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Osteocalcin is a very useful potential biomarker to be used in the evaluation of multiple myeloma. This 

work constructs a competitive electrochemical immunosensor that enables the optimization and 

reapplication of osteocalcin direct competition ELISA at the electrode interface. Glutaraldehyde is 

commonly used as a bifunctional reagent. The two aldehyde groups within its structure can form Schiff 

bonds with the amino groups on the protein surface, which can enhance the interfacial adsorption and 

improve the interfacial binding of immobilized encapsulants. The present work was carried out by 

electrochemical methods. In this work, bovine serum albumin-osteocalcin immobilized antigen was used 

as the recognition element at the glassy carbon electrode interface, while osteocalcin antibody was added 

with the osteocalcin to be measured, and finally the antibody capture at the modified interface was 

determined by electrochemical methods. The signal sensitivity of this sensor is higher than that of 

ELISA, because of it eliminating the recombination process of the enzyme-labeled secondary antibody 

and theoretically reducing the possibility of introducing errors. The sensor provides linear detection of 

osteocalcin in the range of 2.0 ng/mL ~ 1250 ng/mL with a detection limit of 2.0 ng/mL. The sensitivity 

and stability of this sensor are excellent, and the established method can detect osteocalcin in real 

samples. 

 

 

Keywords: Electrochemical sensor; Osteocalcin; Immunosorbent assay; Glutaraldehyde; Specific 
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1. INTRODUCTION 

 

Multiple myeloma is a malignant clonal disease in which plasma cells proliferate abnormally. 

Due to the interaction between myeloma cells and bone marrow microenvironment, infiltration of 

myeloma cells and their products, patients show clinical symptoms such as bone destruction, anemia and 

renal function impairment [1,2]. In the last decade, several biochemical markers of serum and urine for 

the evaluation of bone metabolism have been used in a large number of clinical trials for their low cost 
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and clinical usefulness. They can dynamically reflect the overall bone turnover rate and are clinically 

important for diagnosing, typing metabolic bone disease, predicting the risk of bone loss and fracture, 

and monitoring drug efficacy [3–5]. For multiple myeloma, bone metabolic markers provide a rapid, 

accurate, and dynamic picture of a patient's bone metabolic status. These indicators can help the clinic 

understand the extent of osteolytic damage in patients and give a reasonable treatment plan in time [6]. 

Serum osteocalcin is a vitamin K-dependent non-collagenous protein specifically synthesized and 

secreted by mature osteoblasts, adult dentin cells and hypertrophic chondrocytes [7]. Its synthesis is co-

regulated by vitamin D and vitamin K. Osteocalcin is abundant in bone tissue, accounting for 15-20% 

of the non-collagenous protein of the bone matrix. The physiological role of osteocalcin is not fully 

understood, but it is known to be related to the rate of bone mineralization [8]. Osteocalcin, which is 

matured by carboxylation, is secreted out of osteoblasts and deposited in the bone matrix, with a small 

portion entering the blood circulation. When the bone matrix is degraded the osteocalcin in it enters the 

circulation [9,10]. Therefore, the measurement of osteocalcin in blood reflects the activity of osteoblasts 

and the status of bone transformation. 

Currently, the established and widely used methods for the detection of osteocalcin are 

physicochemical and immunological assays [11,12]. These methods are highly sensitive and stable, but 

are usually costly and time-consuming. In order to meet the demand for rapid and efficient detection, 

new techniques for osteocalcin detection have been developed in recent years [13–21], among which the 

combination of immunological analysis and electrochemical methods can achieve trace analysis. The 

electrochemical immunosensor is an electrochemical detection method based on the immune reaction in 

ELISA as the analytical basis. It immobilizes the element to be recognized (antigen or antibody) at the 

electrode interface and determines the final state of the interface by step-by-step modification and 

electrochemical scanning [22–25]. After the interface captures the identified element, the interface state 

is changed by electrochemical scanning and the redox reaction signal on the electrode surface is 

converted into an electrical signal. In this study, a competitive electrochemical immunosensor was 

developed and assembled based on ELISA method. This assay technique has a simple pre-treatment 

process, shorter assay time, and better method recovery and stability. It has a limit of detection (LOD) 

of 2.0 ng/mL and can be applied to actual sample analysis. The ideas of signal amplification, interface 

modification and condition optimization for the construction of electrochemical immunosensor in this 

experiment can be potentially used in the field of small molecule detection. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and instruments 

Ethylenediaminetetraacetic acid (EDTA), NaCl, KCl, C₆H₈O₇, Na2HPO4·12H2O, K2CO3, 

NaHCO3, K3[Fe(CN)6], K4[Fe(CN)6]·3H2O, 3,3',5,5'-tetramethylbenzidine (TMB), glacial acetic acid, 

Tween 20, concentrated sulfuric acid and anhydrous ethanol were purchased from Sinopharm Chemical 

Reagent Co. The dry powder of PBS buffer was purchased from Beijing Solebro Technology Co. 

Osteocalcin and its monoclonal antibody (Ab) were purchased from Abcam Systems, Cambridge, UK. 
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37% formaldehyde solution (HCHO) was purchased from Shanghai Collings Reagent Co. Bovine serum 

albumin (BSA) and sheep anti-mouse IgG-HRP antibodies were purchased from Beijing BoaoSen 

Biotechnology Co. The dialysis bag (MwCO 8000-14000) was purchased from Beijing Solabao 

Technology Co. The 3 mm diameter glassy carbon disc electrode (CHI104), saturated glycolic electrode 

(CHI150), platinum wire counter electrode (CHI115), electrode holder and electrode polishing material 

were purchased from Shanghai Chenhua Instruments Co. The 96-well enzyme labeling plate was 

purchased from BBI Life Sciences Co. 

 

2.2. Preparation of BSA-HCHO-osteocalcin 

Weigh 0.5 mg of osteocalcin solid standard accurately in a 10 mL beaker, add 500 μL of 1% 

aqueous acetic acid solution and stir well to dissolve. The pH of the above solution was adjusted to 5.0 

with potassium carbonate (0.1 mol/L). Weigh 5.0 mg of BSA solid, dissolve in 1 mL of PBS (pH 7.4) 

solution, and mix well. Transfer the prepared osteocalcin solution to a 2 mL EP tube, add 500 μL of 

BSA solution drop by drop and mix well. Add 190 μL of 37% formaldehyde solution to the mixture drop 

by drop and shake for 72 h at 37 ℃. The reaction solution was transferred to a dialysis bag and dialyzed 

in PBS solution at 4 ℃ for 72 h. The solution was changed every 8 h. The reaction solution was diluted 

10 times and the remaining diluted solution was stored at -20 ℃. The final reaction solution was 

collected and diluted 10 times, and an appropriate volume was taken for UV absorbance value 

determination. 

 

2.3. BSA-HCHO-osteocalcin immunogenicity assay 

Take one 96-well enzyme plate, add 200 μL of 0.8% glutaraldehyde solution to each well, and 

pretreat the plate at 37 ℃ for 6 h. Add 300 μL of plate wash solution to each well when washing the 

plate. The BSA-osteocalcin reaction solution was diluted 5000-fold and 15000-fold with PBS buffer, 

respectively. Add 100 μL of BSA-osteocalcin (diluted 5000 times) to each well in column 1 and 100 μL 

of BSA-osteocalcin (diluted 15000 times) to each well in column 2, and coat overnight at 4 ℃. Each 

well was added 250 μL of 5 % BSA aqueous solution and closed at 37 ℃ for 2 h. Anti-osteocalcin 

solution was diluted with PBS buffer in a 3-fold gradient. The dilutions were 3×103, 9×103, 2.7×104, 

8.1×104, 2.43×105, 7.29×105, 2.187×106 and 6.561×106, respectively. After dilution, add 100 μL of 

antibody solution diluted 3000 times to each well in row 1 in descending order of dilution. Add 100 μL 

of antibody solution diluted 9000 times to each well of row 2. The final wells in row 8 are each filled 

with 100 μL of antibody solution diluted 6.561×106 times. The plates were incubated at 37 ℃ for 2 h. 

Goat anti-mouse IgG-HRP was diluted 4000 times (PBS dilution) and 100 μL was added to each well 

and incubated at 37 ℃ for 40 min. After complete color development, the reaction was terminated by 

adding 50 μL of termination solution to each well, and the UV absorbance values of each well at 450 

nm and 620 nm were recorded. 
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2.4. Construction of electrochemical immunosensor with glutaraldehyde modified substrate 

Firstly, the GCE bare electrode interface was blown dry with N2, and the electrode was incubated 

in 200 μL of 0.8% glutaraldehyde aqueous solution for 1 h to activate the GCE interface (denoted as 

GCE/glutaraldehyde). 7 μL of BSA-osteocalcin (5.0 μg/mL) was applied dropwise to the electrode 

interface and dried naturally (denoted as GCE/glutaraldehyde/BSA-osteocalcin). The modified interface 

was placed in 200 μL of 2% BSA solution and closed at 37 ℃ for 1 h. After each modification process, 

the electrode should be immersed in water for 10 min and washed twice by oscillation to achieve a clean 

interface (denoted as GCE/glutaraldehyde/BSA-osteocalcin/BSA). Add 100 μL of osteocalcin standards 

(2, 10, 50, 250, 1250 μg/mL) with different concentration gradients to a 1.5 mL EP tube. After the 

interface is stabilized, 100 μL of anti-osteocalcin is added to each tube and incubated at 37 ℃ for 90 

min. After incubation, the electrodes were removed and rinsed by soaking in water (denoted as 

GCE/glutaraldehyde/BSA-osteocalcin/BSA/anti-osteocalcin) for subsequent differential pulse 

voltammetry (DPV) scan detection. The scanning potential range was -0.4 V ~ 0.7 V. Cyclic 

voltammetry (CV) was used to characterize the changes in electrode properties after different 

modification steps with a scanning potential range of -0.3 V ~ 0.7 V and a scanning speed of 100 mV/s. 

 

 

 

3. RESULTS AND DISCUSSION 

Osteocalcin is a small molecule semi-antigen that is not immunogenic. Therefore, it cannot 

produce an immune response and cannot be used directly as an envelope. The usual approach is to obtain 

immunogenicity by selecting a suitable intermediate medium to couple small molecule semi-antigens to 

large molecule carrier proteins [26,27]. In general, the carrier proteins commonly used for small 

molecules are mostly BSA, keyhole limpet hemocyanin and ovalbumin. The osteocalcin structure 

contains guanidine groups within it. The Mannich reaction combines compounds containing active 

hydrogen with formaldehyde. The other end of the formaldehyde can be condensed with the exposed 

amino group at the protein end. Taking advantage of this property, formaldehyde can be chosen as an 

intermediate medium for the condensation reaction of the guanidine group of osteocalcin with the amino 

group of the carrier protein to achieve the synthesis of the complete antigen [28]. 10 μL of 1% BSA, 

37% HCHO, osteocalcin (1.0 μg/mL) and BSA-HCHO-osteocalcin were pipetted onto the detection base 

of the ultra-micro UV-Vis spectrophotometer, and the specific results were detected as shown in Figure 

1. The comparison revealed that BSA-HCHO-osteocalcin had more obvious absorption peaks of BSA 

and osteocalcin. The initial preparation of the artificial antigen was successful as evidenced by the blue 

shift near 280 nm. In order to further verify the immunogenicity of the artificial antigen [29], an ELISA 

method needs to be established for detection. 
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Figure 1. UV-vis spectra of osteocalcin, HCHO, BSA, BSA-HCHO-osteocalcin. 

 

 

After the preparation of BSA-HCHO-osteocalcin (BSA-osteocalcin), the immunogenicity of the 

synthetic BSA-osteocalcin is determined on an enzyme-labeled plate to determine whether the synthetic 

BSA-osteocalcin specifically binds to anti-osteocalcin [30]. In the immunogenicity determination stage, 

the UV OD450 nm-OD620 nm of the final reaction wells prevailed, and the specific results are shown 

in Table 1. As the concentration of anti-osteocalcin decreases, the absorbance values of the 

corresponding reaction wells also decrease. The overall effect was better when BSA-osteocalcin was 

diluted 15000 times, which proved that the BSA-osteocalcin synthesized by this experiment had 

immunogenicity and could be used as a molecular probe for chemical modification at the electrode 

interface. 

 

Table 1. Immunogenicity results of BSA-osteocalcin. 

 

 BSA-osteocalcin 

dilution ratio 

5000 15000 

Anti-osteocalcin 

dilution ratio 

3000 NA 3.745 

9000 NA 3.739 

27000 3.801 3.108 

81000 2.655 2.306 

243000 1.409 1.055 

729000 0.706 0.537 

2187000 0.373 0.283 

6561000 0.259 0.189 

 

 

Figure 2 shows the scheme of preparation of electrochemical immunosensor for osteocalcin 

sensing. BSA is a commonly used containment reagent in immunological assays. It binds to non-specific 

recognition sites at the encapsulation interface and effectively prevents non-specific adsorption at 

subsequent immune reaction stages [31]. The level of blocking concentration affects the degree of 

binding of the antibody to the immobilized antigen. The presence of a very small amount of residual 

antibody in BSA may cause cross-reactivity or other side reactions between the residual antibody in BSA 
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and the interface-coated antigen, resulting in high background values or false positives [32,33]. On the 

contrary, a low concentration will not provide a sealing effect. In this experiment, 1%, 2% and 3% BSA 

were selected for the optimization of the closure phase. We determined the optimum concentration of 

confinement based on the percentage decrease in redox peak current before and after confinement. 50% 

was found to be the best choice. The current drop under 2% BSA closure was nearly 50%, so 2% BSA 

was chosen as the best closure solution. 

The detection of this method is based on the establishment of an electrochemical scan of the final 

capture interface of the antibody, while the length of incubation time has a direct impact on the amount 

of antigen-antibody binding and the degree of reaction [34,35]. Therefore, the length of time that brings 

the antibody capture at the interface close to saturation and the reaction is adequate should be selected 

as the optimal incubation time. In this experiment, incubation times of 15 min, 30 min, 60 min, 90 min 

and 120 min were chosen to investigate the effect of specific reaction time on the sensor detection 

process. The peak current change (ΔI) of DPV before and after incubation reaches the highest point at 

90 min, and the change of ΔI is not obvious after 90 min, so 90 min should be selected as the best 

incubation time. 

 

 

 
Figure 2. Scheme of preparation of electrochemical immunosensor for osteocalcin sensing. 

 

 

To verify the validity of the modification process, the modification results need to be 

characterized for each step of the experimental operation [36]. We chose cyclic voltammetry (CV) to 

characterize the electrodes after each modification. As shown in Figure 3, the redox current of the GCE 

bare electrode starts to decrease after the modification of glutaraldehyde. The pending interfacial binding 

of BSA-osteocalcin impedes the rate of electron transfer at the electrode interface, resulting in a 

continued decrease in current. BSA is a macromolecular protein, and the whole is electrically neutral 

and cannot conduct electricity, and the surface reaction at the electrode interface is further hindered [37]. 

After binding of osteocalcin antibodies at the modified interface, the antigen-antibody complexes attach 

to the surface and affect the redox process of [Fe(CN)6]
3- and [Fe(CN)6]

4- at the interface-liquid interface. 

The characterization effect of each modification process is distinguished clearly and can prove that the 

modification is effective. 
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Figure 3. Cyclic voltammetry of osteocalcin electrochemical immunosensor on different preparation 

steps (a. Bare GCE; b. GCE/glutaraldehyde; c. GCE/glutaraldehyde/BSA-osteocalcin; d. 

GCE/glutaraldehyde/BSA-osteocalcin/BSA; e. GCE/glutaraldehyde/BSA-osteocalcin 

/BSA/anti-osteocalcin). Electrolyte: 2 mM [Fe(CN)6]
3-/4- (0.2 M KCl); Scan rate: 100 mV/s) 

 

The effect of different concentrations of free osteocalcin in the solution on the binding process 

of antibodies can be seen from the competitive immunoconjugation method. The redox reaction rate at 

the electrode interface is then changed, and the detection result is finally reflected by the electrical signal 

obtained from the electrochemical scan [38,39]. As shown in Figure 4, osteocalcin concentration was 

positively correlated with ΔI. The limit of detection can be calculated to be 1.17 ng/mL. The competitive 

mechanism involved can be explained as follows: The glutaraldehyde structure itself contains two 

aldehyde groups and functions as an intermediate at the interface between the semi-antigen and the solid 

phase. GCE interfacially modified glutaraldehyde may still react with and immobilize newly added 

osteocalcin after BSA blocking. The overall analytical performance of the GCE/glutaraldehyde/BSA-

osteocalcin /BSA/anti-osteocalcin was compared with the previous literatures (see Table 2). 

 

  
Figure 4. (A) DPV curves of GCE/glutaraldehyde/BSA-osteocalcin /BSA/anti-osteocalcin with 2 

ng/mL, 10 ng/mL, 50 ng/mL, 250 ng/mL and 1250 ng/mL of osteocalcin. (B) Linearity between 

natural logarithm of osteocalcin concentration and DPV peak current variation(ΔI). 
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Table 2. Comparison of GCE/glutaraldehyde/BSA-osteocalcin /BSA/anti-osteocalcin with previously 

reported osteocalcin detection method. 

 

Analytical method Linear range LOD  Reference 

ELISA - 0.13 ng/mL [40] 

ELISA 0.037-1.8 ng/mL - [41] 

Antibody-Cu3(PO4)2 

hybrid nanoflowers 

0.1-50 ng/mL 0.042 ng/mL [42] 

ELISA assay 64.6-618.1 ng/mL 0.34 ng/mL [43] 

Current-volt sensor 0.01–3000 ng/mL 0.005 ng/mL [44] 

GCE/glutaraldehyde/BSA-

osteocalcin /BSA/anti-

osteocalcin 

2-1250 ng/mL 1.17 ng/mL This work 

 

As the concentration of osteocalcin increases, the amount of interfacial fixation of osteocalcin 

increases and the amount of antibody capture at the modified interface subsequently increases, resulting 

in a higher ΔI before and after incubation. The linear relationship between ΔI and the natural logarithm 

of the osteocalcin concentration was y=0.124x+0.008, r2=0.998. The LOD of the method was 2.0 ng/mL 

(S/N＞3). 

The stability of the electrochemical immunosensor method is generally measured by the 

following three indicators [45]: the first is to test the stability of the sensing interface during the redox 

process by repeated cyclic scans of CV; the second is to calculate the relative stability of the detection 

results in parallel groups; and finally, the peak current is obtained by the DPV method at different times, 

and the stability of the sensor over a certain period of time is determined according to the current 

retention rate. The RSD was 2.21% for 20 cycles of the same sensor during CV scan. In addition to this, 

a parallel intra-group stability of 5.15% was calculated. Figure 5 reflects the degree of current retention 

of the immunosensor at 0 h, 12 h, 48 h and one week with an overall relative stability of 2.44%. 

 

 

 
 

Figure 5. Peak current of GCE/glutaraldehyde/BSA-osteocalcin /BSA/anti-osteocalcin in different 

storage periods. Electrolyte: 2 mM [Fe(CN)6]
3-/4- (0.2 M KCl); Scan rate: 100 mV/s) 
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A negative blank sample was selected, and 2.0 μg/mL of osteocalcin standard solution was added 

before the pretreatment process. The final solution was spiked at a concentration of 50 ng/mL, and an 

osteocalcin standard curve needed to be established to calculate the osteocalcin detection concentrations 

of the blank spiked samples based on the linear relationship, which was used to calculate the recovery. 

The results in Table 2 show that the overall recoveries ranged from 82% to 96%, proving that the method 

is accurate and feasible for actual sample detection. 

 

 

Table 2. Recoveries of electrochemical immunosensor with the addition of osteocalcin. 

 

Sample Blank 1 2 3 

ΔI (μA) 0.55 0.40 0.41 0.39 

Ln(c) 0.34 3.78 3.90 3.73 

c(ng/mL) 1.43 44.68 49.5 42.2 

Added 

(ng/mL) 

- 50.00 50.00 50.00 

Recovery (%) - 86.66 95.97 82.42 

 

In the actual sample analysis, we also use HPLC-MS to detect the samples. We performed 

detection with the proposed electrochemical immunosensor and compared the results with the detection 

by HPLC-MS (Table 3). The overall values detected by the sensor method were found to be smaller than 

those of HPLC-MS, but the difference was not significant. Such results suggest that the proposed 

electrochemical immunosensor can be practically used for the detection of osteocalcin. 

 

 

Table 3. Comparison of detection of osteocalcin using proposed electrochemical immunosensor with 

traditional HPLC-MS. 

 

Sample Electrochemical immunosensor 

(ng/mL) 

HPLC-MS (ng/mL) 

1 74.15 76.21 

2 135.02 144.03 

3 194.22 197.51 

 

 

 

4. CONCLUSION 

This work prepared the BSA-HCHO-osteocalcin complex and verified the immunogenicity of 

the complex. This complex can be specifically immunoconjugated on the basis of a 15,000-fold dilution 

of the reaction stock solution. Based on the ELISA competition analysis method, we fabricated an 

electrochemical immunosensing interface on glutaraldehyde substrate. The linear correlation between 

the natural logarithm of the sensor on osteocalcin concentration and the amount of change in DPV peak 

current before and after incubation was good in the range of 2.0 ng/mL ~ 1250 ng/mL (r2 = 0.997). LOD 

(S/N > 3) was calculated to be 1.17 ng/mL. The results of the methodological validation showed a high 
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immediate stability of the same sensor as well as a good stability within 1 week with an overall RSD 

below 3.0%. The accuracy of the method was further verified by the RSD of 5.15% for the detection 

results of the sensor within the same batch. The results of this method are highly accurate and consistent 

with those of HPLC-MS when applied to actual positive samples. 
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