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Heme is an active center of hemoglobin which is a porphyrin compound containing two free carboxyl 

groups that may exert intermolecular interaction with ferrocene dicarboxylate which can be studied by 

electrochemical methods. The CV experimental results from this current study showed that ferrocene 

dicarboxylate had a good pair of redox peaks in NaOH aqueous solution and organic solvents in a 

quasi-reversible electrode process. There was linear relationship between current and square root of the 

scan rate, belonging to diffusion-controlled redox processes. The signals from the potential and current 

had obvious shift after the reaction with heme, especially when the redox peaks disappeared from the 

organic solvents. Fc(COOH)2 was activated to give compound Fc(OBt)2 with saturated structure that 

did not show better redox peaks due to its worse solubility, hence it didn’t form hydrogen bonds with 

heme. DPV was used for heme assay, where the current was proportional to heme concentration in the 

range of 1.0-5.0 μM, with 0.7 nM detection limits.  
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1. INTRODUCTION 

Hemoglobin is a respiratory protein in red cells of vertebrate [1] that consists of bead protein 

and heme, and it is the carrier of molecular oxygen in the blood [2]. Heme has a very important 

porphyrin structure, consisting of ferrous ion and nitrogen atoms on the heme ring that are connected 

together in a coordinated manner, as shown in Fig.1 A. The hemoglobin molecule is composed of two 

α and two β polypeptide chains for four dimers. Combination of each polypeptide chain and one heme 
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molecule makes the electrical activity center[3]. Hemoglobin can be reversibly combined with some 

gas molecules (O2 or CO) when it is in reduced (ferrous) state, having an important role in all life 

activities[4]. He Hemoglobin, as a natural horseradish peroxidase (HRP) substitution, can be 

successfully used for HRP enzyme catalytic reaction, where it shows a higher catalytic activity [5-7]. 

Determination of hemoglobin content is important in clinical practice. When the hemoglobin content is 

reduced, then there may be anemia which may be caused by various reasons. The hemoglobin content 

may relatively be increased due to increased white blood cells, therefore the accurate determination of 

hemoglobin and glycosylated hemoglobin content has a very practical significance [8]. 

At present, there are many methods for detecting glycosylated hemoglobin in clinical trials. 

According to the reaction principle which can be divided into two categories, the first category is based 

on charge difference between GHb and non GHb, such as ion exchange chromatography [9]and 

electrophoresis [10, 11]. The second category is based on the structural characteristics of GHb, such as 

affinity chromatography [12] [2], immunoassay [13] and enzyme method [14].  

In recent years, electrochemical methods for the detection of hemoglobin and glycosylated 

hemoglobin have gradually been developed. Direct electrochemical studies of electron transfer 

between proteins and electrodes have been more and more valuable. The electrochemical properties of 

hemoglobin with various dyes as media for modified electrode have been studied [15]. These dyes 

mainly play the role of electron transfer between the electrode and hemoglobin with redox activity. 

 

 
 

Figure 1. Structure diagram of heme, ferrocene and its derivatives 

 

Ferrocene has stability, structure and unique bonding that have triggered strong research 

interest (Fig.1 B). The synthesis of its derivatives (Fig.1 C and D), structure and research performance 

have also become a hot topic in modern chemistry. With development of bio-pharmaceutical 

technology, ferrocene and its derivatives are widely used in biology, medicine, microbiology[16, 17]. 

It has been reported that ferrocene modified DNA [18, 19] and protein, as an electrochemical probe, 

was applied in the identification of specific sequences of DNA fragments, testing and research of DNA 

damage and protection. Ferrocene was also used as electrochemical probe for the detection of 

hemoglobin[20, 21]. Scheller
 
[21]and coworkers used ferrocene boric acid as electrochemical probe to 
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bind sugar-based n-terminal and detected glycosylated hemoglobin when dimethyl 

dioctadecylammonium bromide(DDAB) was used as a promoter, showing reversible redox peaks at 

0.299V. Tanaka
 
[22]and coworkers took ferrocene formate to modify antibody of hemoglobin and 

detect hemoglobin through electrochemical method, where the reversible redox peak appeared at 0.35 

V. Our groups’ previous work studied the interaction of ferrocene derivatives and heme using UV-vis 

spectroscopy which paved the way for studying their interaction by electrochemical method [23]. 

Herein, we took advantage of ferrocene derivatives as electrochemical probe and heme as the 

active center of hemoglobin, as they all have some functional groups. The electrochemical method can 

be used for studying the interaction between ferrocene derivatives and heme, and also for the heme 

detection, providing a new way to explore the quantitative detection of hemoglobin based on the 

reaction of ferrocene derivatives and heme. 

 

 

 

2. EXPERIMENTS 

2.1. Reagents and instruments 

All reagents used in the experiment were of analytical standard. Heme was obtained from 

Aladdin. Tetrabutylammonium perchlorate was purchased from Shanghai Huacheng Industry 

Development Co., Ltd., Fc(COOH)2 and Fc(OBt)2 were self-synthesized according to the reference 

procedure [24]. All aqueous solutions were prepared with Milli-Q water. 

An electrochemical workstation (CHI660D, Shanghai Chenhua Instrument Co., Ltd.) was used 

to carry out all electrochemical tests. 

 

2.2. Preparation of solutions and electrochemical test 

1.0 mmol·L
-1

 stock solution of Fc(COOH)2 was prepared by dissolving Fc(COOH)2 in NaOH 

solution (pH=9) and different organic solvents. 1.0 mmol·L
-1

 stock solution of Fc(OBt)2 was prepared 

by dissolving Fc(OBt)2 in different organic solvents. 1.0 mmol·L
-1

 stock solution of heme was prepared 

by dissolving heme in Milli-Q water. All stock solutions were diluted to desired concentration of 

solutions when executing the test. 

Three-electrode system was used to measure the cyclic voltammetry (CV) and differential 

pulse voltammetry (DPV) signal from all solutions, and the Au electrode was used as the working 

electrode. The platinum electrode was used as auxiliary electrode and the AgCl electrode was used as 

the reference electrode.  

 

3. RESULTS AND DISCUSSION  

3.1. Electrochemical Behavior of Fc(COOH)2  

The effect of scanning rate on the current of compound was very obvious, as necessary to study 

the relationship between scanning rate and current, which could tell whether the electrochemical 
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behavior of the compound belonged to diffusion-controlled or adsorption-controlled redox processes in 

solution [25].  
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Figure 2. CV graph of Fc(COOH)2 solution with different scanning rates. Insert: Square root of 

relationship between current and scanning rate (A: NaOH; B: acetonitrile; C: ethanol; D: 

dichloromethane).  

 

The effect of scanning rate was thus carried out. Fig. 2 shows the CV graph of 0.5 mmol·L
-1 

Fc(COOH)2 solution with different scanning rates in NaOH aqueous solution and different solutions, 

and the inserts are the square root of the relationship between current and scanning rate, the arrow is 

the scan direction.  

As shown in Fig. 2 A, Fc(COOH)2 had a good pair of redox peaks at scan rate of 0.05 V/s, 

where Epa=0.438 V, Epc=0.351 V, ∆Ep=87 mV, ipa/ipc=1.30, so the electrode process was quasi-

reversible process. When the scanning rate was increased, the peak-type was constantly expanding 

outward and the current signal intensity of the redox peak of the Fc(COOH)2 solution was also 

enhanced, showing a linear relationship between the square root of scanning rate and current. The 

electrochemical behavior therefore belonged to diffusion-controlled redox processes [16, 26]. 

According to the CV results, the electrochemical behavior for the Fc(COOH)2 in organic solvents, 

acetonitrile, ethanol and dichloromethane belonged to diffusion-controlled behavior as shown in Fig.2 

B, C and D, respectively.  

 

3.2. CV and DPV signal of Fc(COOH)2, Fc(OBt)2 and heme  

The next study used Fc(COOH)2 and Fc(OBt)2 as a probe to react with the heme in aqueous 

solution and organic solvents. The CV signal of 0.5mmol·L
-1

 Fc(COOH)2 and 0.5mmol·L
-1

 heme 

solution were determined by CV method at scan rate of 0.05 V/s. Fig. 3 shows the CV graph for 

Fc(COOH)2 before and after their reactions with heme were measured in aqueous solution and organic 

solvents, acetonitrile, ethanol and dichloromethane. The scanning ranged from 0 to 0.8V, 0.2 to 0.6V, 

0.4 to 1.2V, and 0.3 to 1.0V, respectively. 

As shown in Fig. 3 A, the redox potential for Fc(COOH)2 had little change but the current was 

obviously reduced. It was observed that the Fc(COOH)2 and heme existed with an intermolecular force 
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in aqueous solution. It could be seen that there wereobvious redox peaks before the reaction, and the 

redox peaks were obviously weakened after the reaction, or even disappeared in organic solvents, 

acetonitrile, ethanol and dichloromethane as shown in Fig.3 B, C and D, because the structure of 

Fc(COOH)2 and heme contained relatively free carboxyl groups that could form hydrogen bonds 

between the two compounds through intermolecular hydrogen bonding interactions with each other, 

making growth of heme molecular chain. The electron transfer was obviously blocked, transmission 

speed slowed and current reduced [27, 28].  

 

 
 

Figure 3. CV graphs for Fc(COOH)2 before and after reactions with heme in various solvents. (A: 

NaOH; B: acetonitrile; C: ethanol; D: dichloromethane) 

 

The CV signal of 0.5 mmol·L
-1

 Fc(OBt)2 and 0.5 mmol·L
-1

 heme solution were determined by 

CV method at scan rate of 0.05 V/s. Fig. 4 shows the CV graphs for Fc(OBt)2 before and after the 

reactions with heme, measured in organic solvents, DMF, ethanol and dichloromethane, with scanning 

ranges from 0.3 to 1.0V, 0.4 to 1.2V, and 0.4 to 1.3V, respectively. 

As can be seen from Fig.4, Fc(OBt)2 alone didn’t show better redox peaks in three solvents due 

to its poor solubility, and it showed worst results after mixing with heme. The reason for this may be 

that the solubility of heme was not very good in organic solvents, so the Fc(OBt)2 may have been 

absorbed by heme, leading to decreased concentrations of Fc(OBt)2, weakening of redox signal from 

Fc(OBt)2 and reduction in current. Secondly, the Fc(OBt)2
 
is a symmetric saturated structure, hence it 

is difficult for it to have molecular interaction with other substances, and therefore, there was no 
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intermolecular interaction between Fc(OBt)2 and heme in three solvents, as it couldn’t form hydrogen 

bond with heme [29]. The change of electrochemical signal can be contributed by its insolubility after 

mixing with heme in organic solvents. 

 

 
 

Figure 4.CV graphs for Fc(OBt)2 before and after the reactions with heme solution in various organic 

solvents. (A: DMF; B:ethanol; C: dichloromethane) 

 

Moreover, Fc(COOH)2 and Fc(OBt)2 reacted with heme in solvents and the electrochemical 

signal was detected by DPV. Fig. 5 shows the DPV graphs for Fc(COOH)2 and Fc(OBt)2 before and 

after the reactions with heme in solvents. 

 

 
 

Figure 5. DPV graphs for Fc(COOH)2 (A) and Fc(OBt)2 (B)before and after their reactions with heme. 

(A: NaOH; B: dichloromethane) 

 

As Fig.5 A shows, the current value decreased from 1.95 μA to 0.87 μA at 0.486V after 

Fc(COOH)2 reacting with heme. This indicated that there existed molecular interaction between the 

two compounds, and the binding of the reaction made the molecular chain of heme longer, with 

electron transfer becoming slow, resulting in a smaller current due to the structure of the heme contains 

with two free carboxyl groups. The Fc(COOH)2 structure also contains two carboxyl groups, so the 

hydrogen bonding could also take place, which was close to the conclusion from the CV method. As 

shown in Fig.5B, the pulse potential for Fc(OBt)2 appeared around 0.8 V when mixed with heme, 

shifting to higher potential which is regarded as abnormal. This may be due to the poor solubility of 
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heme in dichloromethane, so the Fc(OBt)2 solution may have been precipitated by the adsorption of 

heme, resulting in decreased Fc(OBt)2 concentration. 

 

3.3. Detection of heme by DPV 

 
 

Figure 6. A Current responses of electrode with various concentrations of heme. Insert: Dependence 

of ΔI on the heme concentration. B Selectivity of Fc(COOH)2 to heme. The concentration of 

analyte was 5.0 μM.  

 

Finally, the DPV method was used to investigate heme detection based on above analytical 

performances[30]. Fig. 6A shows the amperometric responses of electrodes in solution with various 

contents of heme. The currents decreased with increasing concentrations of heme (Fig.6A). The linear 

regression equation was expressed as ΔI=0.58162+0.10261c (μM) (R=0.99738) in the concentration 

range of 1.0 ~ 5.0 μM and the detection limit for the method was 0.7 nM.  

 

Table 1. Comparison of the present method with other previously reported methods for detection of 

heme 

 

Analytical technique Linear ranges (μg·L
-1

) Detection limits (μg·L
-1

) Ref. 

HPLC/DAD —— 15.97 [31] 

TLC —— 12.0 [32] 

FAAS 20.0–800.0 8.0 [33] 

UV-vis 749.7–5997.8 46.9 [34] 

FAAS 4.8–730.0 3.0 [35] 

DPV 652.0-3260.0 0.46 (0.7 nM) This work 

HPLC/DAD: High Performance Liquid Chromatography with Diode Array Detection; TLC: Thin 

Layer Chromatography; FAAS:Flame atomic absorbtion spectroscopy 

 

Some previously reported methods for the detection of heme were summarized in Table 1[31-

35]. The considerably low detection limit is the obvious advantage of the described method and 

indicate its  sensitivity, which is even better than chromatographic methods. Furthermore, the whole 
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process is much faster than the previously reported methods, thus, the sample throughput is higher 

which can effectively reduce the operation cost. 

 

Table 2. Analytical results of system accuracy test 
 

Sample Spiked(μM) Found(μM) Average(μM) Recovery(%) RSD(%) 

I 1.0 1.08 1.13 0.98 0.96 1.05 0.99 1.032 103.20 6.41 

II 2.5 2.48 2.52 2.65 2.61 2.53 2.46 2.542 101.68 2.92 

III 5.0 4.93 5.02 4.98 4.86 5.01 4.95 4.958 99.16 1.19 

 

 

To demonstrate the selectivity of this electrochemical method to heme, three interfering 

compounds (bilirubin, Cys and glucose) were tested. As shown in Fig. 6B, compared to the control 

group, the three interferences showed no apparent change in the current, indicating that the presented 

electrochemical method showed extraordinary selectivity towards heme. Thisresult is acceptable since 

the Fc(COOH)2 substrate is specific to heme. To demonstrate the application of this assay, detections 

of heme in three samples were carried out. As shown in Table 2 the found contents of heme were close 

to the spiked values, and the spiked recoveries varied from 99.16 to 103.2 % with the relative standard 

deviation (RSD) below 6.41 %.  

 

4. CONCLUSION 

The electrochemical methods CV and DPV were used to study electrochemical behaviors of 

Fc(COOH)2 in different solutions and showed diffusion-controlled redox processes. After reaction 

with heme, the signal potential and current had obvious shift for Fc(COOH)2, especially the 

disappearing redox peaks in organic solvents. These results demonstrated that there was a molecular 

interaction between hydrogen bonds formed between Fc(COOH)2 and heme. Fc(OBt)2 didn’t show 

better redox peaks due to its poor solubility, as it cannot form hydrogen bond with heme. Furthermore, 

ferrocene dicarboxylate, as an electrochemical probe, can be used for heme detection with very low 

detection limits, as confirmed by differential pulse voltammetry. 
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