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Abstract: Cyanide is a widely used industrial chemical but is also very toxic. Cyanide binds strongly with 
hemoglobin than that of oxygen which causes histoxic hypoxia, if it is introduced into the bloodstream. This 
pairing reaction can thus be exploided for the development of a cyanide detection sensor. Our research group 
has been developing a sensor platform that can utilize different enzymatic couplings for the detections of 
metabolites and species that are of health and environmental concerns at extremely low concentrations. In this 
study, we report the detection of cyanide using our sensor platform with a biocomposite layer made up of 
polymers, nanogold sol-gel, and hemoglobin. The biocomposite is coated on the surface of anchoring materials 
such as Au, Pt, and glass carbon electrode. This ultra high sensitive biosensor can detect cyanide at 
concentration levels orders of magnitude lower than any reports found in the public domain. This report reveals 
results in twofold: at low concentration levels above 1×10-5 M and ultra-low levels of 1×10-18 M. These two 
concentration ranges represent applications for rountine cyanide monitoring and research exploration. We will 
also discuss factors that affect the sensitivity, interference, durability, and performance enhancement of this 
sensor. Due to its ability to detect cyanide at such wide range of concentrations, this cyanide sensor can have 
unique applications in homeland security, biomedical, and environmental monitoring. Copyright © 2015 IFSA 
Publishing, S. L. 
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1. Introduction 

 

Rapid advance of microelectronics and 
nanotechnology has enabled our research group to 
utilize enzyme pair-coupling to develop a platform 
for electrochemical sensing that is versatile with ultra 
high detection sensitivity [1-5]. In this study, we 

report the application of such platform for the 
detection of cyanide by using cyanide and 
hemoglobin coupling redox reaction. 

Cyanide molecule is made of a carbon atom triple 
bonded to nitrogen atom which is named the cyano 
group. The cyano group can react with several 
organic and non-organic materials, such as sodium, 

http://www.sensorsportal.com/HTML/DIGEST/P_2715.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 191, Issue 8, August 2015, pp. 114-119 

 115

potassium, hydrogen, methyl, etc. Depending on how 
the bonding occurs and what the material it binds to, 
cyanide can exist as a colorless gas or crystal form. 
Solid cyanides such as potassium cyanide or sodium 
cyanide might or might not have a bitter almond 
smell when they are dissolved in a solution. Cyanide 
can appear in many forms: It is found in nature, 
bounded to a sugar molecule in fruits like apples and 
peaches; it is also produced by activities of fungi and 
bacteria. Due to its strong affinity to hemoglobin, 
once it enters the human body, hemoglobin in the 
body will be saturated with cyanide and the victim 
will consequentially suffocate within minutes. 

Metal cyanides have a very high aqueous 
solubility and thus cyanide also is widely used as an 
industrial solvent, such as in precious metal 
extraction and metal plating; but the acute toxicity of 
cyanide is deadly even it is consumed in a very small 

amount. In addition, recent homeland security issue 
heightens the need for a fast and accurate cyanide 
detecting device. Table 1 in the following 
summarizes the recent development in high 
performance cyanide detection. As seen in the table, 
the most sensitive cynaide ion detected was  
at 10-11 M [6].  

The goal of this study is to introduce a cyanide 
detection biosensor that is capable of detect cyanide 
concentrations down to 1×10-18 M, that is orders of 
magnitude suporier than any reports in the literature. 
The sensor was based on an electrode sensor platform 
that combined an anchoring electrode with different 
biocomposites to form a device that is capable of 
detecting various environmental pollutions  
and enzymes/metabolites [5] at unprecedented 
concentration ranges. 

 
 

Table 1. Summary of electrochemical cyanide sensing and the detection limits from recent literature. 
 

Substances 
detected 

Method Detection limit Source 

Cyanide compounds Cytochrome C biosensor with electrochemical method 4.3-9.1 µM Fuku, et al.[7] 

Cyanide groups 
Hybrid Au/CNT systems with electrochemical 
deposition and Raman spectroscopy 

Good sensitivity 
Orlanducci, et al. 
[8] 

Organophosphates 
(cyanide ions) 

Silicon-based microsensor with a Teflon nanoporous 
membrane supported on silicon 

1.5×10-11 M 
Sayyah, et al.  
[6] 

Cyanide Miniaturized silicon-based sensor system µ molar Turek, et al. [9] 

Cyanide 
Hydroxyapatite nanowires array (HANWA) biosensor 
performed by template-assisted electrode-position 

0.6 ng/ml 
Wang, et al.  
[10] 

Cyanide 
Silver doped silica nanocomposite synthesized via  
a sol-gel technique combined with a nanoparticle 
preparing method 

1.4×10-8 M 
Taheri, et al.  
[11] 

Cyanide 
Fused indoline and benzooxazine fragment 
chemosensor 

1 µ M 
Ren, et al.  
[12] 

Cyanide luminescent bacteria and PbO2 electrochemical sensor 
38.38 - 0.60 µg/mL  
for cyanide 

Liu, et al.  
[13] 

Cyanide in blood Amperometric test and an electrochemical sensor 4 µ M Lindsay, et al. [14]
Hydrogen cyanide 
gas 

Simple electrochemical method 0.66 mg/m3 Rao, et al.  
[15] 

Cyanide 
Amperometric detection of the enzymatically generated 
products 

2×10-6 M 
Wang, et al.  
[16] 

Cyanide Electrochemical minisensor 0.317 µg/L 
Siontorou, et al. 
[17] 

Hydrazine 
compounds 

Cyclic voltammetry on a nafion/ruthenium(III) 
modified glassy carbon 

1×10-7 M 
Casella, et al.  
[18] 

Cyanide A photoelectrochemical sensor 0.001 - 0.100 M Licht, et al. [19] 

Cyanide ions Simple electrochemical method 10-6 M Nikolelis, et al. 
[20] 

SCN-, SeCN- Amperometric flow sensor 

25 µM - 0.8 µM  
(at pH 2.0) for SCN-,  
and 0.1-20 µM  
(at pH 7.0) for SeCN- 

Cookeas, et al. [21]

 
 

2. Materials and Methods 
 
2.1. Materials 

 

The electrodes used in the modification were 
Gold (Au), Platinum (Pt), and glassy carbon (GCE), 
purchased from Tianjin Aida Heng Sheng Co, 
Tianjin, China. The electrodes had a diameter of 

0.2 cm. The platinum counter electrode had diameter 
of 0.1 cm and length of 0.5 cm. Cysteamine, 
melamine, bovine serum albumen (BSA), 
hemoglobin (Hb), AuCl3HCl·4H2O (Au %> 48 %), 
ethanolamine (EA), and sodium citrate were 
purchased from Sigma-Aldrich Chemical Co, St. 
Louis, MO, USA. All the other chemicals used in this 
study were of analytical grade. All experiments were 
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carried out in a deoxygenated 0.1 M phosphate buffer 
solution at pH 7.0. 

 
 

2.2. Methods 
 

The preparation of electrodes were the same as 
previously reported [2-3], except that the 
biocomposite layers were comprised of a layer of Hb 
only. To enhance the performance of the sensors, 
BSA or EA was coated as a final surface layer to 
eliminate all the possible sites that might be 
competitive or would hinder with the reactive 
bindings of Hb and cyanide. All the assessing 
solutions were conducted at pH 7.0 with 0.1 M 
phosphate buffer at room temperature (23-25 °C). 
Detection of the oxidative species was conducted 
with a Gamry 600 potentiostat. The method of 
detection of the characteristic peaks of cyanide by 
means of the enzymatic coupling was described in 
previous studies [1-3]. 

 
 

3. Results and Discussions 
 
3.1. Cyanide Detection in Extremely Low 

Concentrations (Below 1×10-14 M) 
 

As shown in Fig. 1, is a typical potentiogram of 
cyanide detection with the characteristic reductive 
peaks at -25 mV with a Pt electrode.  

 
 

 
 

Fig. 1. Potentiogram of cyanide detection  
in a pH 7.0 phosphate buffer solution with a Pt electrode 

biosensor. Note that reduction peak increases  
with concentration at -25 mV. 

 
 

Fig. 2 is the reduced results of cyanide 
concentrations from 1×10-18 M to 1×10-14 M for a Pt 
sensor electrode that was coated with BSA. BSA 
enhanced the performance of the electrode in these 
extremely low concentrations (more in a latter 
section). As it is shown in Fig. 2, a rerun of the same 
coated electrode after 31 days idling in a neutral 
buffer solution at pH 7.0 at 4°C (blue curve) gave 
about the same readings as a freshly prepared 

electrode, which demonstrates that this biosensor is 
durable, that also implies the biocomposite layer 
where the enzymatic reaction takes place remains 
active after a long period of idling. In general, we 
observed that the Hb biocomposite is rather durable 
and can last up to 2 months or more [5]. We have 
also tested an Ag electrode but the results were 
inconsistent presumably due to Ag’s low resistant to 
oxidation. 

From the prospective of acute toxicity today, 
being able to detect CN- at the extreme low level of 
1×10-18 M does not seem to be useful or practical. 
However, as research progresses, for example, such 
low concentrations of CN- in our body may be an 
indication of cancer formation and/or organ 
malfunction at the early stage, as we explore more in 
bioreactions and kinetics, especially in specific in-
situ measurements. An early diagnosis of such 
ailments would increase chances of successful 
therapy. In addition, such low concentration detection 
may be used to aid the determination of molecular 
binding/model of hemoglobin with cyanide and other 
reducing agents [22]. 
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Fig. 2. Cyanide detections from 1×10-6 M to 1×10-18 M 
with a Pt electrode at -25 mV. Data shows the 

measurements of the same Pt electrode on Day 1 and 31 
that produced similar performance. 

 
 

3.2. Cyanide Detection in Low 
Concentrations (Above 1×10-5M) 

 

Fig. 3 is the measurements of cyanide ion at 
concentrations of 1×10-6 M to 1.0×10-2 M of a Pt 
electrode sensor at about 850 mV. Note that the 
reductive measurements became oxidative in Fig. 3, 
which started at about 1×10-6 M (data not shown) if 
the identification peak at -25 mV was used, which 
indicates that the orientation of the Hb molecules at 
the reactive sites (same redox potential) are shifted to 
be favorable to oxidation. It should be mentioned that 
pH is also a factor that affects the Hb molecular 
orientations which may free up or hinder the catalytic 
redox reaction of cyanide, presumably with the same 
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hemoglobin subunits. However, the peak at -25 mV 
became less consistent if the concentrations of CN- 
were above 1×10-5 M; thus, a more consistent peak at 
850 mV was chosen as it is shown in Fig. 3, although 
peaks at about 850 mV are rather common for many 
bioenzyme pairs. Furthermore, there are times that a 
slight shift of measurement potential is observed, 
which could be a consequence of the reaction site 
shifted from one similar structural molecular subunit 
to another subunit. Noted that Hb is made up of  
4 subunits [23]. This appeared to be more obvious for 
the measurements of CN- at concentrations above 
1×10-5 M by using the Au electrode as anchoring 
material, the potential shift from about 480 mV to 
600 mV gradually from 10-5 M to 10-2 M, 
respectively. There can be different sites for the Hb 
to carry (bind) with the CN-, not just the cluster 
(ligand) with Fe. Similar argument can be said about 
the competitive binding of Hb with CO, NO, and H2S 
[24-25]. 

 
 

 
 

Fig. 3. Cyanide detections from 1×10-2 M to 1×10-6 M 
for a Pt electrode at 850 mV. 

 
 

The identity peak in Fig. 3 was selected at 
850 mV, which is different from the characteristic 
peak in Fig. 2 at -25 mV, because the peak at -25 mV 
could not be providing consistent results at 
concentrations above 1×10-5 M but worked 
fabulously well at extremely low concentrations 
mentioned above. The peak at near 850 mV appeared 
to be very common for many enzymatic reactions we 
have studied [5]. 

The concentration range illustrated above is 
important because that is the measurement range that 
industrial applications often applied. In other words, 
the acute toxicity of CN- below 1×10-5 M is not so 
obvious to humans that it is often overlooked.  
Also, CN- is an active reducing agent, it will be 
oxidized gradually with time if it is left in open air; 

therefore, CN- is not considered an immediate health 
hazard if the concentration is below 1×10-5 M. 

 
 

3.3. Performance of Electrode Sensor 
Anchored with Different Anchoring 
Metals 

 
Performance of this ultra-high sensitive electrode 

biosensor was compared by using Pt, Au, and GCE as 
anchoring material. In spite of that all said anchoring 
materials would work in our experiments, the 
preferred material ranking is Pt > Au >GCE at the 
extremely low concentrations, and Au > Pt >GCE in 
concentrations above 10-5 M. GCE in general is not a 
good choice of anchoring electrode for CN- 
measurement. It is unclear at this time what 
deterministic factor causes the performance 
difference; and different anchoring materials would 
generate various characteristic (identification) peaks 
and magnitude (current flow) for the CN- 
measurement. Table 2 shows the characteristic and 
the secondary peak of CN- measurement using 
various anchoring materials for the sensor electrode. 
Fig. 4 is the measurements of CN- at concentrations 
above 1×10-5 M for the freshly prepared electrodes 
(Day 1) with Pt, Au, and glassy carbon as anchoring 
material. Pt appeared to be giving higher signals 
(current) over the concentration range, but its 
identification peak was at about 850 mV which is a 
common region for many other redox enzymatic 
electrochemical measurements, thus is not as 
desirable as the Au electrode having the identification 
peak at about 500 mV due to lacking of uniqueness. 

 
 

 
 

Fig. 4. Measurements of cyanide ion with freshly 
prepared electrodes fabricated with different anchoring 

materials. Identification Peaks of electrodes:  
Pt measurements at 850 mV, Au at 600-480 mV,  

GCE at 505 mV. 
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Table 2. Identification peaks of Cyanide and their current magnitude for different materials. 
 

Anchoring 
Material 

Characteristic 
Peaks (V) 

Current 
Magnitude (µA) 

Other Peaks (V) 
Current 

Magnitude (µA) 
Platinum -0.025 (R) 4.9(1 × 10-18 M) 0.85 (O) 8(1 × 10-2 M) 

Gold 0.6-0.48 (O) 11(1 × 10-2 M) 0.46 (R) 2.5(1 × 10-14 M) 
Glassy Carbon 0.5 (O) 0.1(1 × 10-3 M) nonexisted  

(O) refers to oxidation, (R) refers to reduction. Number in parenthesis under current magnitude column is the 
concentration of CN- corresponding to the current measured. 
 

 
3.4. Performance of Electrode Sensor with 

Enhancing Surfacing Coating of BSA 
and EA 

 
Serum albumin protein such as bovine serum 

albumin (BSA) and ethanolamine (EA) can be used 
to selectively stabilize enzymes and to prevent 
adhesion of the enzymes to the reaction surface 
interface (of the biocomposite and the metal surface), 
and they do not affect other enzymes/components in 
the system that do not need to be stabilized. As a 
conquence, they enhance the overall signal of 
bioassays, for example, in digestion of DNA. Both 
BSA and EA were tried to examine the effect of 
these proteins on the resulting current signal of the 
electrode sensors. It was determined that EA posted 
no signal enhancement for the sensor electrodes on 
the potential ranges we tested, and BSA was partially 
effective. BSA did not seem to have much effect to 
the performance of the sensor at the concentration 
range above 1×10-5 M, but enhanced the 
measurements at the extremely low concentration 
range considerably. As it is shown in Fig. 5, BSA 
increased the current measurement more than 35 % 
from 1×10-18 M to1×10-15 M but tapered off at higher 
concentrations. Presumably the reaction sites within 
the Hb were saturated at above 1×10-15 M and the 
BSA was no longer effective. 
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Fig. 5. Cyanide detections from 1×10-6 M to 1×10-18 M 
with a Pt electrode with and without BSA  

enhancement at -25 mV. 
 

3.5. Detection Interferences  
 

Hemoglobin is a relatively stable enzyme 
(molecular size about 64,000 daltons) yet can 
react/catalyze with many molecules (reductants), and 
is one of the most studied molecules. Inorganic ions 
that are often encountered in biofluids and 
environmental measurements such as Cl-, NO3

-, SO4
2- 

do not created interferences unless in concentrations 
higher than 1×10-3 M [5]. 

 
 

4. Conclusions 
 

Our results indicated that this ulta-high 
performance cyanide biosensor cyanide is  
extremely sensitive, versatile, and durable. It can be 
used for measuring cyanide concentrations from 
1×10-2 M to 1×10-18 M. As always, Pt is the best 
overall anchoring material for the sensor fabrication, 
and GCE is the least favorable among the three tested 
materials. Common inorganic ions such as Cl-, NO3

-, 
SO4

2- do not creat measurement (identification) 
problems with the sensor, but reducing agents such 
as NO2-, H2O2 may generate confusions in 
identifications. Combination of peak information 
using eletrodes made by 2 different anchoring 
materials (e.g., Pt and Au) would help resolve the 
idententification uniqueness issue. Because of the 
extraordinary sensitivity and range of detection limit, 
many applications for industrial, biomedical, and 
security systems can be developed by uiltizing this 
ultra high performance sensor [26]. 
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