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Haemophilus Influenza leads to respiratory infections such as sinusitis, acute otitis media, pneumonia and bron-
chitis. In addition, it causes invasive infections such as cellulite, septic arthritis, and meningitis. Therefore, quick
and sensitive detection of H. influenza is of great importance inmedicalmicrobiology. In this study, a novel DNA-
based bioassay was developed to the monitoring of Haemophilus influenza genome in human plasma samples
using binding of pDNA with cDNA. DNA hybridization strategy was used to investigation of DNAs binding. For
this purpose, silver nanoparticle doped graphene quantum dots inks functionalized by D-penicillamine (Ag
NPs-DPA-GQDs)were synthesized and deposited on the surface of glass carbon electrode (GCE). Also, gold nano-
particles functionalizedwith cysteamine (CysA-AuNPs)were deposited on the surface of the Ag-DPA-GQDsmod-
ified GCE. Afterward, thiolated DNA probe was immobilized on the surface of the modified electrode. DNA
hybridization was monitored using square wave voltammetry (SWV) technique. Engineered genosensor indi-
cated good performance with high specificity and sensitivity for detection of Haemophilus influenza genome.
Under optimal conditions, linear range and low limit of quantitation (LLOQ) were obtained as target concentra-
tions ranging from1 pM–1 ZMand 1 ZM, respectively. The designed biosensor also showedhigh capability of dis-
criminating one-base, two-base and three-base mismatched sequences. Also, the prepared genosensor could be
easily regenerated and reused to evaluate hybridization process.

© 2020 Published by Elsevier B.V.
1. Introduction

The use of electrochemical methods for DNA hybridization was
first proposed by Millan and Mikkelsen [1]. Subsequently, DNA-
based electrochemical biosensors were used to diagnose various
types of infectious diseases such as E. coli infection [2], Vibrio chol-
era, Foodborne disease [3], syphilis [4], Salmonella infection, HIV
Aids [5], leptospirosis [6], Tuberculosis [7], dengue fever [8], and in-
fluenza [9]. Haemophilus influenza, a gram negative coccobacillus
that classifies by producing polysaccharide capsules. Nontypeable
strains do not produce any capsules. Capsulated strains are classified
into 6 serotypes A to F according to the kind of capsular antigen [10].
The capsule provides resistance to the complement system and
phagocytosis, so non-capsulated strains have less invasive attributes
[11]. H. influenza leads to respiratory infections such as sinusitis,
anzadeh),
acute otitis media, pneumonia and bronchitis. In addition, it causes
invasive infections such as cellulite, septic arthritis, and meningitis
[12]. Therefore, quick and sensitive detection of H. influenza is of
great importance in medical microbiology. There are several
methods to diagnose H. influenza, including culture, LAT (latex par-
ticle agglutination), and PCR (Polymerase chain reaction). The cul-
ture and LAT methods are commonly used for the clinical diagnosis
of the virus [13,14]. But, since the H. influenza is a fastidious bacte-
rium, growing it requires complex nutrition. Also, replication of
these viruses is time-consuming and may take several days or
weeks. PRC is more sensitive and specific than previous methods,
but it also has disadvantages [15]. Therefore, due to the disadvan-
tages of old methods such as time-consuming, low specificity and
sensitivity, the need for specialized people, advanced and expensive
equipment, newmethods including biosensors have been developed
for virus detection [16]. Genosensors and immunosensors are com-
monly used to detect infectious diseases [17,18]. In the case of
DNA-based electrochemical sensors, an important analytical param-
eter in the detection of DNA hybridization is the electrochemical
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signal change in the presence and absence of target DNA [19]. There
are various methods such as voltammetry, amperometric, conducto-
metric, and potentiometric to measure the electrochemical signal of
DNA hybridization [20].

In recent years, DNA-based biosensors have been extensively
used for their specificity, high sensitivity, simplicity, low cost
and minimization capability [21]. DNA hybridization is the most im-
portant principle in the preparation of DNA-based electrochemical
biosensors, which includes single-stranded DNA (ssDNA) immobili-
zation on the electrode surface and target DNA detectability for
double-stranded helix formation [22,23]. Because of the simplicity
and direct conversion of the hybridization process to the electrical
signal, electrochemical transducers have received much attention
in the detection of DNA hybridization [24,25]. With the advent of
nanotechnology, different types of nanoparticles and conductive
nano-inks are used to immobilize the thiolated DNA probe owing
to their exceptional properties such as biocompatibility, high surface
area and high adsorption power. On the other hand, Au NPs (gold
nanoparticles), as conductive mediators, are capable of enhancing
the electrical response through electrochemical signal transduction
and can also maintain their biological activity. Hence, Au NPs are
used for DNA probe immobilization on the electrode surface. In
addition, gold is able to form a strong bond with molecules contain-
ing thiols such as cysteamine, mercaptopropionic acid, and
mercaptosuccinic acid [21]. Different types of conductive inks such
as conductive polymers, nanoparticle inks and metallic inks are
employed for the preparation of electrochemical sensors. Silver
nanoparticles due to their high electrical conductivity, optical and
thermal properties lead to differentiation in conductive inks contain-
ing Ag compared to other inks. Zero-dimensional graphene quantum
dot nanocrystals are widely used in electrochemical sensors due to
their lower toxicity, water solubility, cheap and extensive resources,
biocompatibility and chemical inactivity [26–31]. Given the benefits
of graphene quantum dot based nanocomposites in the development
of bio-devices for DNA hybridization monitoring, this work pre-
sented the engineered genosensor using Ag-DPA-GQDs conductive
nano-inks to detection of H. influenza in human plasma samples.
To prepare the desired genosensor, Ag-DPA-GQDs ink was synthe-
sized and deposited on the surface of the GCE. Then, gold nanoparti-
cles functionalized by cysteamine were deposited on the surface of
Ag-DPA-GQDs modified GCE and the ssDNA primer was immobilized
on the surface of the substrate. Finally, DNA hybridization and inter-
action of ssDNA-dsDNA was evaluated by square wave voltammetry
(SWV) technique.

2. Materials and methods

2.1. Chemicals and reagents

Sodium acetate (CH3COONa), D-penicillamine (DPA), hydrogen tet-
rachloroaurate (III) hydrate (HAuCl4.3H2O), citric acid, potassium chlo-
ride (KCl), sodium hydroxide (NaOH), potassium ferrocyanide K4Fe
(CN)6, potassium ferrocyanide K3Fe(CN)6, TB (toluidine blue), DTT
(Dithiotrietol), MCE (mercaptoethanol), and polyvinyl pyrrolidone
(PVP) K-30 were purchased from Sigma-Aldrich (Ontario, Canada).
The oligonucleotide sequences achieved from Takapouzist Co. (Iran)
include:

• Probe single strand DNA(ssDNA): SH-5′-AAT TTT CCA ACT TTT TCA
CCT GCA T-3′

• Complementary target DNA: 5′-ATG CAGGTGAAAAAG TTGGAA AAT
T-3′

• 1-Base mismatched target DNA: 5′-ATG GAG GTG AAA AAG TTG GAA
AAT T-3′

• 2-Base mismatched target DNA: 5′-AGG GAG GTG AAA AAG TTG GAA
AAT T-3′
• 3-Base mismatched target DNA: 5′-AGG GAG GTG AGA AAG TTG GAA
AAT T-3′

Dilution of oligonucleotides was performed using Tris-HCl buffer
(0.1 M, pH~7.4). DTT solution was made ready using 500 mM DTT and
10mM sodium acetate (pH~5.2). TB stock solution (20 μM)was applied
as a redox marker to reveal DNA hybridization. Electrochemical studies
were carried out using supporting electrolyte containing 0.5 mM K4Fe
(CN)6/K3Fe(CN)6 (1:1) and 0.5 mM of KCl.

2.2. Apparatus

PalmSense 4c system (Palm instruments, Utrecht, The Netherlands)
and unexceptional three-electrode (from Metrohm) were applied for
electrochemical studies. Ag/AgCl-Sat'd KCl and platinum wire were ap-
plied as reference and counter electrode, respectively. The GCE (glass
carbon electrode) with 2 mm in diameter (from Azar Electrode Co.,
Urumia, Iran) was also applied as a working electrode. Electrochemical
system was run with PSTrace 5.3 software. Transmission electron mi-
croscopy (TEM) was carried out on a Philips CM30 electron microscope
operated at 200 kV (Adelaide, Australia). Field emission scanning elec-
tron microscope (FE-SEM) (Hitachi-SU8020, Czech) with an operating
voltage of 3 kV was performed to appraise the modified electrode sur-
face and particles morphology. Atomic force microscopic (AFM) image
was obtained on a Multimode 8 force microscope (Bruker, Germany).
The chemical composition of the modified electrodes was investigated
using energy dispersive spectroscopy (EDS). Dynamic light scattering
(DLS) was evaluated using zeta potential instrument Malvern Instru-
ments Ltd. (Zetasizer Ver. 7.11,MAL1032660, England) for size distribu-
tion and zeta potential. Square wave voltammetry (SWV) evaluations
was performed using E pulse = 0.005 V, pulse amplitude = 0.001 V,
and frequency = 10.0 Hz.

2.3. Synthesis

2.3.1. Synthesis of CysA-AuNPs
Briefly, 5 mL of sodium citrate solution (38.8 mM) was added to

50 mL of magnetically stirred and boiled HAuCl4 (0.5 mM). By adding
sodium citrate, color of solution was changed from yellow to wine-red
which stirring is continued until the color is fixed. Afterwards, the cit-
rate capped-Au nanoparticles were functionalized using Cys A and its
morphology was investigated [31].

2.3.2. Synthesis of graphene quantum dots doped by D-penicillamine (DPA-
GQDs)

DPA-GQDs was synthesized using thermal pyrolysis of the mixture
of D-penicillamine and citric acid. For this purpose, D-penicillamine
was first extracted from the capsules using acetone and purified at
room temperature. Then, the mixture obtained by dissolving D-
penicillamine (0.29 g) and citric acid (0.95 g) in water (10 mL) and
transferred to pressurized autoclave vessel. So, the solution was heated
at 200 °C for 2.5 h.

2.3.3. Synthesis of silver nanoparticles deposited on the DPA-GQDs nano-
ink

In order to synthesize the nano-ink, initially 0.6 g of graphite,
0.4 g of PVP K-30, and DPA-GQDs solution were mixed and magnet-
ically stirred. Then, 0.2 M of AgNO3 aqueous solution was added into
the beginning solution and magnetically stirred. Afterwards, the
mixture was incubated at 60 °C. After 12 h, the solution was magnet-
ically stirred at 80 °C. Eventually, 2 M of NaOH solution was added
dropwise to the solution. The outcome solution was centrifuged
(30 min at 8000 rpm) and washed 3 times. In order to synthesize
of hybrid conductive nano-ink, Ag-DPA-GQDs nano-ink were
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dispersed into DI water, ethanol, and ethylene glycol with volume
ratio of 9:9:3 and sonicated for 30 min.

2.4. Analysis of Ag-DPA-GQDs nano-ink conductivity

For this purpose, the conductivity of Ag-DPA-GQDs nano-composite
was first measured using a conductometer (about 290 μs) and then, di-
verse conductive path were drawn on different surfaces including pho-
tographic paper, leaf, and electronic board using synthesized nano-ink.
A dip LED (with a rated voltage of 1.5 V), the various conductive pat-
terns and 1.5 V battery fixed on substrate are presented in Fig. 1 (see
Supporting data for video files). Cathode legs of LEDwere linked to bat-
tery anode and so cathode surface of battery fixed to one side of conduc-
tive pattern. Once the anode leg of LED touched to other side of
conductive pattern, the electronic circuit switched on and the LED was
lighted up. At last, the resistance of conductive patterns was measured
using conventional ohmmeter.

2.5. Construction of the electrochemical genosensor

To prepare the genosensor, GCE was polished to a mirror-like finish
with 0.05 μm alumina slurry (Beuhler, USA) followed by washing thor-
oughly with double distilled water (DW). Then, it was consecutively
sonicated in DW and acetone 1:1 (v/v) and allowed to dry. At the first
Fig. 1. Photographic images of diverse patterns obtaine
step of the electrode modification, the Ag-DPA-GQDs nano-ink was
transferred to the electrochemical cell and electrodeposition was
performed using a cyclic voltammetry (CV) technique with 30 repeti-
tive cycles in the potential range from −1 to 1 V and scan rate of
50 mV/s (Fig. 2A). Subsequently, CysA-Au NPs was electrodeposited
on the surface of the Ag-DPA-GQDs nano-ink modified GCE by
chronoamperometry technique at E = 0.0 V and duration time of
500 s (Fig. 2B). As shown in Fig. 2A, an anodic peak at 0.9 V and a reduc-
tion peak at −0.6 V were appeared to represent the formation of Ag-
DPA-GQDs film on the surface of GCE. The results indicate that the Ag-
DPA-GQDs film is formed by bonding between carbon and amino
groups on the electrode surface.

For the preparation of DNA-based biosensor, pDNA probe com-
bined with DTT and immobilized on the surface of the designed plat-
form. Given that the pDNA has been modified with -SH (thiol)
groups, DTT was used to prevent the formation of inter-molecular
and intra-molecular disulfide bonds between proteins and cysteine
residues and reduce protein disulfide bonds. Since, DTT cannot re-
duce embedded disulfide bonds, so their reduction is sometimes per-
formed in the presence of denaturing agents or high temperatures
[32,33]. In order to, sodium acetate and DTT solution were prepared
and mixed with probe 1:1 (v/v) and preserved at room temperature
for 30 min. Then, the solution was casted to the Ag-DPA-GQD/CysA-
Au NP/GCE surface and incubated at 4 °C for 4 h. After washing the
d by Ag-DPA-GQD nano-ink on different substrate.
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Fig. 2. (A) Repetitive CVs of GCE in the presence of Ag-DPA-GQDs nano-ink (scan rate =
50 mV/s, number of cycle = 30, potential range = −1 to +1 V).
(B) Chronoamperogram of Ag-DPA-GQDs-GCE in the presence of CysA-Au NPs.
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electrode with deionized water, pDNA modified sensor was incu-
bated by MCE (mercaptoethanol) for 30 min at room temperature.
MCE as a biological antioxidant results in blockage of unreacted
sites and significant increase in DNA occupancy in the next step
[34]. Subsequently, the TB (toluidine blue) solution was casted on
the electrode surface to label the DNA probe. TB is basic thiazine
metachromatic dye. Because of its high affinity for acidic tissues
components, dyes tissues containing DNA and RNA. TB can be used
as indicator in the redox systems [9]. The fabrication procedure of
electrochemical genosensor was shown in Scheme 1.

3. Results and discussion

3.1. Characterizations

3.1.1. FE-SEM characterization
The surface morphology of the bulk Ag-DPA-GQDs nano-ink, Ag-

DPA-GQD electrodeposited on GCE, CysA-Au NPs electrodeposited on
Ag-DPA-GQDs/GCE, DNA probe casted on CysA-AuNPs/Ag-DPA-GQDs/
GCE, and cDNA casted on pDNA/CysA-AuNPs/Ag-DPA-GQDs/GCE was
evaluated using high resolution field emission scanning electronmicro-
scope (FE-SEM). The FE-SEM images of the various steps of the
genosensor design and the bulk nano-ink are presented in Fig. 3. As
shown in Fig. 3A, small silver nanoparticles with a uniform spherical
structurewas presented inDPA-GQDs. According to the standard theory
of colloids, the stability of colloids depends on the equilibrium between
the van der Waals interaction and the coulombic repulsion of the
charged particles [35]. Conductivity in the PVP graphitic Ag-DPA-GQDs
nano-ink also changes remarkably due to the anchoring of Ag NPs
onto DPA-GQDs. The FE-SEM images of Ag-DPA-GQDs electrodeposited
on the surface of GCE, demonstrated a regular structure (Fig. 3B). Fig. 3C
shows also the distribution of Ag-DPA-GQDs/CysA-Au NPs on the sur-
face of GCE resulting from the interaction between the amine and
thiol functional groups. These results show that GCE has been success-
fully covered by Ag-DPA-GQDs/CysA-Au NPs film and can be useful for
DNA probe immobilization. Finally, by adding cDNA to the surface of
modified electrode, hybridization was investigated and the results
showed that cDNA was successfully attached to the pDNA. It is impor-
tant to point out that, high distribution of Ag-DPA-GQDs/CysA-Au NPs
on the surface of GCE lead to increment on the dense-loading of
pDNA. Therefore, high amount of pDNA is able to interact with cDNA
which lead to better hybridization and increment of the sensitivity of
the constructed genosensor.

As noticeable in Fig. S1 (see Supporting information), the signals of
the Ag element belong to the nano-ink and Au to the CysA-Au NPs,
while the carbon and nitrogen elements are both to the nano-ink and
to the CysA-Au NPs. Large and sharp peaks from C and N appear due
to the presence of carbon and nitrogen elements in the bulk of nano-
ink. Another reason for the high and sharp carbon peak is due to the
presence of graphite in the nano-ink formulation. The results also
show that the elements C, N, and O overlap. Also, the appearance of O
and P peak in the genosensor indicates the appropriate immobilization
of DNA on the surface.

3.1.2. TEM characterization
The mechanism of Ag-DPA-GQDs nano-composite formation and

evaluation of bonding of Ag and DPA-GQDs nanoparticles onto graphite
sheets was investigated using TEM. TEM images recorded using the
holey carbon grid which are shown in Fig. 4. By adding Ag NPs into
the nano-ink mixture, an abundance of crystalline nuclei immediately
forms. PVP as a protective andmildly reluctant, is immediately absorbed
into the nuclei and prevents merger and aggregation of it.

3.1.3. AFM, FTIR, and DLS characterizations
Characterization of synthesized DPA-GQDs was performed using

AFM, FTIR, and DLS. The AFM images and roughness analysis of GQD
and DPA-GQDs were presented in Fig. S2 (see Supporting information)
and Table 1. Given that, 90% of GQDs show a dark brown and range in
size below 10 nm, which GQDs have a narrow monolayer structure.
Also, synthesized DPA-GQDs has a thickness of 10 nm and contains a
large amount of DPAs which are mainly attached to the edges of the
GQDs.

The FTIR (Fourier transform infrared spectroscopy) results of GQDs
and DPA-GQDs were shown in Fig. S3 (see Supporting information)
which indicated the existence of the SH3 stretching signal and N\\H
stretching signal in DPA-GQDs. In addition, the different type of the
functionalized groups indicates the presence of amine groups such as
-NH2.

DLS analysis of DPA-GQDs shows two-dimensional sheet shape and
low aggregation. Also, the average particle size for DPA-GQDs was
1.11 nm (Fig. S4 (see Supporting information)).

3.2. Electrochemical behavior

DNA hybridization is usually electrochemically detected by different
behavior in the presence or absence of the target cDNA. The rate of hy-
bridization is determined by electrochemical signal after hybridization
with DNA probes tagged with nanoparticles or enzymes and redox
peak current for hybridization indicator or electroactive DNA bases.
Electrochemical behavior of electrodemodification stepswas evaluated
by CV technique in [Fe(CN)6]3−/4− solution. As shown in Fig. 5, bare
GCE, GCE modified with (Ag-DPA-GQDs/GCE), Ag-DPA-GQDs/GCE
modified with CysA/Au NPs (CysA-Au NPs/Ag-DPA-GQDs/GCE), GCE
modified with pDNA (TB/pDNA/CysA-Au NPs/Ag-DPA-GQDs/GCE),
GCE modified with cDNA (cDNA/TB/pDNA/CysA-Au NPs/Ag-DPA-



Scheme 1. The schematic illustration of the CysA-Au NPs modified Ag-DPA-GQDs nano-ink electrochemical genosensor for the detection of Haemophilus influenza.
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GQDs/GCE) have different electrochemical behavior in terms of peak
potential and current. The recorded voltammogram prior to modifica-
tion showed current 50.42 at 0.3 V. After modification using Ag-DPA-
GQDs nano-ink, oxidation peak with current 43.89 at potential 0.7 V
was observed. This indicates that the conductive nano-ink reduces the
electron transfer at the surface. Here, conductive nao-ink provides a
suitable substrate for anchoring CysA-Au NPs. After electrodeposition
of CysA-AuNPs, the peak current decreased to 44.11 μA and peak poten-
tial was 0.5 V. Gold nanoparticles functionalized with cysteamine pro-
vide a good surface for primer immobilization. After immobilization of
the pDNA, no significant change in current is observed but the peak po-
tential is changed to 0.2 V. After biosensor preparation, cDNA is added



Fig. 3. FE-SEM images of (A–B) bulk Ag-DPA-GQDs nano-ink; (C–D)Ag-DPA-GQDs nano-ink deposited GCE; (E–F) CysA-AuNPsmodifiedAg-DPA-GQDsnano-ink deposited on the surface
of GCE (CysA-Au NPs/Ag-DPA-GQDs/GCE); (G to I) pDNA casted on the surface of CysA-Au NPs/Ag-DPA-GQDs/GCE; and (J to M) cDNA casted on the surface of pDNA/CysA-Au NPs/Ag-
DPA-GQDs/GCE.
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and as a result of hybridization, the peak current was reduced to
25.82 μA. This indicates that pDNA has successfully immobilized on
the substrate.

3.3. Effect of scan rate

Scan rate is one of the important parameters in the study of the elec-
trical activity of different platforms. Therefore, the electrochemical be-
havior of the CysA-AuNPs/Ag-DPA-GQDs modified GCE in [Fe(CN)6]3
−/4− solutions in the various scan rates from 2 to 1000mVs−1 was eval-
uated by CV technique (Fig. S5A (see Supporting information)). The lin-
ear relationship between the peak current and the sweep rate in the
range of 150–1000 mVs−1 indicates the mass-transfer was controlled
through diffusion process. Depending of Ip vs v1/2 and ln Ip vs ln v, are
two important factors in evaluating reaction reversibility and whether
the reaction is controlled by adsorption or diffusion. These plots are
presented for the oxidation peak in Figs. S5 (B and C (see Supporting in-
formation)). For irreversible or reversible systems without kinetic
complications, Ip varies linearly with v1/2, interception the origin. Even
though, the plot of Ip on v1/2 demonstrated in Fig. S5C (see Supporting
information) is linear (R2 = 0.9867), it crosses the origin of axes. In
the selected scan rate range from 2 to 1000 mV/s, oxidation peak cur-
rents (Ip) depends linearly on square root of the scan rate (v1/2) and is
explained by the following equation:

Ipa=μA ¼ 65:508 v V=sð Þ0:5 þ 5:2594 R2 ¼ 0:9867
� �

This dependence does not cross the origin (Fig. S5D (see Supporting
information)). This fact can suggest that the electrode process is con-
trolled by diffusion and can be preceded by chemical reaction. On the
other hand, a dependence of ln Ipa to ln v is linear and explained by
the following equation:

Ln Ipa=μA ¼ 0:4457 Ln v V=sð Þ þ 4:2846 R2 ¼ 0:9899
� �



Fig. 4. TEM images of Ag-DPA-GQDs nano-ink in various nano-scales.
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Its slope is 0.4457 and show diffusion-control of the electrode pro-
cess. A slope close to 0.5 and 1 is related to process control with diffu-
sion and adsorption, respectively [36,37].

In irreversible electrochemical reactions, the Epa is independent on v.
Since Epa increases as a result of the increase in v, it can be concluded
that the reaction is irreversible (Fig. S5E (see Supporting information)).
bare GCE

Ag-DPA-GQDs/GCE

CysA-Au NPs /Ag-DPA-GQDs/GCE
3.4. Optimization of TB incubation time

Since the incubation timewith TB is very significant in DNAprobe la-
beling, the best possible time for labeling was obtained by incubation at
2, 5, 7, 10, and 15min using SWV techniques in [Fe(CN)6]3−/4− solution
as supporting electrolyte. As can be seen in Fig. 6, the optimum time for
incubation with TB is 7 min.
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3.5. Optimization of hybridization time

Obtaining the optimum time for hybridization is crucial in evalu-
ating the performance of an engineered genosensor. Hence, different
incubation times were investigated. Thus, 10 μL of cDNA was
immobilized onto the surface of the biosensor and incubated for 10,
20, 30, 40 and 60 min at 37 °C. Then, the SWV technique was used
to obtain the optimum hybridization time. According to the results
Table 1
Roughness analysis of AFM images.

Ra (nm) Window dimensions (micron)

3.37 1 GQD
1.20 5 GQD
1.39 10 GQD
0.352 1 DPA-GQD
0.482 5 DPA-GQD
11.3 10 DPA-GQD
presented in Fig. 7, the optimal time for pDNA hybridization with
cDNA is 30 min.

3.6. Analytical approach

Genosensor sensitivity testing is a critical factor in evaluating the
performance of DNA-based sensors. Therefore, the rate of hybridization
was assessed by incubating different concentrations of cDNAat 37 °C for
30 min. The results of SWV at concentrations of cDNA (10−6, 10−9,
10−12, 10−15, 10−17, and 10−21 M) are presented in Fig. 8. The results
showed that by decreasing the concentration of cDNA, the peak current
-60

-40

-20

-1 -0.5 0 0.5 1
Poten�al/V

Fig. 5. CVs of bare GCE, DPA-GQDs/GCE, CysA-AuNPs/Ag-DPA-GQDs/GCE, TB/pDNA/CysA-
AuNPs/Ag-DPA-GQDs/GCE, and cDNA/TB/pDNA/CysA-Au NPs/Ag-DPA-GQDs/GCE in [Fe
(CN)6]3−/4− (supporting electrolyte). Scan rate is 100 mV/s and potential range is−1 to
+1 V.



Fig. 7. (A) SWVs of the biosensor after incubationwith cDNA in different times (10, 20, 30,
40 and 60 min). Supporting electrolyte; [Fe(CN)6]3−/4−, TB and pDNA concentration is
20 μM and 100 μM, respectively. (B) Histogram of cDNA incubation time. teq = 2,
Ebeing = −1 V, Eend = 1 V, Estep = 0.1 V, Amplitude = 0.001 V, frequency = 10 Hz.Fig. 6. (A) SWVsof the biosensor after incubationwith TB indifferent times (2, 5, 7, 10, and

15min). Supporting electrolyte; [Fe(CN)6]3−/4−, TB and pDNA concentration is 20 μMand
100 μM, respectively. (B) Histogram of TB incubation time. teq = 2, Ebeing =−1 V, Eend =
1 V, Estep = 0.1 V, Amplitude = 0.001 V, frequency = 10 Hz.
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increased. At the optimum conditions, linear range was 1 pM to 1 ZM
and low limit of quantification (LLOQ) was 1 ZM. The results of this
study are compared with other H. influenza detection techniques in
Table 2. The results show that the engineered genosensor provides a
suitable substrate for detecting influenza at low concentrations. Com-
parison of the analytical performance of the proposed genosensor
with the previous reports show that, this biodevice has better sensitivity
than others. Also, there is no need to use of PCR for the pre-treatment of
DNA genome before detection. Also, short time of analysis is another ad-
vantage of this biosensor. On the other hand, LLOQ is lower than other
reports. Based on the results, it can be concluded that this platform
promisingly has the potential to be used in diagnosis of H. Influenza in
clinical samples. The designed biosensor also showed high capability
of discriminating one-base, two-base and three-base mismatched se-
quences. Therefore, a selective biodevice for detection of H. Influenza
in the presence of negative control was prepared in this research. Also,
the prepared genosensor could be easily regenerated and reused to
evaluate hybridization process. There are several methods to diagnose
H. influenza, including culture, LAT (latex particle agglutination), and
PCR (Polymerase chain reaction). The culture and LAT methods are
commonly used for the clinical diagnosis of the virus. But, since the
H. influenza is a fastidious bacterium, growing it requires complex nutri-
tion. Also, replication of these viruses is time-consuming and may take
several days or weeks. PRC is more sensitive and specific than previous
methods, but it also has disadvantages. Therefore, due to the disadvan-
tages of oldmethods such as time-consuming, low specificity and sensi-
tivity, the need for specialized people, advanced and expensive
equipment, new methods including biosensors have been developed
for detection of this virus. Genosensors are alternative and excellent
candidate to detection of this virus based on in-direct detectionmethod
and monitoring of infectious diseases.

3.7. Genosensor selectivity

At this stage, the selectivity of the designed genosensor was evalu-
ated using the mismatch DNA sequences. For this purpose, after prepa-
ration of the biosensor, themismatch sequences (5′-ATG GAG GTG AAA
AAG TTG GAA AAT T-3′, 5′-AGG GAG GTG AAA AAG TTG GAA AAT T-3′,
5′-AGG GAG GTG AGA AAG TTG GAA AAT T-3′) were immobilized on
the surface of biosensor and incubated at 37 °C. Then, selectivity of the
genosensor to detect similar sequences of DNA was investigated by
SWV technique. As can be seen in Fig. S6 (see Supporting information),
the peak current in the case of cDNA sequence (5′-ATG CAG GTG AAA
AAG TTG GAA AAT T-3′) is higher than the other non-complementary
oligonucleotide sequences due to the complete and effective cDNA hy-
bridization. The results show the selectivity and differentiation of the
engineered genosensor for detection of cDNA hybridization in compar-
ison with the mismatch target sequence.

3.8. Reproducibility and stability

Two important factors to study in the performance of the sensor
are stability and reproducibility. Also, the stability of the probe on
the platform surface is significant in the development of DNA-
based biosensors [42]. The pDNA/CysA-AuNPs/Ag-DPA-GQDs repro-
ducibility was assessed by keeping it in refrigerator for 7 consecutive
days and recording SWVs. The electrochemical behavior of the



Fig. 8. (A) SWVs of the engineered genosensor in various concentrations of cDNA include:
10−6, 10−9, 10−12, 10−15, 10−17, 10−21 M in [Fe(CN)6]3−/4−. (B) Calibration curve of the
genosensor. teq = 2, E being = −1 V, Eend = 1 V, Estep = 0.1 V, Amplitude = 0.001 V,
frequency = 10 Hz.
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proposed biosensor in supporting electrolyte indicates that there is a
significant difference between the first day current and the other
days. Therefore, it can be concluded that this sensor performs best
on the first day and its performance decreases day by day (Fig. S7
(see Supporting information)).
3.9. Genosensor response in human plasma samples

Based on the results, engineered genosensor is capable to detec-
tion of H. influenzae in human plasma samples. For this purpose,
the plasma sample was mixed with cDNA 1:1 (v/v) and immobilized
on the surface of pDNA/CysA-AuNPs/Ag-DPA-GQDs/GCE. Therefore,
a SWV technique was used to detect H. Influenzae at different con-
centrations of cDNA in the plasma sample. The results presented in
Fig. S8 (see Supporting information) and show that a decrease in
the concentration of cDNA leads to a decrease in the peak current.
Using SWV technique, the linear range for unprocessed human
plasma without any pretreatment was 1 pM to 1 ZM. In addition,
the low limit of quantification LLOQ was 1 ZM.
Table 2
Analytical figure of merit for detection of Haemophilus influenza.

Detection methods Materials Linea

DNA-based biosensor CTAB/AuNPs 1 μM
Immunosensor RGO 1 to 1
Real-time PCR – 1 to 1
Duplex quantitative PCR – –
Quantitative real-time PCR – –
DNA-based biosensor Ag-DPA-GQDs nano-ink/CysA-Au NPs 1 pM
3.10. Regeneration of the genosensor

Reusability of DNA-based biosensors is essential for continuous
detection of target samples. In this work, DNA-based biosensor re-
generation was investigated by incubation at 60 °C for 5 min. In
this way, after the first hybridization and recording of SWV, this bio-
sensor was incubated at 60 °C and re-hybridization was performed.
So, SWV was recorded. It was observed that the biosensor perfor-
mance in the second hybridization significantly decreased compared
to the first hybridization (Fig. S9 (see Supporting information)). It
seems that the decrease in current is due to the loss of CysA/AuNPs
and thiolated pDNAs on the electrode surface. Therefore, this biosen-
sor has no ability to regeneration and this is a failure for ink-based
biosensors.

4. Conclusion

In summary, a new DNA-based electrochemical biosensor for
rapid and sensitive detection of H. influenza in human plasma sam-
ples was developed. For this purpose, a unique conductive nano-
ink based on silver nanoparticle-D-penicillamine functionalized
grapheme quantum dots (Ag/DPA-GQDs) was synthesized. The mor-
phology of the particles in bulk ink solution was investigated using
TEM and SEM. DPA-GQDs needed for ink production was also identi-
fied after synthesis by variousmethods including AFM, FTIR, and DLS.
The Ag/DPA-GQDs nano-ink was electrodeposited on the surface of
GCE and followed by electrodeposition of CysA/AuNPs. Subse-
quently, the primer was immobilized on the surface of CysA/
AuNPs/Ag/DPA-GQDs/GCE. Finally, the designed genosensor was
used to detection of DNA hybridization. Using SWV technique and
under the optimized conditions, the low limit of quantitation
(LLOQ) for the proposed genosensor was recorded as 1 ZM, which
this evaluation was performed at highly linear range of 1 pM
to 1 ZM. Based on the results, it can be concluded that this
platform promisingly has the potential to be used in diagnosis of
H. Influenzae in clinical samples.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.02.062.
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