au electrode, might have occurred
due to layered structure features and the ion exchange pro-
cess. On the other hand, the lessening tendency of the Rct
amounts in the NiCr LDH/Au electrode, NiCr LDH@BC/Au
electrode, and NiCr LDH@BC/AuNPs/Au electrode exposes
that the presence of NiCr LDH, BC, and AuNPs as effective
modifiers of Au electrode results in the acceleration of the
electron transfer rate and providing a larger surface area.
Moreover, the obtained EIS results powerfully approve that
the fabricated NiCr LDH@BC nanocomposite owns good
conductivity which considerably eases electron transfer
more effectively on the surface of an Au-modified electrode.
As clearly depicted in Fig. 3A and B, the acquired outcomes
of the EIS technique are compatible with those of CVs in
which the superlative electrochemical response belongs to
the NiCr LDH@BC/AuNPs/Au electrode. Through dropping
of ss-pDNA on the NiCr LDH@BC/AuNPs/Au electrode,
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an increase in the Rct value has occurred due to the accu-
mulation of more electrostatic repulsive forces between the
electro-negative phosphate group in DNA and the negatively
charged redox species which finally prevents the effective
movement of [Fe(CN)6]3'/4' ions during a redox reaction.
At the final stage, by casting ss-tDNA more increase in Rct
values can be observed with is compatible with CV results.

Optimization steps
Concentration of the modifier agent

This optimization step represented the concentration effect
of the modifier agent in the analytical response intensi-
ties. According to Fig. 4A and B, when the concentra-
tion increases from 1 to 5 mg-mL~! the maximum current
density is achieved in 5 mg-mL~! for the LDH@BC-
incorporated AuNPs/Au electrode along with increasing
the peak current (Al =Iss-pDNA-Iss-tDNA). Thereafter,

a significant decrease in electrochemical responses was
observed in 6 and 7 mg-mL~! of the prepared nanocom-
posite. This is probably because of a thick layer emerg-
ing on the modified gold electrode surface that decreases
sensitivity by blocking the electron transfer pathways and
avoiding reaching the surface of the electrode as well.
Consequently, the appropriate concentration of the fab-
ricated nanocomposite has been improved to 5 mg-mL~".

Volume of the modifier agent

Additionally, optimizing the volume of the modifier agent
is a significant stage because of the effect on the efficiency
of the designed sensing platform. For obtaining this aim,
different quantities of NiCr LDH@BC composite includ-
ing 2-10 pL of the modifier volume (5 mg mL~!) have
been investigated. According to the obtained findings, 6 pL
of the presented mixture on the surface of the Au electrode
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Fig.4 Investigation of the various optimization steps representing
modifier agent. The concentration effect related to the modifier agent
(A). Histogram of the modifier concentration optimization (B). The
volume of modifier agent (C). Histogram of the modifier volume
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optimization step (D). The effect of various pHs (acidic, neutral, and
basic) on the performance of the designed modifier agent (E). Histo-
gram related to the various applied pHs (F)
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has to be the optimum volume. Subsequently, after 8 pL,
a reduction in the electrochemical response may be due to
the modifier agent compression which results in a decrease
in peak currents (Fig. 4C and D).

The effect of applying various pH

At last, the effect of pH at basic, neutral, and acidic media
(pH of 9, 7.4, and 5) was performed to reveal the depend-
ence of pH on the performance of the designed assay. The
outcomes of Fig. 4E and F represented the achievement
of the best electrochemical signal at neutral pH. Acidic
and basic pH can result in the denaturation of proteins
and nucleic acids. The surface charge of biomolecules can
be changed by the change of pH from neutral to acidic
or basic and the changing tertiary or quaternary structure
of biomolecules can be obtained by their intramolecular
bonds, resulting in the ineffectiveness of the interactions
and deformation of active sites. Hence, all experiments
can have a suitable value of the normal physiological pH
of 7.4.

ss-pDNA immobilization time

The ss-pDNA immobilization time contains a significant
effect on the sensitivity of the designed gene-detection plat-
form and better performance of the hybridization process.
In this study, for obtaining the optimal time for the best per-
formance of the designed biosensor, the ss-pDNA immobi-
lization time has been investigated for 1-7 h. According to
Fig. 5A and B, an increase of 1 to 5 h in the immobilization
time can also increase the related peak current. Afterward,
when the immobilization time steadily increases, the elec-
trochemical response decreases as well. Accordingly, 5 h
has been selected for the optimum immobilization time of
ss-pDNA on the surface of the Au-modified electrode.

Hybridization time and temperature

According to Fig. 5C and D, hybridization time can effec-
tively influence the genosensor efficiency. A decrease of 130
to 60 pA has been observed for the electrochemical signal
whereas an increase of 10-50 min has been observed for
the DNA hybridization time. Finally, the best hybridization
time of the designed platform is considered to be 50 min.
Additionally, several temperatures varying from 25 to 55 °C
were used to investigate the impact of the hybridization tem-
perature on the electrochemical responses of the Fe(CN),
3714~ redox probes. According to Fig. 5E and F, an increase
from 25 to 37 °C and then a decrease is obtained for the
signal. Such a decrease can happen because of the instability

of the DNA probe and nucleotide at greater temperatures.
Even though the best biosensor response has been obtained
at 37 °C, other experiments have been performed at ambi-
ent temperature for avoiding the complications of using the
biosensor.

Kinetic investigation

Figure 6 represents the associated voltammograms of
the modified electrodes obtained at various scan rates.
With the help of the CV approach, various scan rates of
10-300 mVs~! are used to examine the kinetic performance
of the designed platform. According to Fig. 6A, a progres-
sive increase in the voltammogram width can be observed
and the anodic and cathodic peaks increase significantly at
higher scan rates. According to Fig. 6B, the linear depend-
ence (R*=0.999) of anodic peak currents with square roots
of scan rates can be observed by the scan rate analysis.
According to the results, the diffusion process can control
the transfer of mass from the inside of the solution to the
electrode surface. Therefore, the following Randles—Sevcik
equation can be used to explain the electrochemical process:

Ip = 2.69 x 10°AD'/?p3/2Cv!/? 1)

In this equation, Ip represents the peak current, A rep-
resents the electroactive surface (cm?), D represents the
molecular diffusion coefficient of solution (cm? s™!), the
electron transfer in the electrochemical reaction is rep-
resented by n, v represents the scan rate (V s_l), and C
represents the concentration of the analyte (mol dm™2).

On another hand, the linear dependence (R*=0.998)
of Ln Ip vs Ln v in the selected scan rate range of
10-300 mV s~! is presented in Fig. 6C. For explaining
the mass transfer mechanism, the slope is represented by
Fig. 6C as 0.5 and the value represents that the electro-
chemical reaction considers being diffusional control.
Consequently, Fig. 6D demonstrates the non-linear pattern
of the dependence of Ip vs v and confirms the non-linear
relation between Ip vs v. Our electrochemical reaction
does not contain an adsorption dependence.

Calculating Au-modified electrode surface area

For calculating the surface area, the designated Ran-
dles—Sevcik (Eq. 1) has been utilized. Ip represents the
anodic peak current, n is equal to 1 which is named the
electron transfer, C, represents the [Fe(CN)6]3_/4_ con-
centration (1 mM), v represents the scan rate, and D
(0.76 x 107 ¢cm? s™!) demonstrates the diffusion coeffi-
cient. According to the slope of Ip (pA) vs. v ¥4 (V2.s7172),
0.081 cm? has been estimated for the surface area of the
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Fig.5 DPVs of ss-pDNA immobilization time (1-7 h) on the sur-
face of the Au electrode (A). Histogram of ss-pDNA immobilization
time (B). Voltammograms of the hybridization process (10-60 min)
(C). Histogram of the various immobilization time of ss-tDNA opti-

Au-modified electrode. According to the CV diagrams
in Fig. 3, the increase in peak currents can be attributed
to the increase in the surface of the modified electrode.
The rest of the electrodes have an increase in surface
area compared to the bare electrode, but the increase in
surface area of the desired electrode is greater than the
others. The order of the electrode surface areas associ-
ated with their CV voltammograms is as follows: NiCr
LDH@BC/AuNPs/Au electrode > NiCr LDH@BC/Au
electrode > NiCr LDH/Au electrode.

Calibration plot and investigation of the analytical
features

When calculating the performance of a DNA-based
genosensing assay, sensitivity is a significant param-
eter. Using the aforementioned optimum conditions,
different concentrations of H. influenzae ss-tDNA are
used to evaluate the genosensor performance. Figure 7
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mization (D). The effect of various temperatures associated with the
hybridization process on the performance of the proposed sensing
assay (E). Related histogram demonstrates the effect of various tem-
peratures (F)

represents the values associated with DPVs of various
ss-tDNA concentrations (0.1 pM, 1 pM, 10 pM, 25 pM,
50 pM, 75 pM, 100 pM, 250 pM, 1 nM). The achieved
outcomes demonstrated that the increase of the ss-tDNA
concentration could decrease the peak current. Because
of the negative charge for DNA and [Fe(CN)6]3_’4_, a
reduction in the current has ensued. Consequently, when
recording the electrochemical signal by Fe(CN)63_/4_, it
is possible to recognize the occurrence or non-occur-
rence of the hybridization process. Considerably, the
logarithm values of DPV peak currents and H. influen-
zae ss-tDNA concentration can present a suitable linear
relation (Fig. 7B). According to the optimal conditions,
R?, LOD, LOQ, linear range (LR), and sensitivity were
equal to 0.9991, 6.14 M, 11 fM, 0.01-1000 pM, and
160.69 pA M~! cm™? respectively. When utilizing the
fabricated genosensing bio-assay, H. influenzae can have
great sensitivity. Furthermore, relative standard devia-
tions (RSD%) of the tests have been obtained at 2.3-3.5.
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Fig.6 CV voltammograms (A) of MoS,/Biochar/AuNPs stabilized
on the gold electrode in the solution of Fe(CN), 344~ and KCl in dif-
ferent scan rates (1, 5, 10, 20, 30, 40, 50, 60, 70, 90, 100, 150, 200,
250, 300 mVs™): 0.01 M [Fe(CN)4]*”*~ and 0.1 M KCl are applied

Selectivity

By applying the mismatch DNA sequences, the selectivity
of the sensing assay has been evaluated. The ss-tDNA of 1,
2, and 3 mismatch sequences have been cast on the modified
electrode surface and incubated at 37 °C for investigating
the selectivity of the engineered bio-assay. Table 1 is used
to observe the associated mismatch sequences. For discrimi-
nating the identical sequences of different ss-tDNAs, the
intended genosensor selectivity has been investigated using
the DPV approach. According to Fig. 8A and B, the achieved
peak current can be lower than other incompatible sequences
because of the effective hybridization of the presented ss-
tDNA. Furthermore, compared to the sequence of mismatch
targets, the obtained results approve the greater selectivity of
the presented platform to distinguish the principal ss-tDNA
hybridization. Somehow, the mismatch 1 electrochemical
signal is smaller than other mismatches and nearer to the
analytical signal of the developed platform for the target

as a supporting electrolyte, ss-pDNA concentration is 1 pM. Plot of
Ip (pA) vs v Y2 (V2.5712) (B), Ln Ip (pA) vs Ln v (mV-s™") (C), Ip
(pA) vs v (m-s.”) (D)

gene. It can be the reason for having similarity between the
sequence of this mismatch and the sequence of associated H.
influenzae. However, in the mismatch sequences of 2 and 3,
electrochemical signals have been increased because of the
aforementioned fact.

Negative control investigation

A negative control has also been studied to approve the
selectivity of our new genosensor. For attaining this goal,
different bacterial species such as Salmonella typhimu-
rium and Shigella dysenteriae bacteria have been utilized
for processing hybridization rather than Haemophilus
influenzae ss-tDNA. According to Fig. 8C, the peak cur-
rent obtained for the H. influenzae sequence ss-tDNA is
lower than the mentioned bacterial sequences regarding
their DPV responses. It is considered another confirma-
tion, which validates the greater selectivity of the pro-
posed assay for H. influenzae.
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Fig.7 Voltammograms of the designed bio-assay in various concen-
trations of the target DNA include 10713-10~° M with 107! intervals
(A). Dependency of peak currents to various concentrations of the
target DNA (B). Linear calibration plot (logarithmic dependency of

peak currents regarding different concentrations of the target DNA
of H. influenzae) (C). E initial= —0.2 V, E end=0.6 V, equilibration
time =0, Estep=0.4974 V, frequency =10 Hz. The error bars repre-
sent the standard deviation of five repeats for each measurement

Table 1 Oligonucleotide sequences of H. influenzae including ss-pDNA, ss-tDNA, mismatch 1, 2, 3), Salmonella typhimurium, and Shigella

Sflexneri

Sequences Oligonucleotide
1 5'-SH-(CH;); AAT TTT CCA ACT TTT TCA CCT GCA T-5' L-fuculokinase ss-pDNA sequence
2 5'-ATG CAG GTG AAA AAG TTG GAA AAT T-5' ss-tDNA sequence
3 5'-ATG GAG GTG AAA AAG TTG GAA AAT T-5' Mismatch 1
4 5'-AGG GAG GTG AAA AAG TTG GAA AAT T-5' Mismatch 2
5 5'-AGG GAG GTG AGA AAG TTG GAA AAT T-5' Mismatch 3
6 5'-CAGCCTGTTAAATGCCCTG-5' Shigella flexneri ss-tDNA

(uidA B-gulucronidase)

7 5'-CCT CGC AAA TCC GCA TCT TCA TGA C-3' Salmonella typhimurium ss-tDNA (ViaB)

Stability, reproducibility, and repeatability

The performance of the electrochemical reactions in the
introduced new genosensor is considered a vital role in the
modified electrode stability (NiCr/BC LDH incorporated
with AuNPs). The investigation of DPV responses in a
solution with [Fe(CN)¢]**~ (0.01 M), in the company of

@ Springer

KCl for 13 days, is used to assess the stability based on the
aforementioned modifier. The obtained voltammograms
of the constructed bio-assay confirm the lack of observa-
tion among the 13 days by the significant alteration and
the electrochemical capability of the genosensing assay is
kept via an 88.85% initial response value (Fig. 9A and B).
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Fig.8 Selectivity of the fabricated genosensor. DPVs of the fabri-
cated gen detection assay in hybridization by ss-tDNA, 1-mismatch
DNA, 2-mismatch, and 3-mismatch DNA (A). The scan rate is
50 mV/s. Related histogram demonstrates the proposed genosensing

On the other hand, the CV technique is used to verify
the cyclic stability of the fabricated bio-assay. Different
cycles such as 1, 5, 10, 20, 40, 60, 80, and 100 are used to
perform this step. According to Fig. 9C, it does no clear
alteration between the first and the 100" cycles. In another
word, the verified cycles are approximately constant. The
achieved consequences represent that the label-free assays
include a sufficient level of inter- and intraday stability.

Additionally, for considering the reproducibility of the
bio-assay, 5 individual electrodes were modified by the
prepared nano-biocomposite for determining 1 pM of the
associated ss-tDNA, and ultimately, the electrochemical
signal was effectively estimated. The RSD of 5 modified
electrodes was equal to 2.6%.

Furthermore, five determinations of 1 pM ss-tDNA, as well
as one modified electrode (NiCr/BC LDH incorporated with
AuNPs), are applied to investigate the repeatability and RSD
was equal to 3.2%. Adequate RSDs value for the proposed
analytical sensing platform for reproducibility and repeatabil-
ity steps confirmed good performance and the applicability of
the designed genosensor in various biological samples.

assay selectivity (B). DPV voltammograms of negative control of the
proposed gene detection assay (C). Histogram of the negative control
investigation step (D)

The performance of the designed genosensor
in urine samples

Spiking various H. influenzae ss-tDNA concentrations in
urine samples is used to examine the applicability of the
designed gene-detection platform in biological samples. The
urine sample of a healthy person is freshly collected, and
separated from the proteins and salts deposited at the bot-
tom of the centrifuge tube by centrifugation for 20 min at
10,000 rpm. It was then diluted 10 times with the desired
buffer without any additional pretreatment and used in vol-
tammetric experiments.

To approve the better performance of the offered gene
detection assay, the mixtures of the ss-tDNA 1:1 (v/v) and
urine sample have been cast on the modified electrode
surface. Then, for determining H. influenzae at different
ss-tDNA concentrations, DPV measurements have been
performed. When the DPV approach is used, the same as
the calibration plot in the absence of urine samples, 1 to
1000 pM was obtained for the LR of urine samples without
any pretreatment. Additionally, 0.9986 was obtained for the
RZ. It was possible to plot the accepting calibration plot for
urine samples and the LR of the applied technique has been
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Fig.9 The investigation of the stability related to the prepared nano-
composite stabilized on the Au electrode in 15 days (A). Histogram
of the different days demonstrating the stability of the offered sens-

unchanged with less than 5% differences. Such a fact con-
firms that no significant impact is provided on the electro-
chemical signal by the matrix of the urine samples.

On another hand, for estimating the feasible accuracy of
the presented genosensor and for examining the effect of
the matrix, the DPV in the prepared urine samples is used
to study the recovery indexes. To getting such an objective,
4 various H. influenzae ss-tDNA concentrations have been
added to the different urine samples. Table 2 represents the
obtained results. The values of 96.6-104% and 2.3-3.4%
were obtained for the recovery indexes and associated RSDs,
respectively. This represents that the developed biosensor
can be used for the determination of the different pathogenic
agents in biological samples with acceptable accuracy.

Comparison of the designed genosensing platform
with other assays

Compared to the former clinical methods and developed
sensing and biosensing assay, the obtained LOD and LOQ
are very small which brings great sensitivity to the engi-
neered gene detection assay because of using BC decorated
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ing assay (B). Voltammograms of the LDH/BC/AuNP nanocomposite
immobilized on the surface of the Au electrode in various cycle num-
bers (C). Histogram representing the various cycle numbers (D)

with the NiCr LDH sheets incorporated with AuNPs sta-
bilized on an Au electrode. A suitable sensing method to
determine the H. influenzae at low concentrations with an
extensive LR represented by the proposed genosensor is
demonstrated by the achieved analytical efficiency. Such a
situation can be attributed to good electron transport by the
developed nanocomposite, the high surface of the modified
electrode to immobilization of the DNA, and the great elec-
trical conductivity. Table 3 demonstrates the high applicabil-
ity of the designed genosensor in comparison with similar
research works in this regard.

Conclusion and future perspectives

For detecting H. influenzae based on the DPV method, a
signal-amplification genosensing-based assay has effectively
been fabricated and a high sensitivity has been represented.
The detection performance can be improved by three sensor
components: First, for enhancing the stability and conductiv-
ity, the NiCr LDH/BC application as the electrode modifier
agent was helpful. Second, employing AuNPs could be a
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Table 2 The electrochemical

. Urine C (Added)/pM C (Found)/pM Recovery Confidence level RSD (%), n=5
performapce of the de§1gned samples index (%)
platform in various urine
samples for highly sensitive 1 5 4.83 96.6 +0.029 2.7
?;f‘;‘)“’“ of H. influenzae 2 10 9.88 98.8 +0.033 23
3 15 15.7 104 +0.046 34
4 20 19.8 99.1 +0.034 29

well-qualified signal amplifier. Most of all, strong coordi-
nation between thiolated DNA and AuNPs through SAM
bounds is used to steadily immobilize more ss-pDNA. This
provides stable electrochemical performance and low LOD.
Then, high specificity and affinity can be afforded for H.
influenzae. Third, to lower LOD, the competitive strategy
was beneficial. All employed compounds have been utilized
for enhancing the surface and increasing the electrochemi-
cal signal and afterward, expanding the electron transfer
rate. According to mentioned characteristics, H. influenzae
can be detected to be 6.14 fM with better sensitivity by the
assay. The assay can also be used for the detection of the
real sample, which suggests expected employment poten-
tiality infeasible applications. According to the achieved
outcomes, it has been confirmed that the sensitive bio-assay
has the potential for being preferably utilized to detect patho-
genic bacteria, especially in real samples like samples of
urine. Compared to the previous platforms, such a method
can assure a quicker and simpler DNA-based genosensor to
distinguish H. influenzae. This genosensing bio-assay will
also confirm an outstanding potential to select ss-tDNA from
1-, 2-, and 3-base mismatched sequences. In addition, our
study demonstrates a discerning sensing device for sensi-
tive recognizing and quantifying H. influenzae in counter
with negative control. Additionally, it was possible to test
the well-fabricated platform for reusability and regenera-
tion steps. Two additional encouraging features of formed
genosensor can be considered as the unique characteristics
of on-time administration of effective treatment to patients
and identifying the infectious agent. Simultaneously, the

current study demonstrates the capability of genosensors for
being used in the recognition of pathogenic bacteria and can
be considered a new method for presenting strong devices
for the recognition of substantial pathogens.
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