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ARTICLE INFO ABSTRACT

Keywords: D-dimer is a very important biomarker about sepsis, pulmonary thromboembolism and athero-
D-dimer sclerosis, thus designing effective and sensitive method for its detection is of great significance.
Electrochemical detection Herein, by synthesizing p-cyclodextrin-carbon nanotube nanohybrid (CNTs-CD) as the carrier to
;:Eﬁz;e_ﬁizr assemble the initial antibody (Ab;) of D-dimer, immobilizing secondary antibody (Aby) and
Cancer sulfydryl ferrocene (Fc) on the nanogold (Au) particles surface as the signaling amplifier (Aby-Au-

Fc), a low cost, simple, sensitive and effective sandwich-like electrochemical immunosensing
(SEI) platform of D-dimer was proposed in this work for the first time. Briefly, CNTs shows large
specific area and superior electroconductivity, and CD provides high host guest recognition
ability that could bound with Ab;; meanwhile, the Fc probe offers stable current response which
are proportionable positively to the level of D-dimer. Under the best conditions, the designed SEI
platform exhibits prominent analytical performances for D-dimer: low detection limit of 3.0 ng
mL~! and large linearity of 10.0-800.0 ng mL™’. In addition, the selectivity, stability and
reproducibility as well as real applications of the proposed SEI assay were evaluated and the
obtained results are satisfactory.

1. Introduction

As a soluble fibrin degradation product, D-dimer is a very important biomarker which presents elevated in the blood from the
patients with sepsis, pulmonary thromboembolism and atherosclerosis [1-3]. Generally, the clinical criteria of D-dimer in the healthy
individuals is 0.5 pg mL ™, an increased concentration of D-dimer suggests the risk from myocardial infarction and is listed as an
effective biomarker for pathological coagulation [4,5]. Presently, there are several analytical methodologies developed for D-dimer
detection, such as enzyme-linked immunosorbent assays, chemiluminescence, latex agglutination and whole blood agglutination
[6-9]. However, the performance characteristics of these methods are not very uniform, endowing it a challenge to standardize the
sensing system and compare the results between different works, which restrained their clinical application [10-12]. Consequently,
developing reproducible and accurate method for the effective detection of D-dimer is very necessary [13]. In this context, the
electrochemical technology is considered as a superior alternative to the conventional analytical means for the clinical biomarkers
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providing the superiorities of being rapid, easy operation, inexpensive, robust and sensitive.

Indeed recently, there are several interesting electrochemical sensors developed for the detection of D-dimer, but designing novel
electrochemical sensing method for D-dimer is still highly important [14-16]. As widely-utilized detection method, the sandwich-like
electrochemical immunosensing (SEI) has attracted many attentions owing to its high sensitivity and signal amplification [17-20],
while there is no SEI assay reported to detect D-dimer. Based on these advantages, this work was dedicated to develop a sensitive and
effective SEI platform to detect of D-dimer. Generally, SEI mainly includes 2 key parts: one is the carrier that is utilized to immobilize
the initial antibody (Ab,), the other is the signal amplifier which is used to immobilize Ab, and generate the signal referred to the target
concentration [21-23].

As is well-known, carbon nanotubes (CNTs) display many superiorities, e.g., low cost, high surface area and conductivity, endowing
CNTs to be a desirable carrier to assemble Ab; for constructing SEI system of D-dimer, but the inherent van der Waals interaction makes
CNTs easy to bundle together, inducing the poor solubility in water and severe restriction in real applications [24-26]. p-cyclodextrin
(CD) is an interesting oligosaccharide, which is toroidal in shape and offers a hydrophilic exterior along with a hydrophobic cavity.
This special structure not offers high host-guest recognition ability and enables CD molecules bind selectively with antibodies, but can
enhance the solubility and dispersibility of CD-based nanomaterials [27-29]. These superiorities made us convinced CD may be a
superior candidate to modify CNTs for developing SEI platform of D-dimer.

Another key element for SEI is to design the related signal amplifier. An universally accessible and available noble metal, nanogold
(Au) nanoparticle, exhibits high conductivity and biocompatibility along with superior electrocatalytic property, and it also can be
modified easily with -SH, -NH3 and -COOH [30,31]. Furthermore, SH-ferrocene (Fc) is an used widely probe since it possesses high
electroactivity and can assemble to the Au surface [32,33]. Based on these features, herein, Abs and Fc were assembled on the Au
surface to form Aby-Au-Fc and be used as signalling amplifier; meanwhile, CD modified CNTs nanocomposites (CNTs-CD) was syn-
thesized as the carrier to assemble Ab; via host guest bond (CNTs offer high surface area and conductivity for immobilizing CD, while
CD can bond Ab1 via host guest recognition), hence a novel SEI strategy was successfully designed in this work to detect D-dimer for
the first time: In the presence of D-dimer, Aby-Au-Fc/D-dimer/Ab;-CNTs-CD sandwich structure is generated and the current response
of Fc is positively proportional to the D-dimer concentration, thus realizing highly sensitive detection for D-dimer (Scheme 1). This
works provided a novel and effective method for the detection of D-dimer, it’s expected that it offers great potential applications.

2. Experimental
2.1. Synthesization of CNTs-CD and Abz-Au-Fc

With the assistance of Py group, Py-CD could tightly stick to CNTs via n-ninteractions: briefly, 20.0 mg CNTs and 5.0 mg Py-CD was
mixed in 40.0 mL DMF containing and stirred continuously for ~2 h. Next, the formed mixture was filtered, washed and dried. In order
to assemble Aby-Au-Fc, the Au nanoparticles were firstly prepared. In brief, 0.1 mL sodium citrate (0.2 M) was added dropwise to 3.0
mL HAuCly solution (0.2 mg mL™') and sequentially heated at 60 °C for ~2 h. Then, 10.0 pL Fc probe solution of 0.5 mM and 5.0 pL Ab,
of 80.0 pg mL~! and was added in to the obtained Au solution of 1.0 mL for generating signaling amplifier Ab,-Au-Fc.

2.2. Fabrication of SEI assay for D-dimer

The polished GCE was coated with 9.0 pL. CNTs-CD solution and dried via an infrared light. Next, 5.0 pL. Ab; was incubated on the
CNTs-CD/GCE surface and BSA was used to restrain the non-specific adsorption. Then, the formed Ab;-CNTs-CD/GCE suffered the
interaction with D-dimer and D-dimer/Ab;-CNTs-CD/GCE was sequentially immersed in the Abs-Au-Fc solution to generate a SEI
structure. To avoid the influence from the temperature, the related experiments were carried out at 25 + 2 °C.
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Scheme 1. Illustrations for fabricating the SEI assay of D-dimer.
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3. Results and discussions
3.1. Characterizations of CNTs-CD and Au nanoparticles

TEM was introduced to study the morphologies of CNTs-CD. As exhibited in Fig. 1A, it shows clearly that CNTs exhibits tubular
nanostructure with the diameter of 6.0 nm. And CD molecules were modified uniformly on CNTs surface with the thickness of ~0.5 nm
(Fig. 1B and C). Then, the CNTs-CD dispersibility was studied in water (Figure S1). It was noted the dispersion ability of CNTs is
considerable poor, but a dark and homogeneous dispersion was observed for the formed CNTs-CD owing to the hydrophilic external
cavity of CD, suggesting the as-synthesized CNTs-CD hybrid has superior dispersibility, which is beneficial to efficiently restrain the
CNTs aggregation and improve the sensing performance. Furthermore, TEM was used also to investigate the Au nanoparticles. From
Fig. 2A, it was found the Au sizes are uniform, the average size (diameter) is about 5.0 nm (Fig. 2B).

Next, the prepared CNTs-CD was studied further by FT-IR spectroscopy and Raman spectroscopy (Fig. 3). From the FT-IR spec-
troscopy, the CNTs shows only C-C and C=C band at 1125 and 1575 cm ™ *, respectively; while CNTs-CD shows typical f-CD features of
1028, 2922 and 3440 cm !, which refer respectively to C-O/C—C stretching/O-H bending vibrations, CH, and O-H stretching vi-
brations. As for the Raman spectroscopy (Fig. 3B), the peak at 1315 cm ™! was assigned to the Aj1g breathing mode of disorder structure
graphite about the D band, and the peak of 1562 cm ™" can be assigned to the Epg structure mode about the G band. The intensity ratio
of the D and G band (denoted as Ip/Ig) can be utilized to reveal the functionalization degree of carbon material. The obtained results
revealed the value of the Ip/Ig ratio of CNTs is 0.08, whereas the Ip/Ig ratio (0.063) of the CNTs-CD is smaller than that of CNTs,
indicating that the CD immobilization has un-detrimental effect on the CNTs structure.

Finally, the prepared CNTs-CD hybrid was investigated also by thermogravimetric analysis (TGA) and the related results were
displayed in Figure S2. For the pristine CNTs, there is almost no weight loss in the measured temperature range (curve a). However, for
CNTs-CD, an important weight loss (~28.5 wt%) was observed from ~250 °C to 800 °C owing to the CD decomposition, suggesting
there are abundant CD molecules immobilized on the surface of CNTs.

3.2. Construction of SEI platform of D-dimer

The feasibility of the proposed SEI for D-dimer was investigated by differential pulse voltammetry (DPV) technology. Fig. 4 showed
the DPV curves of Ab;-CNTs-CD/GCE before and after its interaction with D-dimer and sequentially incubated in Ab,-Au-Fc solution.
The results demonstrated there is nearly no DPV peak current appeared in the absence of D-dimer. Interestingly, a very strong
oxidation current of Fc was found at ~0.25 V in the presence of D-dimer. The reason is the antigen-Ab specific recognition between D-
dimer and Ab could result the capture of Aby-Au-Fc to D-dimer/Ab;-CNTs-CD, thus forming SEI structure (Abs-Au-Fc/D-dimer/Ab;-
CNTs-CD). These indicated the designed SEI proposal for D-dimer is feasible.

In order to know the best analytical performances for sensing D-dimer, several critical parameters were next optimized. Firstly, the
amount of CNTs-CD dropped on the GCE surface was studied and the results were shown in Fig. 5A. As can be seen, the DPV current of
Aby-Au-Fc/D-dimer/Ab;-CNTs-CD/GCE increase with increase of the related amount from 3.0 to 9.0 pL. When the amount exceeds 9.0
pL, there is little change for the response current, thus 9.0 pL CNTs-CD dispersion was used. Fig. 5B showed the effect of the pH values
of solution, it was noted that the current responses increase along with the increase of pH value from 4.5, reaching a maximum value at
7.0. The reason is that the overacidic or hyperalkaline conditions may pose some damage to the structures of antibodies and proteins.
Fig. 5C and D displayed the influence from the interaction time of D-dimer and Ab, the obtained results indicated the best time for D-
dimer and Ab; is 30 min (Fig. 5C), whereas that is 20 min for D-dimer and Abs (Fig. 5D). Upon the above optimized conditions, the
analytical ability of the constructed SEI for D-dimer was further evaluated. As displayed in Fig. 6A, the DPV current gradually
strengthened with the D-dimer level increased from 10.0 ng mL~! to 800.0 ng mL L. The corresponding regression equation is Ip(pA) =
0.3433 + 0.0056C (ng mL’l) (R2 =0.992) (Fig. 6B), and the achieved detection limit (LOD) is low to 3.0 ng mL ! (S/N = 3) that is far
lower than the clinical criteria, indicating the designed SEI assay can satisfy the demand in clinical diagnosis.

Fig. 1. TEM images of (A) CNTs and (B,C) CNTs-CD at different areas.
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Fig. 2. TEM image (A) and size distribution (B) of Au nanoparticles.
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Fig. 3. (A) FT-IR and (B) Raman spectras of (a) CNTs and (b) CNTs-CD.

Heliyon 10 (2024) e28793

The selectivity from the designed SEI was investigated in the presence of several potential interfering substances. As displayed in
Fig. 7, it was found there is nearly no change for the DPV current of Fc probe towards various potential interferes (10.0 times of D-
dimer level). Then, the sensor stability was evaluated also (Figure S3A), and the results displayed the signalling response of SEI still
remains nearly unchanged for four weeks via storing the sensing platforms at 4 °C. Next, the immunosensor reproducibility was studied
via testing the current signalling of Fc probe at 8 independently-fabricated Aby-Au-Fc/D-dimer/Ab,-CNTs-CD/GCE. As shown in
Figure S3B, the RSD value for these sensing platforms is 2.7%. These obtained results demonstrated that the proposed SEI platform
offers desirable selectivity and stability as well as reproducibility.
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Fig. 4. DPV response of Ab;-CNTs-CD/GCE before (a) and after (b) its interaction with D-dimer and sequentially incubated in Ab,-Au-Fc solution.
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Fig. 5. The effects of (A) amount of CNTs-CD, (B) pH values of PBS, (C) interaction time of (a) Ab; with D-dimer and (b) D-dimer with Ab,.

The real application of the designed proposal was evaluated by selecting standard addition method in the real human serum and
compared with a standard method (HPLC). Different D-dimer levels were dropped in turn to the obtained samples, and sequentially the
electrochemical response of the designed sensor towards these samples were tested, and the recovery was applied to express the sensor
capability in real samples (Table S1). From the table, it was found the generated recoveries are 96.8%-98.2%, indicating the designed
SEI platform provides satisfactory real applications capability for D-dimer detection.
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dimer detection.
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4. Conclusion

In summary, a simple, low-cost and sensitive SEI platform was designed herein for the first time to detect D-dimer by preparing
CNTs-CD nanohybrid as carrier to immobilize Ab; and Aby-Au-Fc as the signaling amplifier. Resulted from the specific antigen-
antibody recognition reaction, a typical sandwich-like structure (Abs-Au-Fc/D-dimer/Ab;-CNTs-CD) can be formed in the presence
of D-dimer, and thus a related oxidation current from Fc probe can be observed. Through optimizing the various key parameters, the
as-designed SEI platform exhibits superior analytical capabilities: wide linearity and low LOD; meanwhile, this sensor shows desirable
selectivity, stability and reproducibility as well as real applications. However, the limitation of this sensor is the relative long detection
time similar to the conventional SEM assay. Anyway, it’s expected that the proposed SEI method for D-dimer detection has great
potential applications in clinical application.
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