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Abstract— Serum C-terminal telopeptide of type I collagen (CTx-

I) assays quantify the fragment of CTx-I released throughout the 

procedure of bone remodeling. CTx-I is a key bone turnover 

biomarker where any variation in the level of CTx-I can be an 

indication of increased bone resorption. This study focuses on a 

new strategy for the prognosis of bone loss by monitoring the 

concentration of CTx-I in serum. An interdigital capacitive sensor 

together with Electrochemical Impedance Spectroscopy (EIS) was 

employed to assess the dielectric properties of the test solution. 

Artificial antibodies have been prepared for CTx-I molecules 

using the molecular imprinting technique. The sensor was 

functionalized using the synthesized Molecular Imprinted 

Polymer (MIP) in order to introduce the selectivity of CTx-I 

biomarker to the sensor. Calibration experiments were performed 

using different known concentration of sample solutions. The 

proposed biosensor showed a good linear response between 0.1 and 

2.5 ng/ml. The detection limit of 0.09 ng/ml was found, 

encompassing the normal reference ranges required for 

recognition of bone turnover. Unknown real serum samples 

obtained from sheep blood were analysed using the proposed 

biosensor. The validation of the suggested technique was done 

using enzyme-linked immunosorbent assay (ELISA). The 

developed biosensor exhibited a good correlation with ELISA. 

 

Index Terms—Osteoporosis, C-terminal telopeptide, 

Interdigital sensors, Electrochemical Impedance Spectroscopy, 

Molecular Imprinted Polymer.  

 

I. INTRODUCTION 

ONE, as a living dynamic tissue is continuously remodeled 

throughout life. The remodeling process can be profoundly 

affected by the level of activity by osteoblasts and 

osteoclasts [1, 2]. In women, bone loss is very high in the first 

years after menopause and this is one of the main causes of 

developing osteoporosis [3, 4]. Under normal conditions, bone 

resorption and bone formation are coupled with each other to 

provide a balance in skeletal metabolism [5]. Osteoporosis 

usually develops when bone resorption occurs quicker than 

bone formation. The main component of the organic mass of 

bone is formed by type-I collagen. Throughout the phase of 

bone resorption, type-I collagen is deteriorated and small 

fragments of CTx-I is delivered into blood and urine [6]. 
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Thus, it could be used as a biomarker that is able to measure the 

rate of bone loss [7]. A normal person 0.040 ng/ml- 0.630 ng/ml 

serum CTx-I, exceeding this level can be considered as an 

indication of increased bone loss [8]. 

During the recent years, investigation on the biochemical 

markers of bone turnover and  the specific assays for detection 

has considerably increased [9]. Among the several available 

biomarkers, monitoring serum C-terminal telopeptides and 

urinary N-terminal and C-terminal telopeptides are the most 

precise biomarkers. Biochemical bone turnover markers can 

inform about the risk of osteoporotic fractures at very early 

stages of the disease. They can also  monitor the efficacy of 

treatments and can be used as a tool for the investigation of 

patients with a bone health problem [5]. 

 Dual-energy X-ray absorptiometry (DXA) is the most 

acurate method to dignose osteoporosis and measure the bone 

density. As variations in bone density are slow, DXA scan can 

be of longer intervals between the measurements, up to 2 years 

at least, while variations in biochemical markers can be 

observed after only a few weeks. Therefore, measurement of 

biochemical markers (especially CTx-I) can be done at early 

stages and treatment can start early. Currently, most of the 

techniques which are available for the measurement of bone 

loss biomarkers are ELISA-based [10-12]. In spite of the 

perfect performance, these methods have some limitations due 

to the high equipment cost and the labour involved. Moreover, 

these methods include several steps for antibody binding, 

incubation and spectrophotometry measurement. Devices that 

combine the use of antigen-antibody methods with a low-cost 

and quick-response sensor seems to be a good replacement for 

ELISA-based immunoassay techniques [13-15]. However, 

there are some drawbacks in using natural antibodies: antibody 

immobilization procedure is complicated, biological antibodies 

are expensive and have limited stability. Moreover, sample 

preparation is a complex and time-consuming process.  Use of 

artificial antibodies can be greatly helpful to overcome these 

problems. 

 Molecular imprinting technology is a rapid and inexpensive 

technique to synthesize polymers that have selectivity and 

sensitivity to a predetermined molecule. The Molecularly 

Imprinted Polymers (MIPs) can be considered as a cost-

effective substitute for natural antibodies. In this technique 

polymerization was done between the template and functional 

monomer using a cross-linker. After forming the polymer, the 

template molecules are extracted and molecular recognition 

cavities are created to capture the target molecule. The resultant 

polymer has superior mechanical as well as thermal stability 
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and can be used in harsh chemical environments [16]. MIP 

technology has been utilized for a range of different template 

molecules [17-20]. MIPs have been successfully employed in 

different applications as solid phase extraction materials [21], 

binding assays [22, 23] and enzyme-mimic catalysts [24-26] 

and they are progressively being used in imprinted layers to 

develop chemical sensors [27, 28]. 

 The use of MIPs has been reported for the development of 

electrochemical sensors depended on different transduction 

models such as conductometric [29], potentiometric [30], 

voltametric [31] and capacitive sensors [32].  Recently, the 

capacitive sensors have gained attraction because they provide 

sensitive, inexpensive and straightforward recognition methods 

[33-35]. 

 The objective of this research is to design a smart biosensing 

system for early detection of bone loss that is easy to use, 

inexpensive, and quick and can be used as a Point-of-Care 

(POC) device outside the laboratories. Therefore, the 

development of a portable device that combines the advantages 

of MIP based artificial antibodies with a fast and inexpensive 

electrochemical sensor seems to be a very promising approach 

towards our goal.  

As per our knowledge, so far, no MIP-based interdigital 

sensor has been introduced for CTx-I detection. This paper 

explains the development of a capacitive CTx-I biosensor by 

combining MIP technology and EIS technique for a sensitive 

and rapid measurement of serum CTx-I. 

II. MATERIALS AND METHODS 

A. Materials and Apparatus 

CTx-I peptide was synthesized by LifeTein (USA). 

Methacrylic acid (MAA), 2,2-azoisobutronitrile (AIBN), 

ethylene glycol methacrylate (EGDMA), acetonitrile (ACN), 

Methanol (MeOH), Acetic acid (AcOH), and acrylic resin were 

purchased from Sigma-Aldrich (USA).  

High precision 3536 LCR meter (Hioki, Japan) was 

employed to conduct EIS experiments. SIGMA 6-165 

centrifuge instrument was used during the preparation of MIP. 

DIONEX Ultimate 3000 HPLC device provided with Luna 5μ 

C18 100A column and the Serum CrossLaps® ELISA kit (IDS 

company-UK) were employed for data validation. JEOL 

6480LA SEM was utilized to take SEM images and PTL-

MM01 dip coater was employed to immobilize the coating 

material on the sensing area.  

 

B. Multi-sensing electrode interdigital sensor and 

electrochemical impedance spectroscopy 

Capacitive sensing method is significantly affected by the 

double layer capacitance principle and any adsorption of 

chemicals on the dielectric material leads to a variation in the 

dielectric properties of the insulating layer.  

In the reported research, capacitive interdigital sensors with 

multi-sensing electrode structure were used. The MEMS-based 

sensors are useful to describe the capacitive reactance when 

alternating electric field perturbations are applied. The electric 

field penetrates into the test material to conduct the dielectric 

characterization of the material. In interdigital sensors, the 

penetration depth of electric field is corresponding to the spatial 

wavelength of the interdigital sensor [36, 37]. To enhance the 

penetration depth, planar interdigital sensors with multi-sensing 

electrodes have been designed and fabricated [38]. These 

sensors were fabricated on a 4-inch silicon wafer (525-µm 

thickness). Thirty-six good sensors with 500 nm sputtered gold 

electrodes were made on a wafer; the dimension of each sensor 

is 10 mm × 10 mm with a sensing surface of 2.5 mm × 2.5 mm. 

The multi-sensing-electrode capacitive sensors have been 

designed with different configurations [39, 40]. The 1-11-50 

sensor was employed to conduct the experiments, which shows 

eleven positive electrodes are located between two positive 

electrodes with a 50-µm pitch length. 

EIS is a versatile method that describes the capacitive and 

resistive characteristics of materials by using a frequency 

dependent small amplitude AC signal [41]. The Bode plot and 

Nyquist plot are two common ways to represent the results of 

EIS measurement. Due to the high sensitivity and simplicity of 

the technique, it has been widely implemented in biosensor 

applications using different methods [42].  

Interdigital sensors in conjunction with the EIS measurement 

method has been reported to evaluate the environmental 

monitoring [43], detection of phthalates in juices and water 

[44], dangerous chemicals in seafood [45], humidity [46] and 

DNA detection [47]. 

C. Preparation of artificial antibodies using molecular 

imprinting technology 

A selective polymer for CTx-I was synthesized by 

precipitation polymerization using MAA as the functional 

monomer, CTx-I peptide as the template, AIBN as the initiator 

and EGDMA as the cross-linker.  

A mixture was prepared by dissolving 450 mg of the template 

molecule (CTx-I) in 50 ml acetonitrile in a 150 ml round bottom 

flask, and then adding 260 µl of the functional monomer MAA, 

3 ml of the cross-linker EGDMA, and 120 mg of the initiator. 

The N2 gas was blown for 10 minutes to evacuate the air 

completely from the solution since the presence of oxygen 

hampers the polymerization procedure [48, 49]. The sealed 

flask was then kept in a 60˚C water bath for 20 hours to 

complete the polymerization process. The microspheres were 

collected by centrifugation for 10 minutes at 5000 rpm and then 

washed with acetonitrile to eliminate any excess peptides and 

chemicals. The extraction of the template was done using the 

Soxhlet extraction method with a mix of methanol/acetic acid 

50/50 (v/v) for 24 hours. The non-imprinted polymer (NIP) was 

also prepared using the same method but in the absence of the 

template molecule. The NIP and MIP were air dried at room 

temperature and used for the experiments. 
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D. Preparation of the functionalized biosensing surface 

The MIP coating material was immobilized on the biosensing 

area of the interdigital sensor using a self-assembled monolayer 

(SAM) of the acrylic resin. 1g of MIP powder, 200 µl of the 

acrylic resin and 1.5 ml of acetone were mixed together to 

prepare the coating suspension. The sensor was immersed into 

the coating material with a speed of 200 mm/min and pulled out  

with the same speed to create a uniform layer.  The sensor was 

immersed into the coating material and pulled out with a speed 

of 200 mm/min to create a uniform layer.  Fig. 1 is the 

illustrative representation of the biosensing surface preparation. 

It also depicts the detection procedure of the target molecule 

using the developed biosensor. 

E. Preparation of the CTx-I samples 

A stock solution of 60 ppm CTx-I was prepared by mixing 

60 mg of CTx-I in one liter deionized water and it was kept in 

the fridge for further use. Serial dilution technique was utilized 

to prepare the samples with lower concentrations. The distilled 

water with zero level of CTx-I was treated as the control. 

F. Experimental measurements 

EIS technique was used to investigate the dielectric 

properties of the test samples at different concentrations. 

Although this measurement technique is very powerful and 

popular, it is really sensitive to humidity and temperature. 

Therefore, all the experiments were conducted in a controlled 

laboratory under the same humidity and temperature level. The 

coated sensor was connected to the LCR meter using gold pin 

connectors and a 10 Hz- 100 kHz signal with 1V amplitude was 

given to the electrodes. After pipetting the test sample (50 µl) 

on the MIP-coated area, the sensor was kept on a shaking plate 

for 30 seconds to ensure the uniform dispersion of the sample. 

Then, a seven minutes’ delay was given for capturing CTx-I 

molecules by MIP. The extra solution was then washed out 

using deionized water. Finally, EIS measurement was done 

after five minutes, when the coating surface was dried. The 

sensor was immersed in 1% HCL in distilled water for 30 

minutes to extract the entrapped CTx-I molecules and 

regenerate the functionalized MIP coating. 

III. RESULTS AND DISCUSSIONS 

CTx-I imprinted polymer was synthesized through 

precipitation polymerization method, privileged by advantages 

such as high selectivity, robustness and physiochemical 

stability. In the pre-polymerization process, the template 

molecule interacted with the functional monomers through the 

non-covalent binding and during the polymerization procedure 

they were properly imprinted in the polymer matrix. The non-

covalent method is more popular because it involves less effort 

to take out the template from the polymer matrix, while 

covalent bonding needs more energy to extract the template 

from the polymer. Furthermore, the prepared MIP can be used 

immediately after template extraction, whereas MIPs 

synthesized through bulk polymerization are required to be 

crushed and ground before use. 

A. SEM characterization 

After preparing the imprinted polymer in the form of 

microbeads and immobilizing the resultant polymer on the 

sensing area, SEM images were provided to study the polymer 

morphological structure as shown in Fig. 2(a). It was observed 

that the size of the particles was variable from 0.5 µm to 1µm. 

Moreover, MIP coating with an average thickness of 16 µm 

could be achieved on the biosensing surface, which can be seen 

in Fig. 2(b). 

 

 
 

Fig. 1. Schematic diagram of the biosensing surface preparation for CTx-I recognition. 
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Fig. 2.  (a) SEM image of MIP-coated biosensing surface and (b) SEM image 

of the MIP-coated sensor to show the thickness of the coating. 

 

B. Sorption studies of CTx-I to MIP and NIP 

The adsorption characteristics of the synthesized microbeads 

were inspected by HPLC analysis. DIONIX HPLC device 

equipped with Luna C18 column was used to determine the 

amount of CTx-I molecules entrapped by the polymer. Two 

different solutions were prepared for the mobile phase. Solution 

A contained 0.1% trifluoroacetic acid in acetonitrile and 

solution B was prepared by mixing 0.1% trifluoroacetic acid in 

water. The isocratic elution was performed for 25 min with a 

mobile phase configuration of 26% A and 74% B. The flow rate 

was kept at 1 ml/min. The injection volume was set at 100 µl 

and the detection was done at λ=220 nm.  

The static adsorption capacity of the polymer was calculated 

using (1):    

  

m

CCV
Q

fi )( 
                 (1) 

 

Where Q (mg g-1) is the mass of CTx-I adsorbed per gram 

of polymer, V (l) is the total volume of the adsorption solution. 

Ci (mg.l-1) and Cf  (mg.l-1) are the initial and final 

concentrations of CTx-I, respectively and m (g) is the mass of 

the polymer. 

The kinetic studies were useful to estimate the time required 

by the polymer to entrap the CTx-I molecules present in the 

sample. This study was carried on by mixing 10 mg of MIP in 

10 ml of CTx-I sample with the concentration of 30 mg.l-1.  

 

 
 

 
 
Fig. 3.  (a) Uptake kinetics of CTx-I to MIP and NIP, and (b) Isotherms for 

static adsorption capacity of CTx-I to MIP and NIP. 
 

Fig. 3(a) represents the results for the adsorption kinetics of 

CTx-I to MIP and NIP. The results indicate that the MIP had a 

rapid response and the binding equilibrium was observed in 7 

minutes. Fig. 3(b) depicts the static absorption study of the 

target molecule to NIP as well as MIP in a range of 1-60 mg.l-

1. The graph indicates the amount of CTx-I captured by the 

polymer, which increased along with the increase in the level of 

CTx-I below 30 mg l-1. The adsorption capacity graph became 

relatively parallel to the concentration axis and saturated at high 

concentration. However, the amount of CTx-I bound to NIP 

reached saturation at only 20 mg l-1. 

C. EIS measurement and analytical measurement 

The detection of CTx-I binding to the synthesized 

recognition sites was determined using EIS technique. Fig. 4(a) 

depicts the impedance spectra for various levels of analyte in 

the form of a Nyquist plot. A significant decrease in the 

semicircle diameter could be seen, confirming the CTx-MIP 

interaction on the electrode surface caused a reduction in the 

charge transfer resistance (Rct). Fig. 4(b) shows the reactance 

(X) over 10 Hz to 100 kHz frequency, for various CTx-I levels. 

Since changes in the reactance are more distinctive than the real 

part of the impedance (resistance), the reactance was considered 

for further investigations. 

(a) 

(b) 

(b) 

(a) 
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Fig. 4.  (a) Impedance spectra for various levels of analyte, and (b) Changes in 

reactance in the frequency domain for various levels of analyte. 

 

In order to assure the reliability of the sensor, each 

measurement was done three times in the identical conditions, 

and the mean value was considered as the data. Fig. 5 shows 

reactance values for each reading and the mean value of the 

reactance for different concentrations. The maximum deviation 

observed from the mean value was 0.5%, which demonstrates 

the consistency of the proposed biosensor. 

 

 

0 
Fig. 5.  Reactance value for five times reading to show the consistency of the 
biosensor. 

 

D. CNLS–based biosensor response 

Fig. 6 shows the Nyquist plot and  its corresponding Randle’s 

circuit estimated by using the CNLS technique [36]. The red 

markers on the graph illustrate the obtained results by 

experiment and the green line indicates the CNLS-fitted curve. 

The observed semicircle of the Nyquist plot is modeled using a 

parallel sketch of Rct and a constant phase element (CPE). The 

solution resistance is represented by Rs.   

 

 
Fig. 6.  The Nyquist plot and its corresponding Randle’s model estimated by 

CNLS analysis. 

 

The equivalent circuit parameters for different 

concentrations of analyte are provided in Table I, where 

𝑟2
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒  represents the variation of the experimentally 

obtained values from the optimum value. From Table I, it is 

seen that the charge transfer resistance, Rct provides a very good 

relationship with the concentration of CTx-I. Therefore, the 

CNLS-based calibration curve can be plotted with the Rct 

obtained from CNLS analysis and the following equation can 

be used to compute the change in Rct: 

 

100
)(

)()(
(%)

0







controlR

sampleRcontrolR

R

R

ct

ctct

ct

ct       (2) 

 

Fig. 7(a) presents the CNLS-based calibration curve 

generated for 0.1 , 0.5 , 1, 1.5, 2 and 2.5 ng/ml of CTx-I. A 

linear correlation between the Rct and the level of CTx-I was 

observed (R2= 0.9953). 

E. Measurement of CTx-I in real serum samples using the 

CNLS–based calibration curve 

Sheep serum samples were tested using the developed 

biosensor as well as the ELISA kit for the validation of the 

proposed technique. CTx-I quantification in Real samples was 

done using the CNLS-based calibration curve (shown in Fig. 

7(a)). The accuracy of the CTx-I quantification was examined 

by comparing the results achieved by the developed system 

with those achieved from the ELISA kit. All the results are 

given in Table II. The results achieved from both methods were 

in good agreement. 
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(a) (b) 

 

TABLE I 

EQUIVALENT CIRCUIT PARAMETERS FOR DIFFERENT CTX-I CONCENTRATIONS 
 

Component  

parameters 

Control 

0.1 

ng/ml 

0.5 

ng/ml 

1 

ng/ml 

1.5 

ng/ml 

2 

ng/ml 

2.5 

ng/ml 

Rs (Ω) 349.05 342.58 279.88 316.74 307.99 276.46 294.75 

Rct (kΩ) 163.3 154.4 144.6 135.3 121.9 112.3 104.2 

CPE1(E-09) 6.356 6.463 6.750 5.986 4.181 3.998 4.324 

𝑟2
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 0.0029 0.0029 0.0024 0.0026 0.0016 0.0015 0.0015 

 

 

TABLE II 
DETERMINATION OF CTX-I CONCENTRATION IN REAL SERUM SAMPLES USING THE CNLS–BASED CALIBRATION CURVE  

 

Sample 
CTx-I level (ng/ml) 

Error (%) 
Proposed sensor Reference method ELISA 

S1 1.416 1.465 3.3 

S2 0.184 0.187 1.6 

S3 0.098 0.100 2.0 

S4 0.453 0.450 0.6 

 

 
TABLE III 

DETERMINATION OF CTX-I CONCENTRATION IN REAL SERUM SAMPLES USING THE SINGLE-FREQUENCY CALIBRATION CURVE 

 

Sample 
CTx-I level (ng/ml) 

Error (%) 
Proposed sensor Reference method ELISA 

S1 1.416 1.465 3.3 

S2 0.184 0.187 1.6 

S3 0.098 0.100 2.0 

S4 0.453 0.450 0.6 

 

 

Fig. 7.  (a) CNLS –based calibration curve representing change in Rct to various concentrations of CTx-I, and (b) Single-frequency reactance-based calibration 

curve representing change in reactance (X) to various concentrations of CTx-I measured at 319 Hz. 

 

(a) (b) 
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F. Single-frequency reactance –based biosensor response 

The proposed biosensor has a great potential to be used as a 

POC device for prognosis of bone turnover. Narrowing the 

frequency range to a single frequency makes data analysis more 

straightforward and efficient. It also reduces the total 

experimentation time. Therefore, the frequency of 319 Hz was 

determined as the optimum frequency according to the Nyquist 

analysis and changes in the reactance values. The percent 

change in reactance was then calculated at 319 Hz using the 

equation below: 

 

100
)(

)()(
(%)
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controlX

sampleXcontrolX

X

X        (3) 

 

The single-frequency reactance-based biosensor response is 

displayed in Fig. 7(b). It depicts the change in reactance for 

various concentrations of CTx-I (0.1 -2.5 ng/ml) at 319 Hz. 

There was a linear relationship between the reactance and the 

level of CTx-I with 0.9977 correlation coefficient.     

G. Measurement of CTx-I in real serum samples using single-

frequency based calibration curve 

After developing the single-frequency calibration curve (Fig. 

7(b)), the CTx-I quantification in sheep serum samples was 

performed using the developed calibration curve. The accuracy 

of the biosensor response was then compared with the ELISA 

response and the result of the comparison was presented as the 

percentage error in Table III. 

H. Comparison between the CNLS-based measurement and 

single-frequency measurement 

By comparing the results provided in Tables I and II, it can 

be observed that the CNLS-based testing can give more 

accurate results, as the measurement would be done in a wide 

range of frequencies. Moreover, the Rct parameter is obtained 

from the theoretical fits and CNLS analysis. However, there are 

some significant advantages in implementing the single- 

frequency measurement, which are very useful in developing a 

portable POC device. The main privilege of using the single-

frequency based measurement is that CNLS analysis is not 

required to derive the Rct value. This would considerably 

minimize the actual measurement time for the biosensor and 

simplify the testing procedure. Therefore, the single-frequency 

measurement would be highly preferred as a sensing system, as 

it can offer a straightforward measurement approach and reduce 

the response time, which are predominant features in 

developing a quick and simple POC device. 

 

IV. CONCLUSION 

A novel sensing technique for the recognition of CTx-I by 

combining electrochemical impedance spectroscopy and MIP 

technology was introduced in this paper. The experiments were 

conducted on real serum samples. The proposed biosensor 

exhibited good selectivity and quick rebinding capacity towards 

target molecule. 0.09 ng/ml was the lowest level that could be 

detected by the developed biosensor. The limit of detection 

(LOD) obtained using the standard technique ELISA is 0.02 

ng/ml, which is indeed less than the LOD obtained from the 

developed biosensor. However, at this stage, it should be noted 

that the proposed biosensing method represents a much simpler, 

quicker and more cost effective CTx-I detection technique. 

Moreover, the use of artificial antibodies highly improves the 

stability of the system. Therefore, the results demonstrate the 

potential of the developed biosensing system to be employed as 

a POC device for prognostic applications that can be utilized 

for a user-friendly and regular assessment of bone loss. Work is 

being done to associate the biosensor with an embedded system 

in order to develop a home testing kit in the near future. 
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