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This work presents the fabrication of a novel label-free electrochemical sensor towards the 

determination of insulin-like growth factor 1 (IGF-1) by immobilizing IGF-1 monoclonal antibodies 

using multiwalled carbon nanotubes (MWCNTs) and an ionic liquid (IL). It was found that the 

increased impedance values were linearly related with the logarithm of the IGF-1 concentrations (0.4 - 

15 ng/mL). Furthermore, based on a signal-to-noise ratio of 3, the limit of detection (LOD) was 

calculated to be 22 pg/mL. The results showed that our developed sensor is highly stable, sensitive, 

and simple to use, showing potential for the early diagnosis of polycystic ovary syndrome.  
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1. INTRODUCTION 

Polycystic ovary syndrome (PCOS) is characterized by hyperandrogenism, amenorrhea, and 

anovulation [1-3], with obesity and insulin resistance usually observed [4]. In a polycystic ovary, 

folliculogenesis occurs in the early stages, and a preovulatory and dominant follicle cannot be selected, 

causing the small antral follicles to accumulate [5]. 

 Normal ovarian cyclicity is known to be regulated by gonadotropins and intraovarian growth 

factor systems, and it has been assumed that abnormalities within the above systems might be an 

inducing factor for the pathogenesis of follicle maturation arrest in PCOS [6, 7]. The synthesis of 

androgens in vitro is stimulated by insulin-like growth factor I (IGF-I) and insulin acting on thecal-

interstitial cells [8]. Increased IGF-I and insulin as well as LH has been assumed to result in the 
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clinically observed hyperandrogenaemia in PCOS through their action on in vivo thecal compartments 

[9, 10]. 

A configuration of binding proteins (IGFBPs) in circulation was used to modulate the in 

vivo actions of IGF-1. Six IGFBPs with homogeneous structures and distinct functionalities were 

measured and numbered based on the sequence of their identification. Among them, IGFBP-1 

distinctively affects the dynamic regulation of the bioavailability of the serum IGF-I [11-13]. An 

inverse correlation was recorded between the serum IGFBP-1 and the free fraction estimation of IGF-I 

[14, 15]. Hence, IGF-I detection plays a vital role in practical PCOS diagnostics. 

For the quantification of IGF-I, several strategies have been reported, including 

chromatography/electrospray ionisation tandem mass spectrometry [16, 17] and radioimmunoassay 

[18]. It has been known that electrochemical sensors should be highly selective, sensitive and easy to 

use, and they have gained substantial attention during the past decades [19-22]. Electrochemical 

impedance spectroscopy (EIS) measurements have been used for the direct detection of species, due to 

the electrochemical inertness of most biological molecules [23-28]. The EIS strategy is more cost-

effective than other methods due to the requirement of no additional materials such as labelled 

antibodies. In addition, EIS is non-destructive and could be used to investigate the electrical features of 

biological interfaces [29, 30]. Therefore, the use of EIS has increased in many biological fields [31-

33]. 

In the present work, IGF-I was sensitively determined using a new electrochemical impedance 

sensor prepared based on MWCNTs and IL. The variation in impedance values was recorded to 

investigate the IGF-I concentration. Due to the large numbers of conducting microcavities provided by 

the MWCNTs and IL, our proposed sensor was exceptionally sensitive. Furthermore, this sensor was 

label free, low cost, and easy to use. Therefore, our proposed sensor has a great potential to be used for 

the early diagnostics of PCOS. 

 

 

 

2. EXPERIMENTS 

2.1. Chemicals 

The monoclonal anti-human IGF-1 antibody (primary antibody) and the receptor grade IGF-1 

were provided by immunological & biochemical test systems GmbH (Reutlingen, Germany). A 

10 mM phosphate buffer solution (PBS), pH 7.5, consisted of KCl (2.7 mM), NaCl (137 mM), 

KH2PO4 (14 mM), and Na2HPO4 (87 mM). For the preparation of the electrochemical probes, the 

supporting electrolyte (0.1 M KCl) was mixed with an aqueous solution (1.0 mM) of K4Fe(CN)6 and 

K3Fe(CN)6 (1:1). 1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim]PF6) was commercially 

available from Hangzhou Kemer Chemical Co., Ltd. (China). The 95% multiwalled carbon nanotubes 

(MWCNTs) with a length of 1 to 2 μm and a diameter of 10 to 20 nm were commercially available 

from Shenzhen Nanotech Port Co., Ltd.  
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2.2. Functionalization of MWCNTs 

After suspending in a concentrated nitric/sulfuric acid mixture (3:1 v/v), the MWCNTs were 

sonicated for 16 h. Subsequently, the as-prepared MWCNTs were filtered to yield shortened 

carboxylate MWCNTs (SC-MWCNTs), followed by thoroughly rinsing with water. 

 

2.3. Electrodes preparation 

The glassy carbon electrodes (GCE) with diameters of 3 mm were polished to a mirror-like 

appearance using alumina powder (0.3 and 0.05 μm) before modification. After successive sonication 

in 1:1 nitric acid/water solution (v/v), acetone, and ultrapure water, the as-prepared electrodes were left 

drying under a nitrogen stream. For the preparation of the MWCNTs/ionic liquid (MWCNT/IL), the IL 

was mixed with the as-prepared SC-MWCNTs (0.5 mg) and ground using an agate mortar for ca. 60 

min. The obtained suspensions were subsequently centrifuged at 15,000 rpm for ca. 0.5 h. Using a 

pipette, the supernatant was removed to yield the [bmim]PF6/MWCNTs. The MWCNT/IL/GCE was 

prepared by dropping Ab solution (0.25 mL) onto the as-prepared MWCNT/IL mixture, followed by 

gentle stirring for 30 min. The electrochemical biosensing layers were formed on the surface of the 

electrode after dropping the as-prepared mixture (3 μL). This was followed by drying the electrodes in 

a fume cupboard at ambient temperature for 8 h. The sensor immunity was guaranteed by incubating 

the electrodes in pH 7.5 PBS (10 mL) + IGF-1 of varying concentrations at 37 °C for 25 min. The as-

prepared MWCNT/IL/Ab/AFB1/GCE was successively rinsed with water and pH 7.5 phosphate-

buffered saline solutions. For comparison, the MWCNT/IL/GCE was fabricated in a comparable way. 

Prior to use, the as-prepared immunosensor was stored at 4 °C and denoted IGF-

1/Ab/MWCNT/IL/GCE. 

 

2.4. Immunoassay measurement 

A CHI 660D electrochemical workstation (CH Instruments, Shanghai, China) was used for all 

electrochemical measurements. A traditional three-electrode configuration was used consisting of a 

bare or modified GCE as the working electrode, a saturated calomel electrode (SCE) as the reference 

electrode, and a platinum wire as the auxiliary electrode. The cyclic voltammetry (CV) and EIS 

measurements were performed in PBS solution containing K3[Fe(CN)6]/K4[Fe(CN)6] (5.0 mM) and 

KCl (0.1 M), and the scan rate was 100 mV/s. For the EIS experiment, the sine wave potential showed 

an amplitude of 10 mV, and the frequency ranged from 10
−1

 to 10
5
 Hz. 

 

 

 

3. RESULTS AND DISCUSSION 

The electrode performance after each assembly step was studied using CV measurement. As 

shown in Fig. 1, Fe(CN)6
3−/4−

 was characterized via CV using the bare GCE, MWCNT/IL-modified 

GCE, Ab/MWCNT/IL-modified GCE, and IGF-1/Ab/MWCNT/IL-modified GCE, respectively. As the 
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electrode was modified stepwise, a gradual reduction in the redox current was observed (Fig. 1), which 

indicated that electron transfer was blocked between the electrode surface and the Fe(CN)6
3−/4−

 probe. 

These changes are attributed to an increased interfacial concentration of the anionic probe ([Fe(CN)6]
3−

/4−) due to its strong affinity to the polycationic (NH
3+

) layer of the amino groups of the BSA [34]. 

Obviously, electron transfer was significantly inhibited after the immobilization of Ab, which suggests 

that the cathodic and anodic peak currents were remarkably diminished. 

 

 
 

Figure 1. CVs recorded for Fe(CN)6
3−/4− 

using bare GCE, MWCNT/IL/GCE, Ab/MWCNT/IL/GCE, 

and IGF-1/Ab/MWCNT/IL/GCE. 

 

 
 

Figure 2. EIS patterns recorded for bare GCE, MWCNT/IL/GCE, and Ab/MWCNT/IL/GCE in pH 7.5 

PBS + (1.0 ng/mL and 5.0 ng/mL) IGF-1 in the presence of 1.0 mM [Fe(CN)6]
3−/4−

 for 25 min. 

 

Electrochemical impedance spectroscopy is a highly effective technique for investigating the 

electron-transfer properties of the modified electrodes [35, 36]. The EIS pattern consists of a 

semicircle section at high frequencies and a linear section at low frequencies, corresponding to an 

electron transfer limiting process and the diffusion limited step during the electrochemical process. 

The electron transfer resistance (Ret) is inferred by the diameter of the semicircle [37]. The fitting of 
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the impedance data to Ret was achieved using an equivalent circuit model, as shown in the inset of Fig. 

2. The electron-transfer resistance for the redox process of the probe using bare GCE was ca. 150.7 Ω, 

whereas that for the Ab/MWCNT/IL-modified GCE was higher. The Ret values were found to increase 

to 1844 Ω and 4179 Ω upon the immobilization of IGF-1 onto the Ab/MWCNT/IL-modified GCE, in 

proportion to the IGF-1 amount. Due to the interaction between Ab and IGF-1, electrically insulating 

bioconjugates were formed, blocking the electron-transfer process and leading to the Ret increase. 

Hence, the results from the EIS and CV experiments were consistent with each other. In contrast, the 

linear portion coinciding with the diffusion limited electron shift occurred at comparatively lower 

frequencies. It can be proposed that the spectra were similar to those of Randle's equivalent circuit in 

theory [38, 39]. 

The result also indicated that Rct is a suitable signal for sensing the interfacial properties of the 

prepared immunosensor during all of the modification steps. During the preparation of the modified 

film on an immunosensor, some parameters such as the incubation time of the antigen and the solution 

pH were associated with electrochemical signals. Non-Faradaic impedance biosensors perform 

impedance measurement in the absence of redox probes. Bacterial detection is based on the impedance 

change upon the attachment of bacterial cells on an interdigitated microelectrode in the absence of 

redox probes in the sample solution [40]. The protein activity has been found to significantly depend 

on the pH; thus, the pH was optimized herein. As the pH increased in a range of 6.0 - 8.0, an increase 

in ΔRet was observed, as shown in Fig. 3A. When the pH was 7.5, a maximal response was recorded on 

the immunosensor; thus, pH 7.5 was used for the following experiments. The capturing of antigens on 

the surface of the electrode was significantly influenced by the incubation time. As shown in Fig. 3B, 

the Ab/MWCNT/IL-modified GCE showed an increased impedance response with prolonged 

incubation time in the presence of IGF-1 (7 ng/mL), and a plateau was reached after 25 min (Fig. 3B). 

This result suggested the saturating tendency of the bonding sites of the antibodies. On the other hand, 

the response was not enhanced with further increases in the incubation time, and therefore, 25 min was 

determined as the optimum incubation time for IGF-1. 

 

 
 

Figure 3.  Influence of (A) the pH of PBS on the specific binding of IGF-1 and the Ab immobilized on 

the immunosensor surface. (B) The incubation time on the specific binding of IGF-1 and the 

antibodies immobilized on the immunosensor surface. 
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Fig. 4 presented the behaviour of our developed immunosensor towards the detection of 

varying concentrations of IGF-1. As the IGF-1 concentration was increased, an increase in the 

semicircle diameter was observed, as shown in the Nyquist plots of the impedance spectra in Fig. 4A. 

The Rct variation was linearly related with the logarithm of IGF-1 (0.4 to 15 ng/mL), as shown in the 

calibration curve for IGF-1 in Fig. 4B. Based on a signal-to-noise ratio of 3, the LOD was obtained as 

22 pg/mL. Table 1 presents the comparison of our developed sensor and other sensors proposed 

elsewhere. 

 

 
 

Figure 4. (A) Faradaic impedance spectra recorded for our proposed immunosensor incubated with 

IGF-1 (0.4, 1, 5, 10 and 15 ng/mL) in PBS solution. (B) Calibration curve recorded for IGF-1. 

 

Table 1. Performance comparison of the Ab/MWCNT/IL modified GCE and other detection 

approaches towards IGF-1. 

 

Method Linear range Detection limit Reference 

Liquid chromatography/electrospray 

ionisation tandem mass spectrometry 

0.3-2 ng/mL ― [16] 

Mass spectrometry 1-40 ng/mL ― [17] 

IFN-γ/BSA/anti-IFN-γ/ZnO/GCE 0.0001-0.1 ng/mL 0.12 pg/mL [41] 

Ab/MWCNT/IL/GCE 0.4-15ng/mL 22 pg/mL This work 

 

EIS measurements were carried out to investigate the reproducibility of our developed 

immunosensor towards IGF-1. After six replicated experiments in the presence of IGF-1 (1 ng/mL), 

the EIS was obtained as 3.7%, which suggested that this sensor was highly reproducible. After 

experiments with six immunosensors prepared in six batches in the presence of IGF-1 (1 ng/mL), the 

EIS was obtained as 3.7%, which suggested that the preparation of this sensor was highly reproducible. 

In addition, no obvious change in the Rct values was found after its storage at 4 °C in a refrigerator for 

60 days, indicating the excellent microenvironment supplied by MWCNT for retaining the bioactivity 

of immobilized antibodies. 
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IGF-1 (0.5, 1, 5 and 10 ng/mL) was spiked into bovine serum specimens to study the accuracy 

and application potential of our proposed immunosensor towards the electrochemical detection of IGF-

1. Table 2 presents the recovery results, which suggested that this sensor was exceptionally accurate in 

the label-free determination of IGF-1 in real specimens. 

 

Table 2. Recoveries obtained for our developed immunosensor towards IGF-1 determination. 

 

Sample Added (ng/mL) Found (ng/mL) Recovery (%) RSD (%) 

1 0.5 0.492 98.4 2.66 

2 1 1.044 104.4 2.05 

3 5 5.021 100.42 1.07 

4 10 9.841 98.41 4.19 

 

4. CONCLUSIONS 

The present work reported a novel electrochemical impedance sensor towards the label-free 

determination of IGF-1 by immobilizing IGF-1 monoclonal antibodies onto a MWCNT/IL-modified 

GCE. This sensor was confirmed to be highly stable, reproducible, specific, sensitive, and easy to use, 

in addition to operating in a wide linear range. The recovery tests showed that our developed sensor 

was highly accurate and could be potentially applied to the determination of IGF-1 in real specimens.  
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