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Abstract 

Microsporidia are a large group of obligate intracellular parasites. In this study, a label-free electrochemical genosen-
sor was developed to detect Enterocytozoon bieneusi using specific probe and electrode substrate, Mxene-Ti3C2/
AuNPs/PDA. A 5’ thiol-modified DNA probe, targeting 16S like ribosomal RNA (rRNA) gene of E. bieneusi, was designed. 
The Ti3C2-AuNPs-PDA nanocomposite was synthesized. The surface modification of the screen-printed gold elec-
trodes (SPGE) was characterized by cyclic voltammetry (CV) and differential pulse voltammograms (DPVs) electro-
chemical methods. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), fourier transform 
infrared spectroscopy (FTIR), and energy dispersive X-ray analysis (EDX or EDS) were employed to analyze the nano-
composites. The functional groups of Ti3C2/AuNPs/PDA nanocomposite were characterized using FT-IR spectroscopy. 
The SEM analysis revealed a layered accordion-like architecture of Ti3C2. The TEM image confirmed the deposition 
of composite on the substrates. The EDS mapping showed the elemental content of AuNPs, Ti3C2/AuNPs, and Ti3C2/
AuNPs/PDA. A decrease in the peak of the current values was seen after adding E. bieneusi DNA, confirming forma-
tion of DNA—ssDNA complex. A limit of detection (LoD) of 0.06 pg mL-1 was obtained with a linear detection 
range 0.1–10 4 pg mL-1. The integration of Ti3C2 and AuNPs not only facilitates the effective immobilization of DNA, 
but also improves the overall electron transfer kinetics. In addition, the developed genosensor demonstrated excel-
lent sensitivity and selectivity with a low LoD of 0.06 pg mL-1.
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Introduction
Microsporidia are a group of obligate single-cell, spore-
forming microorganisms containing over 220 genera 
and 1700 species [1, 2], among these at least 15 genera/
species have been identified as human pathogens [3, 
4]. Microsporidia have worldwide distribution, leading 
microsporidiosis in humans, particularly in immune-
deficient individuals [5, 6]. The fecal–oral is the main 
transmission route for this group of pathogens, however, 
consumption of contaminated food and water, zoonotic 
infection, and inhalation of spores have been explained 
as potential transmission routes [7, 8]. Among human-
infecting microsporidia, Enterocytozoon bieneusi is a 
well-described species in clinical settings [9, 10]. Recent 
data has classified microsporidia, particularly E. bieneusi, 
among emerging risk for food- and waterborne outbreaks 
[11]. Alongside with focuses on epidemiology of micro-
sporidia, due to challenges in diagnosis, several methods 
have been developed to increase the accuracy of detec-
tion. Due to the need for a well-trained microscopist, 
false results are the main challenge in laboratories.

Due to the limitations of conventional parasitological 
methods, molecular approaches have been developed. 
Although molecular techniques may exhibit reduced 
sensitivity in light infections, they are primary tools for 
detection of E. bieneusi. To overcome limitations of the 
current molecular methods, new nucleic acid-based tech-
nologies such as Clustered Regularly Interspaced Short 
Palindromic Repeats (CRISPR) have been developed. 
However, several challenges including the cross-reactiv-
ity, sample complexity, and the presence of inhibitors can 
compromise the efficacy of molecular techniques, par-
ticularly in real samples. Therefore, developing of a high 
specific, user-friendly, and cost-effective system with 
rapid processing is essential [12, 13].

Biosensors represent a promising alternative for the 
screening and diagnosis of parasite infectious [14]. A 
typical biosensor system comprises three key com-
ponents: (1) a bioreceptor (e.g., enzyme, antibody, 
cell, nucleic acid, aptamer) serving as the sensing ele-
ment, (2) a transducer (e.g., semi-conducting material/
nanomaterial), and (3) an electronic system for sig-
nal amplification [15]. Biosensors are broadly classi-
fied into electrochemical, electrical, optical, and mass 
based methods [16]. The electrochemical biosensors 
have been successfully developed for rapid detec-
tion of intestinal pathogenic microorganisms [17–19]. 
The incorporation of significant properties of electro-
chemical platforms with the high selectivity of nucleic 
acid approaches has resulted in development of DNA-
based specific biosensing systems for detection of dif-
ferent agents [20]. Over the past decade, various signal 
amplification strategies have been employed to improve 

the sensitivity, signal-to-noise (S/N) ratio, and limit of 
detection (LoD) in electrochemical systems [21, 22]. 
Conducting polymers are widely used in designing and 
fabrication of biosensing systems [23–25]. Recently, 
poly dopamine (PDA) nanofilms have been generally 
utilized for the substrate modification [26, 27]. Due to 
the abundant catechol and amine groups, PDA facili-
tates immobilization of nanomaterials onto the surface 
of electrode, while introducing functional groups [28–
30]. Furthermore, integrating two dimensional (2D) 
materials and nanoparticles with PDA has been sug-
gested to improve the selectivity, sensitivity, and LoD of 
electrochemical biosensors [31].

Gold nanoparticles (AuNPs) have been widely utilized 
in electrochemical molecular diagnostics over the past 
two decades, due to their electrochemical characteristics 
[32–34]. Among various 2D materials, transition metal–
carbon/nitrides, particularly Ti3C2 (MXene) nanosheets, 
have gained significant research interest owing to their 
excellent electrical conductivity, biocompatibility, ther-
mal stability, as well as unique surface properties [35–37]. 
These outstanding features render MXene nanosheets 
highly suitable for developing sensitive electrochemical 
biosensors [38–40]. Moreover, inherent biodegradabil-
ity and biocompatibility of MXene, make them promis-
ing candidates for clinical applications including drug 
delivery, tissue engineering, and biosensing systems, 
without eliciting adverse reactions [41–43]. Since the 
mussel-inspired adhesive protein properties [44], PDA 
has received extensive attention as multifunctional coat-
ing, due to its self-polymerization and spontaneous 
deposition on the surface of almost any materials under 
alkaline conditions to form a designable and flexible layer 
[45, 46]. Moreover, PDA exhibits versatile chemical reac-
tivity during secondary reactions [45]. For instance, it can 
bind to metal ions and form a metal coating, due to the 
binding ability of catechol in PDA. This universal coating 
capability allows PDA functionalized diverse materials, 
such as polymers, metals, and ceramics. This polymer-
ized layer, which is rich in catechol groups, allows easy 
immobilization of primary amine or thiol-based biomol-
ecules through dipping [47, 48].

The current electrochemical biosensor operates on the 
principle that hybridization between target DNA and the 
immobilized probe impedes electron transfer, resulting in 
a measurable current decrease that correlates with DNA 
concentration, while maintain stable baseline current. 
The current study aimed to develop a label-free elec-
trochemical DNA biosensor for specific detection of E. 
bieneusi DNA in clinical and environmental samples by 
immobilizing oligonucleotide probe as bioreceptor mol-
ecule, while Ti3C2/AuNPs/PDA nanocomposite film was 
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considered as a conducting substrate to improve the elec-
tron transfer reaction.

Experimental parts
Materials and instruments
Gold (III) chloride trihydrate (HAuCl4•3H2O), dopamine 
hydrochloride (DA HCl: (HO) 2C6H3CH2CH2NH2.
HCl, hydrochloric acid (HF), 2-mercaptoethanol 
(2-ME), sodium chloride (NaCl), potassium ferrocya-
nide (K4[Fe(CN)6]), and tris (2-carboxyethyl) phosphine) 
(TCEP), Tris (tris- (hydroxymethyl) aminomethane) 
(AlfaAesar) buffer (pH = 8.5, 7.0, 10.0), ammonium per-
sulfate (AlfaAesar), sodium percarbonate potassium 
hexacyanoferrate- (III; 99%), and potassium hexacyano-
ferrate (II) (98.5 − 102%) were all purchased from Sigma-
Aldrich, USA.

Monosodium phosphate (NaH2PO4), and disodium 
phosphate (Na2HPO4) were obtained from Merck (Darm-
stadt, Germany). All solutions were prepared using dis-
tilled deionized (DD) water (Purity, Prema, Taiwan). The 
screen-printed gold electrodes (SPGEs: 3.4 cm length 
× 1.0 cm width × 0.05 cm height) were purchased from 
Drop Sens (Spain) (www.​drops​ens.​com/​en/​screen_​print​
ed_​elect​rodes_​pag). Electrochemical experiments were 
carried out using a potentiostat/galvanostat μStat 400, 
along with the DropView software package provided by 
DropSens, Spain (www.​drops​ens.​com/​en/​poten​tiost​ats_​
pag/). Scanning electron microscope (SEM) images were 
acquired using a VEGA3-LMU (TESCAN, USA) (www.​
tescan.​com/​en-​us/​techn​ology/​sem/​vega3). Field emis-
sion scanning electron microscopy (FE-SEM) imaging 
and energy dispersive spectroscopy (EDS) analyses were 
performed with a MIRA3-XMU FE-SEM (TESCAN, 
USA) (www.​tescan.​com/​en-​us/​techn​ology/​sem/​mira3).

Oligonucleotides
For designing a 5’thiol-modified DNA probe, a single 
primer, targeting small subunit (SSU) rRNA gene was 
employed to specifically amplify E. bieneusi [11]. The 
5’thiol-modification was done to facilitate interaction 
between the probe with AuNPs on the substrate. To eval-
uate specificity of selected probe, a couple of mismatches 
were applied through the probe sequence. Probes were 
constructed by Bioneer corporation (South Korea) 
(Table 1).

Synthesis of Ti3C2
The MXene was synthesized through etching bulk 
Ti3AlC2 [49], according to a modified version of a pre-
viously described method [50]. For this purpose, 1 gr of 
Ti3AlC2 powder was dissolved in 20 mL of 30% hydro-
fluoric acid (HF) with stirring at 25 °C for 12 h. Upon 
three times washing the product by deionized water (DI 

water), it was centrifuged at 8000 rpm. Then, the sample 
was dried at 65 °C in a vacuum oven [50].

Preparation of Ti3C2/AuNPs
Our prior study demonstrated that reducing tetrachloro-
auric acid (HAuCl4) with trisodium citrate (Na3C6H5O7) 
yielded 20 nm AuNPs [51, 52]. In this regard, a solu-
tion of 1% Na3C6H5O7 was added to 100 ml of boiling 
HAuCl4 (0.01% [w/v]), while it was constantly stirred. 
After ~ 8 min, when the solution had turned from yel-
low to wine red, it was cooled down to the 25°C. Con-
centrated sodium hydroxide (NaOH) was used to adjust 
the pH to 8.5, and then 0.01% (w/v) sodium azide (NaN3) 
was added. Afterward, the resulting AuNPs solution 
was placed in a dark glass container and kept at 4ºC for 
subsequent use. The AuNPs (0.3 mg/μL) were added 
into the Ti3C2 nano-sheets (1 mg/mL) by adding 5 mL 
of this solution to 1 mg of Ti3C2, while stirring at 25 °C 
[53]. Once the Ti3C2/AuNPs nanocomposites were syn-
thesized, they were collected by centrifuging them, three 
times at 10,000 rpm with DI water, before being dried in 
a vacuum oven [54].

Synthesis of Ti3C2/AuNPs/PDA nanocomposite
First, the preparation of a 0.5 mg/mL DA solution was 
performed through dissolving 0.5 mg of DA hydrochlo-
ride powder in 1 mL of Tris buffer (10 mM, pH 8.5) [55]. 
Afterward, 40μL of the produced Ti3C2/AuNPs was 
added into the DA solution, and the mixture was stirred 
for 2 h at 25°C. Then, the mixture was centrifuged at 
10,000 rpm for 10 min to remove any remaining impu-
rities before being suspended in 1 mL of DI water. The 
reaction mixture was separated by centrifugation at 
10,000 rpm for 10 min, followed by three washes in DI 
water and re-dispersing in 1 mL of DI water [56, 57]. To 
further confirmation of the presence of Ti3C2/AuNPs/
PDA on synthetized nanocomposite, the SEM, transmis-
sion electron microscopy (TEM), fourier transform infra-
red spectroscopy (FTIR) and EDS analyses were carried 
out (Fig. 1).

Table 1  The designed probes and mismatch nucleotides in 
probe sequences

The bold letter indicates mismatch

Probes Sequences

Main 5’-(SH) GGT​AAT​TTG​GTC​TCT​GTG​TG-3’

Mismach-1 5’-(SH) GGT​AAT​TTG​TTCT​CTG​TGTG −3’

Mismach-2 5’—(SH) GGT​AAT​TTG​GTC​TCTGT​TTG-3’

Mismach-3 5’-(SH) TGTA​ATT​TGG​TCT​CTG​TGT​G-3’

http://www.dropsens.com/en/screen_printed_electrodes_pag
http://www.dropsens.com/en/screen_printed_electrodes_pag
http://www.dropsens.com/en/potentiostats_pag/
http://www.dropsens.com/en/potentiostats_pag/
http://www.tescan.com/en-us/technology/sem/vega3
http://www.tescan.com/en-us/technology/sem/vega3
http://www.tescan.com/en-us/technology/sem/mira3
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Brief overview of nanocomposite fabrication
The AuNPs (0.3 mg/μL) were added into the Ti3C2 nano-
sheets (1mg/mL) by adding 5 mL of this solution to 1 mg 
of Ti3C2, while stirring at 25°C. Then, 0.5 mg/mL of DA 
solution was prepared by dissolving 0.5 mg of DA-HCl 
powder in 1 mL of Tris buffer (10 mM, pH 8.5). After 
preparation of the working electrode, 10μL of the syn-
thesized Ti3C2/AuNPs/PDA nanocomposite (25 μg/μL) 
was dropped on SPGEs and allowed to dry at 25°C. After-
ward, 4μL of thiolated probe (400 pmol of oligonucleo-
tide in immobilization buffer) was added and incubated 
at 4 °C for 12 h using 1 μL of 5μM of a reducing agent, tris 
(2-carboxyethyl) phosphine (TCEP). After washing with 
PBS buffer (0.01 M), 5 μL of 2-ME (0.2 mM) was added 
to each modified electrode. Before electrochemical meas-
urement, 3% bovine serum albumin (BSA) was added 
to electrodes and incubated for half an hour. Finally, the 

hybridization process was performed by adding 5μl of E. 
bieneusi DNA (4ng/ml) in 20μL of DNA hybridization 
buffer (10 mM Tris–HCL, 30 mM MgCl2, 1 mM EDTA, 
as well as 50 mM NaCl) to each of the probe-modified 
electrodes. Following a 45 min incubation at 37 °C, Tris 
buffer was used to wash the electrodes. The electrodes 
were then subjected to electrochemical analysis using 
DPVs and CV with scan rate of 50 mV/s, while the poten-
tial range of CV was + 0.2 to + 0.8 V (Fig. 2).

Electrode modification
The SPGEs had a gold working electrode with a disk (2 
mm in radius), a silver pseudo-reference electrode, and 
a carbon counter electrode, while it was 1 cm in width, 
3.4 cm in length, as well as 0.05 cm in height [58]. After 
preparation of working electrode, 10 μL of the as-syn-
thesized Ti3C2/AuNPs/PDA nanocomposite (25μg/μl) 

Fig. 1  Synthesis procedures of Ti3C2/AuNPs/PDA nanocomposite. The process begins with the reduction of tetrachloroauric acid (HAuCl4) using 
trisodium citrate (Na3C6H5O7) to produce AuNPs

Fig. 2  Schematic presentation of electrochemical recognition strategy for detection of E. bieneusi DNA
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was dropped on SPGEs and allowed to dry at 25°C. The 
disulfide bonds in 4μL of thiolated probe (400 pmol of 
oligonucleotide in immobilization buffer) were reduced 
after being incubated at 4 °C for 12 h using 1 μL of 5 μM 
of a reducing agent TCEP [59]. An immobilization buffer 
(10 mM Tris–HCL, 1  mM TCEP, 1  mM EDTA, as well 
as 50 mM NaCl, pH: 7.4) was a solution used to facilitate 
the attachment of biomolecules (e.g., nucleic acids, pro-
teins) to a surface. This process is essential for the func-
tion of genosensors, which are designed to detect specific 
sequences of nucleic acids. Then, by employing the cova-
lent bond of Au-sulfur, the thiol capture probe, which 
had been treated with TCEP, was immobilized on the sur-
face of the Ti3C2/AuNPs/PDA modified electrode. After 
washing with PBS buffer (0.01 M), 5μl of 0.2 mM 2-ME 
was added on each modified electrode. Accordingly, the 
unreacted probe sites backfill with 2-ME. Finally, before 
performing electrochemical measurements, the 3% BSA 
was employed and incubated for 30 min. Finally, the sur-
face of electrode was washed three times using ultrapure 
water [51, 60].

Hybridization process
To improve the sensitivity of DNA biosensors, it was cru-
cial to immobilize the DNA probe, while preserving its 
natural affinity for the target DNA. Various techniques 
including adsorption, covalent bonding, microencapsu-
lation, entrapment, and avidin–biotin interactions have 
been described for attaching DNA probes to electrode 
surfaces [20]. In this study the covalent immobilization 
process was included the creation of disulfide bonds 
between the enzyme’s thiol groups and the disulfide 
oxide structures on the supports. The electron displace-
ment surrounds the two sulfur atoms in disulfide oxides 
contributes to their high sulfur reactivity [61, 62]. Ini-
tially, the hybridization process was performed by mix-
ing E. bieneusi DNA with DNA hybridization buffer. For 
the quantification of E. bieneusi DNA, 4 ng of E. bieneusi 
DNA (16 ng/mL) was prepared in 20μl of DNA hybridi-
zation buffer (10 mM Tris–HCL, 30 mM MgCl2, 1 mM 
EDTA, as well as 50 mM NaCl, pH: 8.0) [59]. Afterwards, 
5μl of prepared DNA hybridization buffer was added to 
each of the probe-modified electrode. Following a 45-min 
incubation at 37 °C, the Tris buffer was used to wash the 
electrodes, and they were subjected to electrochemi-
cal analysis (DPV) [63]. For the detection of E. bieneusi 
DNA, various concentrations of E. bieneusi DNA range 
from 0.1–10 4 pg/mL, (0.1 pg, 0.5 pg, 10 pg, 50 pg, 100 
pg, 500 pg, 1000 pg, 10000 pg/ml), were dropped onto 
the modified electrode and incubated at 37 °C for 45 min. 
Afterwards, the electrode was washed with PBS buffer 
and deionized water. The electrochemical signal was 
recorded via DPV, at the potential range of + 0.2 to + 0.8 

V, the frequency of 15 Hz, and the amplitude of 0.05V 
using 5.0 mM [Fe(CN)6]−3/−4 containing 0.1 M KCl.

Electrochemical measurements
Using a [Fe(CN)6]3/4 solution, which contained 0.1M KCl 
as the redox-coupled probe, CV was used for the funda-
mental investigation of the electrode modification. More-
over, DPV was employed to assess how well the biosensor 
works. Experiments with CV and DPV were conducted 
using a scan rate of 50 mV/s as well as a potential range of 
+ 0.2 to + 0.8 V, pulse amplitude of 0.05V, and pulse dura-
tion of 20ms [63]. Additionally, three different mismatch 
probe sequences were used to test the selectivity of the 
developed biosensor (Table 1). After 15 weeks of preser-
vation at 4 °C, the modified electrodes’stability was com-
pared to that of newly manufactured ones. Furthermore, 
the sensing procedure’s reproducibility was evaluated by 
measuring two different concentrations in separate tests.

The LoD determination and specificity analysis
In order to calculate LoD of E. bieneusi, a series of stand-
ard solutions with different concentrations of the tar-
get analyte was prepared. The standard solution was 
measured using the established analytical method. In 
this regard, eight serial dilutions were prepared for a E. 
bieneusi-positive DNA sample by log−10, and the peak 
current or response for each concentration was then 
recorded. This data was plotted to generate a calibration 
curve. The calibration curve was analyzed to determine 
the linear range and the point at which the response 
begins to plateau or deviate. We calculated the standard 
deviation (SD) of the blank (i.e., the response when no 
analyte is present) over three repeats. The linear regres-
sion analysis was used to derive the equation of the line. 
The LoD was then calculated based on the previously 
published formula [64, 65]: 3SD/m, where the mean and 
SD are derived from replicate measurements of blank 
samples, and m is the slope of the calibration curve.

Results and discussion
Characterization of Ti3C2/AuNPs/PDA nanocomposite
The morphological criteria of the modified electrodes by 
Ti3C2/AuNPs/PDA nanocomposite were characterized 
using SEM. The SEM analysis revealed the layered accor-
dion-like architecture of Ti3C2 and transparent nano-
flakes stacked on each layer of Ti3C2 nanosheets (Fig. 3), 
as reported elsewhere [66]. After the immobilization of 
AuNPs on Ti3C2, the spherical morphology of AuNPs 
on Ti3C2 nanosheets was seen on the surface of SPGEs, 
including arrays of nanoparticles with 40–100 nm at high 
magnification. The SEM images of the Ti3C2/AuNPs/
PDA nanocomposite structure showed that in addition 
to the presence of Ti3C2 nanosheets, AuNPs and PDA 
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shapes were observed among the sheets [67]. The TEM 
image confirmed deposition of composite-coated on sub-
strates, in which Ti3C2 with HF and AuNPs were synthe-
sized and well homogenized with the polymer, and were 
suitable for modifying the electrode surface (Fig. 4).

Available data has suggested Ti3C2-based composites 
as great materials for electrode modification and effective 
immobilization of biomolecule in electrochemical bio-
sensor [68, 69]. In recent years, Ti3C2/AuNP composites 
have received rapid development by incorporating the 
advantageous of Ti3C2 and AuNPs to employ in electri-
cal biosensor [70–77].

In the current study, the EDS mapping analysis 
revealed that the common elements in synthesized 
nanocomposite were: C, Ti, O, and F, and the constitu-
ent elements of Ti3C2 included C, Ti, O, F, AL, S. In 
addition, the EDS analysis showed the presence of the 
gold elements (Au, Si, S, C), which confirmed combi-
nation of the gold nanoparticles with AuNPs. As well, 
beside the constituent elements of AuNPs with Ti3C2, 
the essential elements of DA such as Cl, Na, Mg were 
observed. Due to the presence of DA elements along 
with AuNPs/Ti3C2 components, the synthesis of 

Fig. 3  The SEM images of A Ti3C2 nanosheets with accordion-like shape, possessing the unique layered structure with exfoliated sheets 
smooth surface, B AuNPs nanoparticles, displaying a generally spherical shape, C AuNPs between and at the edges of the Ti3C2 layers, 
increasing the interlayer spacing due to decoration of AuNPs between the Ti3C2 nanosheets, and D Ti3C2/AuNPs/PDA added on SPGE, showing 
that Ti3C2-MXene nanosheets were evenly covered with spherical PDA and AuNPs, while the ordered layer structure of Ti3C2-MXene was still 
retained. Upon combining with AuNPs/PDA, the surface of Ti3C2-MXene was became notably rough, with some AuNPs and PDA particles covering 
the surface of Ti3C2-MXene
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Ti3C2/AuNPs/PDA nanocomposites was confirmed 
(Fig. 5).

The FT-IR spectroscopy showed that the functional 
groups of Ti3C2/AuNPs/PDA nanocomposite at the 
peaks around 3723 and 3300 cm−1 were related to 
hydroxyl groups that can be observed in all samples, 
while the functional groups C = O were observed at 
peak 1709 cm−1 and 1525 (Fig. 5E). The peaks of 1322 
and 1372 cm−1 were related to the O–H bond, while the 
572 cm−1 and 883 cm−1 were related to the vibrations 
of the oxygen group. All the peaks of Ti3C2/AuNPs 
were observed in the Ti3C2/AuNPs/PDA nanocom-
posite spectra. The IR absorption spectra of Ti3C2/
AuNPs showed three broad peaks corresponding to 
vibrational bands at 3400–3800, 1661, and 1221 cm−1. 
These were assigned to the adsorbed OH/H2O on the 
NPs surface, because these bands were not observed 
alone in the Ti3C2 nanosheets. In contrast, vibrational 
bands at 450–780 cm−1 were observed alone in Ti3C2 
nanosheets. According to the IR absorption spectra, 
the peaks in the range of 500 to 1000 cm−1 were seen 
in Ti3C2 (blue peak) [78], but these peaks were reduced 
when combined with nanoparticle (green peak). Also, 
there was a decrease in the peaks related to nano-
composite (red peak) compared to other cases. These 
results showed a successful combination and deposi-
tion of components on electrode, while significant dif-
ferences for each stage of coating was observed. The 
vibrations around 2900 cm⁻1 in the Ti3C2 were also 
seen in the nanocomposite, while the vibrations around 
500 cm⁻1 in the nanocomposite (red peak) were com-
pletely diminished.

Decomposition of polymer to Ti3C2/AuNPs was 
led to decrease in the amount of vibration, which was 
observed in the red color curve. Most of the bond-
ing groups in the Ti3C2/AuNPs/PDA composite were 
related to oxygen and hydroxyl.

Characterization of modified electrodes
Electrochemical method
Until now, a couple of electrochemical biosensors have 
been developed for parasitic diseases (Table  2). In this 
study we evaluated Ti3C2/AuNPs/PDA nanocomposite 
for the first time to modify electrode surface and increase 
sensitivity of the system.

In order to characterize the surface of modified elec-
trode, the CV and DPV electrochemical methods were 
applied. The CV curves obtained from the steps of 
modifications of SPGEs in a mixture solution of 5 mM 
[Fe(CN)6]3/4containing 0.1 M KCl have been observed 
(Fig.  6). As shown, when the surface of electrode was 
modified by the assembly AuNPs/Ti3C2, the peak cur-
rent was increased due to the high conductivity and 
electron swift of AuNPs and Ti3C2, which improved the 
electrochemical features, owing to its large and electro-
active surface area properties and great electrical con-
ductivity (green peak) compared to the bare electrode 
(pink curve). It has been proven that the accordion-like 
nanoflake structure and the abundant surface functional 
groups of Ti3C2 offer a spacious surface for the loading 
of enzymes and nucleic acids, facilitating improved tar-
get detection [67]. The Ti3C2 amplified the current on 
the surface of the electrode, due to functional groups 
such as oxygen and fluorine. The Ti3C2 was significantly 
contributed to the electrochemical performance through 
their unique properties, including high conductivity and 
extensive surface area. The thiol-Au binding enhanced 
this performance by promoting efficient electron transfer 
and improving stability. This combination maximizes the 
electrochemical capabilities of Ti3C2 [66, 67]. The attach-
ment of thiolated probe with AuNPs was due to the pres-
ence of the thiol group, which enhanced conductivity. 
Therefore, when Ti3C2 was used alone without AuNPs, 
a decrease in the sensitivity and conductivity of the bio-
sensor system was seen (dark blue). Moreover, it was 
seen that the increased current peak of composite (red 

Fig. 4  The TEM image of nanocomposites of A Ti3C2/AuNPs/PDA; The labeled darker spots loading on the Ti3C2/AuNPs layers were PDA. B Ti3C2/
AuNPs; The plentiful dark dots on Ti3C2 surface were Au nanoparticles, and C) Ti3C2; the layered structure was clearly found with unique 2D 
structure, while the sample consisted of few-layer flakes
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peak) was attributed to the large surface area and elec-
tric conductivity of nanocomposite [37]. The increased 
current intensity indicated excellent electrical conduc-
tivity between nanocomposite and the negative charge 
of [Fe(CN)6]3/4. Upon the thiolated probe ssDNA was 
immobilized on modified electrode (AuNP/Ti3C2/PDA/
Probe), the signal current was decreased in present of 
the [Fe(CN)6]3/4 (light blue peak). This result was due to 
the negative charge of thiolated-ssDNA and [Fe(CN)6]3/4, 

which caused electrostatic repulsion between probe and 
substrate [20]. In addition, the electron transfer was 
blocked due to the hybridization of DNA and the elec-
trode [82]. The electrode surface, covered by thiolated-
ssDNA, decreased electron transfer and prevented the 
transfer of redox molecules to electrodes surface. The 
decrease in the peak current values by the addition of 
E. bieneusi DNA might be attributed to the formation 
of DNA—ssDNA complex that increased the resistance 

Fig. 5  Elemental mapping, EDS spectrum, and quantitative analysis of elemental composition of Ti3C2/AuNPs/PDA nanocomposite. A Ti3C2/
AuNPs/PDA nanocomposite, B Ti3C2, C Ti3C2/AuNPs, D AuNPs, and E FT-IR spectrum of Ti3C2/AuNPs/PDA nanocomposite. Sample 1: Ti3C2/AuNPs/
PDA nanocomposite, Sample 2: Ti3C2/AuNPs, Sample 3: AuNPs, and Sample 4: Ti3C2
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to [Fe(CN)6] 3−/4 molecules to cross through this com-
plex, and decreased the number of its molecules, which 
reacted with the electrode surface. Figure  7 illustrates 
the CV curve obtained from the bare electrode and dif-
ferent modified SPGEs in presence of 1 mM [Fe(CN)6]3/4 
(Fig.  7). The CV curve showed that upon adding target 
DNA (100 ng/ml), the peak current was declined due to 
proper hybridization between the probe and target DNA 
(Fig. 6).

In CV analysis, along with the increase in DNA concen-
tration from 0.1 pg/ml to 10 ng/ml (0.1 pg, 0.5 pg, 10 pg, 
50 pg, 100 pg, 500 pg, 1000 pg, 10000 pg/mL), the DPV 
responses of [Fe(CN)6] 3−/4 oxidation indicated decrease 
in the current intensity, which was related to the block-
ing of the electrode surface by the DNA concentrations 
on the modified electrode. This finding suggested that the 
intensity current was directly related to the amount of the 
target DNA concentration in the sample. Accordingly, 
the highest concentration of target DNA was exhibited 
lowest current (Fig. 7A).

A logarithmic correlation between the changes in the 
DPV peak currents (ΔIs) and E. bieneusi DNA concen-
tration was seen. The linear relationship between the 
changes in the DPV peak currents ΔI (µA) and log (E. 
bieneusi DNA concentration) (pg/mL) in the DNA con-
centrations ranged from 0.1 to 10 4 pg/mL, 0.1 pg, 0.5 
pg, 10 pg, 50 pg, 100 pg, 500 pg, 1000 pg, 10000 pg/mL 
with a linear regression equation of y = 5.2689x + 7.688, 
ΔI (µA) = 5.2689 log (concentration) (pg/mL) + 7.688 
and correlation coefficient of 0.991 (Fig.  7B) [83]. As 
shown in Fig. 7C, there was a significant decrease in the 

corresponding peak current with increasing E. bieneusi 
DNA concentrations.

The LOD was calculated by this formulation; 3 SD/m, 
SD is the standard deviation of blank signal (peak current 
in the absence of DNA), and m is the slope of the regres-
sion equation (y = 5.2689x + 7.688) with a limit of detec-
tion of 0.06 pg/mL for DNA detection.

Optimization of AuNPs/Ti3C2/PDA composite 
concentration on the SPGE
To optimize nanocomposite on electrode, the concen-
trates 25, 50, 75, 100 (µg/mL) were prepared and electro-
chemical characteristic (CV mode) was obtained using 
10 µL from each concentration with Ferricyanide [Fe 
(CN)6] 3−/4 0.1 M, as an oxidant agent on the surface of 
electrodes. The current was directly proportional to the 
concentration of the composite, resulting in an increase 
in current along with an increase in the electrode surface 
due to elevated charge density on the electrode surface. 
The analysis of the findings indicated that the ideal con-
centration of the composite was 25 µg/mL. Therefore, the 
optimized concentration was assigned and 10 µL (25 µg/
mL) of nanocomposite was dropped on each electrode 
and incubated at 25 °C (Fig.  8A). In order to optimize 
the probes concentration on modified SPGE, different 
amounts of probe (2, 4, 6, µM/mL per electrode) were 
employed. The results demonstrated that increasing the 
amount of probe concentration was led to an enhance-
ment in the current signal intensity; however, due to the 
low intensity variation between 4 and 6 µM/mL, 4 µM/
mL was chosen as the optimal amount for this assay. 
The current signal was increased by enhancing the con-
centration of the probe and reach to a plateau at 6 mL 
concentration. Accordingly, a saturation of the modi-
fied electrode surface with probe occurred at 4 µM/mL 
of probe and this concentration could be regarded as the 
optimum probe concentration. Subsequently, 5 µL from 
4 µM/mL of probe was coated onto AuNPs/Ti3C2/PDA 
modified electrodes, which were incubated for 12 h at 
4 °C (Fig. 8B).

Selectivity, reproducibility, and stability of the AuNPs/
Ti3C2/PDA composite
Reproducibility and stability are critical characteristics 
for a biosensor in real applications.

Selectivity
In this study, to evaluate the selectivity of the current 
biosensor, we repeated the test with different parasite 
as non-specific DNA, including Giardia lamblia (1ng/
mL) as a protozoan and Trichostrongylus sp. (1ng/mL) 
as a helminthic parasite. The relative standard deviation 
(RSD) values of G. lamblia, Trichostrongylus sp., and E. 

Fig. 6  Cyclic voltammogram of modified electrode measured 
in 5.0 mM [Fe (CN)6] 3−/4− containing 0.1 M KCl at a scan rate of 100 
mV/s for bare SPCE (pink), AuNP/Ti3C2 modified SPGE (green), 
Ti3C2/AuNPs/PDA @SPGE modified SPCE (red), after immobilization 
of thiolated probe on Ti3C2/AuNPs/PDA @SPGE modified SPCE (blue), 
and Ti3C2, which was only modified SPGE (dark blue). Each data point 
represents the average of three replicates
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bieneusi were 4.7%, 4.54%, and 3.09%, respectively. As 
demonstrated (Fig.  9A), replacing the target DNA with 
genetic materials of other parasites than E. bieneusi, with 
interfering components, provided only weak signals, indi-
cating high specificity of the current biosensor for detect-
ing E. bieneusi [84]. In addition, the mismatch analysis 
showed that the biosensor could discriminate our target 
from mismatches in the hybridization sequence, indi-
cating the excellent selectivity and ability to distinguish 
the hybridization detection from mismatched target 
sequences (Fig. 9B).

Stability
In order to investigate of inter-electrode stability of bio-
sensor, 500 fg (0.5pg) of DNA was examined on sev-
eral electrodes at 4 °C for 5 weeks. The electrochemical 
responses were measured every week. After a period of 
5 weeks, the current of CV showed an identical response 
for electrodes, when was compared to freshly prepared 
electrodes. The acceptable RSD value (2.7%) confirmed 

the reasonable stability of the modified surfaces of the 
assay (Fig. 9C).

Reproducibility
In order to evaluate the reproducibility (intra-assay) of 
the developed biosensor, electrochemical analysis was 
conducted. Accordingly, repeated measurements were 
conducted on both the same modified electrode and four 
different electrodes, under identical conditions. To deter-
mine the repeatability, three concentrations of composite 
were fabricated (50, 500, 1000 pg/mL) and repeated for 
five times, which resulted RSD values of 1.2%, 1.3% and 
1.8%, respectively. Subsequently, the biosensor exhib-
ited an excellent reproducibility for target determination 
(Fig. 9D).

Conclusion
In conclusion, the electrochemical determination of E. 
bieneusi DNA, utilizing a screen-printed gold electrode 
modified with Ti3C2, AuNPs, and PDA demonstrated 
a significant advancement in detection of E. bieneusi. 

Fig. 7  A Typical differential pulse voltammograms response of [0.1M KCl and 1 mM Fe (CN)6] 3−/4− oxidation after adding E. bieneusi DNA at probe/
Ti3C2/AuNPs/PDA SPGE toward multiple detection of serial concentrations of E. bieneusi DNA of 0.1 pg, 0.5 pg, 10 pg, 50 pg, 100 pg, 500 pg, 1000 
pg, 10000 pg, (a–i): 0.1–10 4 pg/mL B Calibration curve of a logarithmic correlation between the changes in the DPV peak currents (ΔIs) and E. 
bieneusi DNA concentration. C Variation of the biosensor responses against the E. bieneusi concentrations in the range of 0.1–10 4 pg/mL. The 
image shows the linear relationship between the peak currents and E. bieneusi DNA concentrations. The illustrated error bars represent the standard 
deviation of three repetitive measurements. D Calibration curve of a logarithmic correlation between the peak currents and E. bieneusi DNA 
concentration
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This innovative sensor configuration enhanced the elec-
trochemical properties and selectivity for the specific 
detection of E. bieneusi DNA, contributing to improved 
sensitivity and accuracy. The integration of Ti3C2 and 
AuNPs seems not only facilitated the effective immobi-
lization of DNA, but also improved the overall electron 
transfer kinetics, resulting in a formidable platform for 
genetic diagnostics. In addition, the developed biosensor 
demonstrated excellent sensitivity and selectivity, achiev-
ing a LoD of 0.06 pg/mL, with high selectivity.

Future applications of this technology could be extend 
beyond E. bieneusi detection, potentially serving as a 
blueprint for developing rapid and efficient assays for 
other pathogens. This biosensor could be developed as 
a disposable one-use, cheap, and rapid electrochemical 
biosensor. The promising results suggest that this electro-
chemical approach could play a vital role in public health 
monitoring and environmental surveillance.

Fig. 8  A Optimization of Au/Ti3C2/PDA composite concentration on the Au@SPGE with 25,50, 75 and 100 µg/mL. B Optimization of probes 
on PDA/Au/Ti3C2 composite on Au@SPGE, with 2,4,6, µM concentrates. C Optimization of concentrations of probe according to current. Error bars 
were achieved based on three independent measurements
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