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ARTICLE INFO ABSTRACT
Keywords: Septic arthritis (SA) is more severe in patients with rheumatoid arthritis, joint surgical issues, or a
Septic arthritis weakened immune system. Timely diagnosis of SA is crucial for effective treatment. Traditional

Interdigitated electrode diagnostic methods such as ELISA, white blood cell counting, blood culture, qPCR, and imaging

i“i:icelmmn techniques are often less accurate and time-consuming. Researchers are focusing on developing
Agtibo dy highly sensitive biosensors for SA using blood-based biomarkers. Procalcitonin is a protein and a

well-established biomarker for SA. This research focuses on developing a procalcitonin inter-
digitated electrode (IDE) biosensor using a probe made of an aptamer and antibody-modified gold
nanoparticle (AuNP) complex. The probe was attached to the IDE through an amine linker and
then interacted with procalcitonin. AuNPs increased the attachment of the aptamer and antibody
to the IDE, enabling the detection of procalcitonin at levels as low as 10 ng/mL, with a linear
regression curve ranging from 10 to 100 ng/mL [y = 4.0691x - 2.1887; R? = 0.9937]. Further-
more, procalcitonin-spiked serum elevated the current level with increasing procalcitonin con-
centrations, while control performances did not enhance the current, indicating the selective and
specific detection of procalcitonin. This AuNP-aptamer-antibody complexed biosensor effectively
identifies procalcitonin at low levels and aids in the diagnosis of SA.

1. Introduction

Septic arthritis (SA) represents an infection and inflammation in a joint caused by different microorganisms such as fungi, bacteria,
and viruses. In most cases, bacteria are primarily responsible for SA infections [1]. SA generally affects the large joints in the body, such
as the hip and knee, and it rarely affects multiple joints. SA can be caused by bacteria that pass through the bloodstream from other
parts of the body, by an open wound, or during surgery [2]. Streptococcus and Staphylococcus are the common bacteria that cause SA
[3]. These bacteria enter the bloodstream, infect the joint, and cause pain and inflammation. Additionally, viruses that cause hepatitis,
HIV, mumps, and adenovirus can also be responsible for SA infections. People with weakened immune systems, and those affected by
diabetes, rheumatoid arthritis, and cancer, are at higher risk of developing SA [4]. Currently, antibody-based enzyme-linked
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immunosorbent assay (ELISA) is the common technique used to identify SA. Other supporting diagnostic techniques include quan-
titative polymerase chain reaction (QPCR), white blood cell counting, and imaging. However, these methods are often less sensitive,
costly, and time-consuming. Quantifying blood-based biological markers can help identify diseases at their early stages. Various
biomarkers have been identified by researchers for diagnosing a wide range of diseases [5-12]. Procalcitonin is a protein that has been
proven to be a suitable biomarker for SA. Quantifying the level of procalcitonin can help to overcome the limitations of conventional
diagnostic methods for SA. This research focuses on developing an aptamer and antibody-based diagnostic method using an inter-
digitated electrode (IDE) to quantify the procalcitonin levels.

Aptamer is a DNA or RNA oligonucleotide selected from a randomized pool of molecules by using a method called, ‘Systematic
Evolution of Ligands by EXponential Enrichment (SELEX) [13]. Selected aptamers have attracted various fields and implemented in a
wide range of applications [14]. Until now antibodies and nucleotides are the common molecules used as a probe to recognize the
target element. Aptamers exhibit advantages as probe molecules in biosensors compared to the antibody [15,16]. Apart from that,
aptamers are smaller in size, possible to modify easily, and cost-effective. In particular, aptamers are convenient and flexible in their
structures, which led to create a novel biosensor that exhibited high selectivity and sensitivity [16-18]. The stem-loop structure of
aptamers can make a versatile 3D structure, which helps to identify the closely related molecules [19]. Recently, the complexation of
aptamers with other biomolecules and nanomaterials have enhanced the analytical performances [20]. In this research, on the surface
of the gold nanoparticles (AuNP) aptamer and antibody were attached for a single target.

Nanomaterials have exclusive advantages with chemical, physical, and mechanical properties, are widely spread in various ap-
plications such as biosensors, preparation of insulating material, high energy density batteries, aerospace components, and long-lasting
medical implants [21-24]. In particular, nanomaterials are well-established in the field of medicine, which includes tissue engineering,
biosensors, drug delivery, and therapeutics [25-28]. Among other metals, gold is the most popular and used metal in the biomedical
field due to its excellent biocompatibility, and easy surface modification [29,30]. In the current research, using the surface of AuNP,
aptamer and antibody were attached through the chemical modification and immobilized on interdigitated electrode (IDE) to identify
the procalcitonin.

Biosensor is a device, which can measure the chemical and biological reactions by generating signals through the transducer upon
interactions of biomolecules. The signal output could help to identify various diseases and their conditions [31,32]. IDE is an
established transducer, widely utilized in various analytical and technological applications due to its easier fabrication,
higher-sensitivity and cheaper. In addition, suitable surface functionalization with various chemical and physical processes made
easier to capture the molecules on the IDE. Various targets are identified on IDE for diagnosing different diseases such as cancer,
diabetes, viral infection, and bacterial infection. Due to its micro-scale set-up, IDE needs only a lower volume of samples and can easily
be carried out in rural places for diagnosing diseases. In this research, the IDE surface was converted into amine by modifying with
3-Aminopropyltriethoxysilane (APTES) followed by aptamer-antibody-modified AuNP conjugation. A higher number of probe at-
tachments was expected through the nanoparticle-mediated surface functionalization, which enhances the analytical performance and
lower the detection limit of procalcitonin.

2. Materials and methods
2.1. Reagents and biomolecules

(3-AminopropyDtriethoxysilane (APTES), Phosphate buffered saline (PBS) stock, gold nanoparticle (AuNP), 16-mercaptohexade-
canoic acid (16-MDA), Procalcitonin, anti-procalcitonin antibody, PEG-COOH, and human serum were bought from Sigma-Aldrich
(USA). Thiol-ended specific aptamer sequence (5-SH-CCGCGGCAGTTCCGTAATGTTAATGCCTATACTTGAGCTG-3) and comple-
mentary aptamer sequence (5-SH-GGCGCCGTCAAGGCATTACAATTACGGATATGAACTCGAC-3') were commercially synthesized
and received from a local supplier [33]. Interdigitated electrode (IDE) sensor was fabricated as described earlier and verified under
High-power microscope [34,35]. The design of IDE was created with AutoCAD software and had the following dimensions: 11000 pm
in length, 4500 pm in width, two 1250 pm square probing sites, and 18 pairs of 5 pm thick gap and finger areas. The system has been
operated by a power supply from 0 to 2 V using an ammeter on a dual probe station. The intervals of 0.1 V were maintained with the
above range.

2.2. Antibody attachment on AuNP

Aptamer and antibody on AuNP were prepared through chemical interaction. At first antibody (50 nM) was attached to the surface
of AuNP and immobilized on IDE. After that aptamer was filled on the gap between antibody immobilized surface. For the process of
antibody attachment on AuNP, as received AuNP was mixed with 16-MDA and kept for 30 min. After that, the bound 16-MDA-AuNP
complex was recovered by centrifugation. Further, the surface of this complex was activated and stabilized by EDS and NHS followed
by anti-procalcitonin antibodies were added and waited 1 h. The AuNP-antibody conjugation was recovered by centrifugation at
10,000xg, for 5 min. Similarly, other antibody concentrations, 100, 200, 400, and 800 nM on AuNP were prepared.

2.3. Optimization of antibody attachment on AuNP

Attachment of antibody-AuNP complex on IDE was optimized through the changes in current-volt on a prob-station to the IDE
surface. The following steps were involved in this process; (i) IDE was treated with KOH for 5 min and rinsed with distilled water; (ii)
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APTES (1 % diluted in 30 % EtOH) was added to IDE and rested overnight and the next day rinsed the IDE with diluted EtOH; (iii)
Various concentrations of AuNP-antibody (50, 100, 200, 400, and 800 nM) conjugation were added and rested for 1 h. After 1 h, the
surface was washed with 10 mM PBS (pH 7.4). Current changes were monitored for each preparation to identify the suitable con-
centration of AuNP-antibody conjugation.

2.4. Optimization of aptamer attachment on AuNP

Aptamer attachment on AuNP-antibody conjugated surface was optimized through the changes in current-volt on the IDE sensor.
The following steps are involved in this process. (i) IDE was treated by KOH for 5 min and rinsed with distilled water; (ii) APTES (1 %
diluted in 30 % EtOH) was added to IDE and rested overnight and the next day rinsed the IDE surface with diluted EtOH; (iii)
Optimized concentration of AuNP-antibody was added and rested for 1 h. After 1 h surface was washed with PBS. (iv) Different
concentrations of thiol-ended procalcitonin aptamer were added and rested for 30 min and washed the surface by PBS. Current changes
were monitored for each aptamer concentration to identify the suitable conjugation of AuNP-antibody-aptamer conjugation.

2.5. Detection of procalcitonin by AuNP-antibody-aptamer

Procalcitonin was detected by the optimized AuNP-antibody-aptamer conjugation. The following steps are involved in this process.
(i) IDE was treated by KOH for 5 min and rinsed with distilled water; (ii) APTES (1 % diluted in 30 % EtOH) was placed on IDE and
rested overnight and the next day rinsed the IDE with diluted EtOH; (iii) Optimized complex level of AuNP-antibody was added and
rested for 1 h. After 1 h surface was washed with PBS. (iv) Thiol-ended procalcitonin aptamer was added and rested for 30 min and
washed the surface with PBS. (v) Different concentrations of procalcitonin were added on IDE and rested for 30 min. After that the
surface was washed with PBS and the current changes were monitored for each procalcitonin concentration to identify the simulta-
neous interaction of procalcitonin with aptamer and antibody.

2.6. Sensitive and selective detection of procalcitonin

Selective detection of procalcitonin was assessed by experimenting with procalcitonin-spiked human serum. Procalcitonin (10-100
ng/mL) was diluted in human serum and placed on probe immobilized IDE. The current-volt measurement was recorded for each
dilution with procalcitonin interaction. Specific procalcitonin detection was assessed by conducting an experiment with comple-
mentary aptamer; non-immune antibody; and control proteins (CTx-II, C reactive protein (CRP), Transforming growth factor alpha
(TGF-a), and MCP-1). These are used instead of aptamer, antibody, and procalcitonin. The current-volt measurement was recorded for
and compared with the specific detection of procalcitonin. Unless otherwise stated the measurements were performed at room tem-
perature on a wet-surface and with thorough washings between each step using 10 reaction volume of 10 mM PBS (pH 7.4).

AuNP Aptamer Ethanolamine

Singl
probe

Fig. 1. Schematic illustration for procalcitonin biosensor. IDE was treated with KOH and then converted the surface into amine by APETS func-
tionalization. Further, a probe molecule (AuNP-antibody-aptamer conjugation) was introduced to the electrode surface and then identified by
procalcitonin. High-power microscope image on the IDE is displayed.
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3. Results and discussion

Septic arthritis (SA) is a serious joint infection that is extremely painful and can affect people of any age. It needs to be treated
immediately as an emergency. Diagnosing SA with higher sensitivity is essential to provide suitable treatment for affected individuals.
Researchers are working towards developing a highly sensitive SA biosensor. Fig. 1 shows a schematic illustration of procalcitonin
biosensors for diagnosing SA on an integrated electrode sensor (IDE). As shown in the figure, the IDE was treated with KOH and then
converted to an amine surface by APTES treatment. Subsequently, a probe molecule (AuNP-antibody-aptamer conjugation) was added
to the surface. This attachment occurred through the interaction of APTES with AuNP and the antibody. APTES can bind with the AuNP
through electrostatic interaction, and it can bind with the antibody through the amine (with APTES) and the COOH in the antibody.
Due to these two interactions, a higher number of probes were anchored to the IDE, lowering the detection limit of procalcitonin. IDE
has a flat surface with a dual electrodes and in the presence of AuNP on the sensing surfaces, the surface area has been increased. The
enhanced surface area is able to capture higher numbers of probes (aptamer and antibody).

A major prerequisite for the useful application of sensors is the detection of a specific target without compromising sensitivity. A
variety of strategies have been proposed to properly determine the orientation of immobilized biomolecules in the development of
higher sensitivity detection systems [36,37]. Herein, a dual-probe with antibody and aptamer on AuNP was prepared to detect SA
biomarker of procalcitonin. Biomolecule-conjugated nanomaterials provide a higher number of probe attachments and a proper, stable
orientation of biomolecules on the sensing surface. AuNP conjugated probe improves the aptamer and antibody attachment on IDE and
interacts a higher number of procalcitonin.

3.1. AuNP-anti-procalcitonin antibody attachment on IDE

AuNP-anti-procalcitonin antibody was attached to IDE to identify the procalcitonin. To find a suitable concentration of antibody,
different concentrations of antibody were tested on APTES-modified surface. Fig. 2a shows the current-volt measurement of antibody
(50-800 nM) attachment on APTES. KOH-treated IDE shows the current level as 5.68E-08 A, after the surface was converted into amine
by APTES, the current level was increased to 4.83 E—07 A. After that 50 nM of anti-procalcitonin antibody was introduced into the
surface, and the current was increased to 2.13 E—06 A. This current change confirms the binding of the antibody on the APTES-
modified surface. Further, increasing the concentration of antibodies to 100, 200, 40, and 800 nM, the current response increased
gradually to 3.91 E—06 A, 1.19 E-05 A, 1.35 E—05 A, and 1.4 E—05 A, respectively. Current range was increased by increasing the
antibody concentrations and the current level was saturated from 200 nM (Fig. 2b). It represents 200 nM of antibody is enough to
occupy the complete APTES surface on IDE. Thus, 200 nM of antibody was used to detect procalcitonin.

3.2. AuNP-antibody-aptamer attachment on IDE

AuNP-antibody-aptamer was attached on IDE to identify the procalcitonin. The aptamer can attach to the gaps among antibodies on
AuNP. Since an antibody has a larger size, it creates a gap among them. In general, these gaps are filled with blocking agents or by other
molecule. In this study, filled the gap among antibodies with the anti-procalcitonin aptamer. Since aptamers are smaller in size and
easily attached to AuNP through the thiol linker, they can fill in the gap among antibodies. Aptamer sequence was modified at the 5’
end by thiol (-SH-) group and it has high affinity to the Au surface. So that, both antibody and aptamer can attach to the single AuNP,
and it can interact a higher number of procalcitonin and enhance the analytical performance. To find an optimized aptamer level,
concentrations from 50 to 800 nM were added on Au-antibody immobilized IDE surface. Fig. 3a shows the graph for the current-volt
with aptamer attachment on AuNP. As shown in figure, 50 nM aptamer shows the increment in current response at 1.59 E—05 A.
Further, increasing the concentrations of aptamer to 100, 200, 400, and 800 nM, the current responses were increased gradually to
2.10 E-05 A, 2.89 E—05 A, 3.26 E-05 A, and 3.44 E—05 A, respectively. Current range was increased by increasing the aptamer
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Fig. 2. AuNP-anti-procalcitonin antibody attachment on IDE. (a) Graph of current-volt with AuNP-antibody (50-800 nM) attachment on APTES
modified IDE surface. A visible current increment was noticed for each antibody immobilization. (b) Current responses for different antibody
concentrations on IDE. The current levels were increased by enhancing the antibody concentrations and the saturation was from 200 nM. Error
values indicate the average of three independent experiments.
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concentration and the current level as saturated from 200 nM (Fig. 3b). This indicated that 200 nM of aptamer is fair enough to fill the
gap among antibodies on the surface. This AuNP-antibody-aptamer-modified electrode was utilized to quantify the level of
procalcitonin.

3.3. Quantification of procalcitonin

Procalcitonin was quantified by its aptamer and antibody, for this, procalcitonin concentrations from 10 to 100 ng/mL were diluted
and dropped interpedently on probe modified electrode. Fig. 4a shows the graph with the current-volt by procalcitonin interaction
with its aptamer and antibody. Upon adding 10 ng/mL of procalcitonin, the current response was increased to 3.44 E—05 A, which
confirms the interaction of procalcitonin. Further, with increasing the concentrations of procalcitonin to 20, 40, 60, 80, and 100 ng/
mL, the current responses were increased gradually to 5.55 E—06 A, 9.21 E—05 A, 1.33 E—04 A, 1.70 E—04 A, 2.27 E—04 A, and 2.52
E—04 A, respectively (Fig. 4). The current levels were enhanced by increasing the procalcitonin concentrations. The current differences
were plotted on a linear regression line and the limit of detection of procalcitonin was determined to be 10 ng/mL at the R? value of
0.9937 (Fig. 5a). This was achieved through the higher probe attachment by using AuNP and also the aptamer and antibody were
immobilized on the single AuNP, which improved the interaction of procalcitonin on probe-immobilized IDE surface and enhanced the
current responses.

3.4. Sensitive and selective identification of procalcitonin

Selective identification of procalcitonin was assessed though procalcitonin-spiked serum. Procalcitonin-spiked serum was added on
the probe immobilized electrode surface and the current responses were recorded. As shown in Fig. 5b, the current level was increased
by increasing the procalcitonin-spiked serum without any interference. This result confirms AuNP-antibody-aptamer-based detection
system is capable of identifying procalcitonin in the serum or blood or actual patient sample, enabling to detection at the early stage of
SA. Since human serum contains various biomolecules, increasing current responses indicating the selective detection of procalcitonin.
Similarly, specific detection of procalcitonin was assessed through the control performances with complementary aptamer, non-
immune antibody, and control proteins (CTx-II, CRP, TGF-a, and MCP-1). The control proteins are commonly presence in the pa-
tients with septic arthritis, which are abundance along with procalcitonin. As shown in Fig. 6, there is no notable difference in the
current response with control proteins was recorded, indicating the specific detection of procalcitonin.

4. Conclusion

Septic arthritis (SA) is a serious acute atraumatic infection that must be promptly diagnosed and addressed. Risk factors for SA
include old age, rheumatoid arthritis, diabetes, and recent joint surgery. Delaying the diagnosis of SA can lead to permanent morbidity
and mortality. In this research, a highly sensitive procalcitonin biosensor was developed using an interdigitated electrode sensor.
Antibody and aptamer-modified gold nanoparticles were used as the probe and immobilized on the electrode surface through amine
modification. This probe-modified electrode surface interacts with a higher number of procalcitonin molecules, lowering the limit of
detection to 10 ng/mL with an R? value of 0.9937. Furthermore, procalcitonin-spiked serum increases the current responses as pro-
calcitonin concentrations increase, confirming the selective identification of procalcitonin. Additionally, control performances did not
elevate the current level, indicating the specific detection of procalcitonin. This procalcitonin biosensor aids in diagnosing SA and
associated conditions and can potentially be adapted for other biomarkers related to SA. The generated sensing platform in this study is
a common and well-suited for other clinical and non-clinical markers. Even though, this sensing system improves the performance, the
selection of probe (aptamer or antibody) and target with a high interaction is critical and mandatory.
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Fig. 3. AuNP-antibody-aptamer attachment. (a) Graph for current-volt with aptamer (50-800 nM) attachment on AuNP. A visible current increment
was noticed for each aptamer immobilization. (b) Current response for different aptamer concentrations on AuNP. The current levels were increased
by elevating the aptamer levels and the saturation was from 200 nM. Error values indicate the average of three independent experiments.
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