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Abstract: Ultrasensitive sandwich type electrochemical 

immunosensors for the detection of various pathogens / toxins is 

described in this report using ferrocene functionalized antibodies 

as label. This scientific report is based on the electrochemical 

detection of various pathogens / toxins. In order to study the 

detection performance, various nanomaterials were used to 

modify the electrode surface. Further, this biofilm modified 

electrode surface was subjected to pathogens / toxins which are 

detected in an electrochemical sandwich immunoassay format 

using ferrocene tagged antibodies as labels. The limit of detection 

is reported here in the various immunosensing formats. In this 

report, we have discussed about the sensitive and stable 

sandwiched electrochemical immunosensing strategies using 

various nanomaterials as the immobilization platform to enhance 

the voltammetric signal and ferrocene derivatives as labels. The 

signal amplification strategy of ferrocene derivatives is quite 

promising which can be used for the electrochemical detection of 

various pathogens / toxins and is suitable for field use. 

Keywords: - Nanomaterials, ferrocene, ELISA, electrochemical 
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I. INTRODUCTION 

his report reviews the very recent history of 

nanomaterials and multiplexed detection in 

electrochemical immunosensors. The article ends with a 

fragment on upcoming perspectives. This scientific article 

deals with the development of electrochemical 

immunosensors that detect various pathogens / toxins like 

viruses and bacteria. In the sections below, I initiate with a 

short account of electrochemical biosensor & immunosensors 

then present an overview of the advantages of nanomaterials 

in the immunosensors. Furthermore, I then focus on recent 

contributions of ferrocene derivatives for the ultrasensitive 

detection of various pathogens / toxins with nanoparticles-

enhanced electrochemical immunosensing. 

                Biosensor is a highly interdisciplinary in nature 

[Harold et al., 1996]. The following figure illustrates the 

various disciplines involved in biosensor development. The 

biosensors offer a powerful tool for the determination of 

biologically important analytes.        

 

                  Biosensors are very important part of an extensive 

list of electrochemical methods and analytical tools to solve 

the biology related issues [Chengzhou Zhu et al., 2015]. Few 

examples are like Enzyme-based electrochemical biosensors 

for quantifying blood glucose level [Danielle Bruen et al., 

2017], biosensors to identify DNA for hereditary investigation 

and protein biomarkers for various infectious diseases and 

electrochemiluminescence (ECL) biosensors for toxic proteins 

and nucleic acids [Kavita et al., 2017]. 

                    A large number of methods are available for the 

quantitative detection of various pathogens / toxins, such as 

photoelectrochemical immunoassay [Lin et al., 2017], 

fluorescence-linked immunosorbent immunoassay (FLISA) 

[A. Sharma et. al., 2015], electrochemical immunoassay [A. 

Sharma et. al., 2014], radioimmunoassay (RIA) [H. M. 

Johnson et al., 1971], surface plasmon resonance (SPR) [R. 

Slavik et al., 2002], chemiluminescent immunoassay [A. 

Sharma et. al., 2012] and enzyme-linked immunosorbent 

assay (ELISA) [E. Cook. et al., 2007], etc. Compared with 

other methods, the electrochemical immunosensor has lot of 

advantages such as economical, sensitive, portable and 

simple-to-operate [M. Braiek et al., 2012]. Since, the 

T 
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electrochemical detection system can be used to identify the 

pathogens / toxins at very low concentration and at the time of 

outbreak it can help in taking precautionary measures. 

                  To improve the sensitivity of electrochemical 

immunosensor various nanomaterials are introduced for the 

detection of many pathogens/toxins & biological agents. 

Various nanomaterials such as platinum nanoparticles [A. 

Sharma et al., 2014], carbon nanotubes [Kim et al., 2007], 

gold nanoparticles [Yáñez et al., 2005], silica nanoparticles 

[Mathelie et al., 2016] and semiconductor nanocrystals [A. 

Sharma et al., 2015] are used earlier for the detection of 

various pathogens/toxins. Because of the high rate of toxicity 

of pathogenic bacteria like Mycobacterium tuberculosis, 

Streptococcus and Pseudomonas,  Shigella, Campylobacter, 

Salmonella, Clostridium botulinum neurotoxin, 

Staphylococcus aureus etc. which may cause of high mortality 

rates in developing countries [Revathi et al., 2012]. Hence, it 

is a great challenge to selectively detect such pathogens & 

toxins with high sensitivity and accurately.  

                 Ferrocene is a well-known redox active species and 

therefore it is widely used in electrochemical immunosensing 

of various pathogens. Now these days, ferrocene derivatives 

have received a large amount interest in the detection because 

of their remarkable catalytic properties, unique 

electrochemical responses and easy synthesis procedures 

[Wang et al., 2012]. Derivatives of ferrocene are one of the 

most widely used electrochemical labels and can be used as 

signal tags in electrochemical immunosensing of 

pathogens/toxins because of their high redox activity and long 

time stability [Ruoli et. al., 2014]. Nanomaterials are used as 

carriers to load a large amount of electroactive species, such 

as ferrocene and its derivatives, to amplify the detection of 

various biomolecules [Wang et. al., 2006; Cui et. al., 2008; Jie 

et. al., 2008]. 

                 Recently, applications of ferrocene derivatives have 

been found in electrochemical immunosensors for the 

recognition and quantification of a large variety of pathogens 

and toxins. One of the most recent examples of 

ferrocenecarboxylic acid which was used as a tag in 

electrochemical detection of Staphylococcal Enterotoxin B 

(SEB) [A. Sharma et al., 2016]. This is very first time of this 

kind of short report on the use of ferrocene & its derivatives 

based electrochemical immunosensing of pathogens / toxins 

using various nanomaterials. 

II. MATERIALS AND METHODS 

 Reagents and apparatus: 

                           1-ethyl-3-(3-(dimethylamino)propyl) 

carbodiimide (EDC), N-hydroxysuccinimide ester (NHS), 

Bovine serum albumin (BSA), ferrocene monocarboxylic acid 

(Fc-COOH), N-2-hydroxyethylpiperazine-N`-(2-

ethanesulfonic acid) (HEPES) were purchased from Sigma-

Aldrich (St Louis, MO, USA). Ultrapure water (18MΩ. cm 

resistivity, Milli-Q) was used throughout the study. Wash 

buffers consisted of phosphate-buffered saline (0.1M 

Na2HPO4, 0.1M KH2PO4 and 0.1M KCl, pH 7.4; PBS). All 

the dilutions of antigen and antibody were prepared in PBS-

buffer in our laboratory.  

                         Cyclic voltammetry (CV) experiments, 

differential pulse voltammetry (DPV), square wave 

voltammetry (SWV) experiments were performed with an 

Autolab potentiostat from Ecochemie Netherlands model no. 

CHI 440a. Electrochemical measurements were carried out 

with a conventional three-electrode cell. It comprises a 

platinum rod as an auxiliary electrode, an Ag/AgCl/saturated-

KCl reference electrode and screen printed electrode (SPE) or 

glassy carbon electrode (GCE) was used as a working 

electrode.  

                  SEM/EDX measurements were performed with a 

Quanta 400ESEM (The Netherlands). UV–Vis spectra were 

recorded on a Perkin Elmer lambda 35. Fourier transform 

infrared (FT-IR) spectra were measured on A2 technologies 

EXOSCAN (serial no. D0909001258). A magnetic stirrer 

controller (model no. TH100) and a pH meter (Eutech 

Instruments, Singapore) were utilized in this study. 

Application and Uses of Nanomaterials in Electrochemical 

immunosensors: 

                     Since nanomaterials possess unique, beneficial 

chemical, physical, and mechanical properties, they can be 

used for a wide variety of applications [Ibrahim et al., 2017]. 

These applications include: next-generation computer chips, 

better insulation materials, phosphors for high-definition TV, 

low-cost flat-panel displays, elimination of pollutants, high 

energy density batteries, high-power magnets, high-sensitivity 

sensors, automobiles with greater fuel efficiency, aerospace 

components with enhanced performance characteristics, better 

and future weapons platforms, longer-lasting satellites, large 

electrochromic display devices etc. 

                    In addition to the advantage in their attractive 

size, special physicochemical properties of nanoparticles that 

are very different from those of bulk materials accelerate their 

bioanalytical and medical applications such as multiplexed 

bioassays, drug delivery, biomedicine, clinical diagnostics, 

ultra-sensitive biodetection and bioimaging [Xu JJ et al., 

2014]. Nanomaterials, an emerging subdiscipline in chemistry 

has enabled the development of ultrasensitive electrochemical 

biosensors due to their high surface area, favorable electronic 

properties and electrocatalytic activity [Salata et al., 2004].  

                    The unique properties of nanoscale materials 

make them suitable for designing a new generation of 

biosensors. Metal nanoparticles and quantum dots bring new 

possibilities for biosensor construction and for developing 

novel electrochemical bioassays. These materials can also be 

used to amplify the signal of biorecognition event. The 

resulting electrochemical nanobiosensors have been applied in 

various areas of clinical diagnostics and detection of 

infectious organisms. The use of nanomaterials in biological 
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investigations has increased dramatically over the past several 

years. Due to their unique size-dependent electronic properties 

and recent advances in biofunctionalization, nanomaterials 

have been used in developing new methods of biosensing. 

These nanomaterial-biomolecule conjugates merge biological 

specificity and function with desirable optical characteristics. 

There are reports available on nanomaterials conjugated with 

biomolecules.  

                 Nanomaterials are very small in size and their 

surface area is large enough for linking to multiple 

biomolecules. The nanomaterials have been used for 

constructing electrochemical immunosensors and biosensors. 

Due to their unique chemical, physical and optical properties, 

colloidal nanoparticles have been used to develop new 

methods of biosensing. These materials play different roles 

viz. immobilization of biomolecules, labeling of biomolecules 

and acting as reactant in different sensing applications. By 

attracting biomolecules to their surface, it is possible to 

generate complex bioconjugates that merge biological 

specificity and function with desirable optical and 

electrochemical properties of nanomaterials. As a result, these 

bioconjugates are sometimes referred to as “nanosensors”. 

These nanomaterials offer a great potential in a variety of 

applications such as detection of infectious diseases, detection 

of pathogens, environmental monitoring, catalytic and other 

bioanalysis [Alfredo et al., 2010]. 

Electrochemical Properties of Ferrocene Derivatives: 

               Ferrocenes go through an easy one-electron 

oxidation between the ferrocene and ferricinium states. This 

transition was determined by cyclic voltammetry (CV) to find 

out its redox potential. Because, ferrocene is soluble in most 

non-polar solvents therefore these properties make ferrocene 

and its derivatives useful as a standard when performing non-

aqueous electrochemistry. It was found that the unsubstituted 

ferrocene compounds had low redox potentials as compare to 

the ferrocenes substituted with electron withdrawing groups. 

 

Figure: 1 Ferrocene Derivatives Analyzed (1) ferrocene (2) ferrocene 

carboxylic acid (3) methyl ferrocenoate 

              One of the group had reported this trend in their 

study of ferrocenes substituted with electron donating groups 

(such as alkyl ferrocenes), as these should have lower redox 

potentials than ferrocene, and by looking at ferrocenes 

substituted with multiple electron withdrawing groups (such 

as ferrocene dicarboxylic acid), as these should have an even 

greater redox potential [Abdou et al., 2010; Kemp et al., 2004; 

Batterjee et al., 2003]. 

Electrochemical immunosensing based on ferrocene 

derivatives: 

                 Several groups have already been reported the use 

of ferrocene derivatives for the electrochemical 

immunosensing of various pathogens / toxins e.g. bacteria, 

viruses etc. By exploiting the unique structure and electronic 

properties of ferrocene, a specific target antigen can be 

sensitively detected. Ferrocenecarboxylic acid was used a tag 

in electrochemical immunosensing [Liang et al., 2014; 

Yingqiao et al., 2011; Yingying et al., 2013]. Also ferrocene 

was used in enzymatic amplification methods [Seong et al., 

2008]. However, the intensity of the voltammetic signal is 

restricted for single ferrocene molecule.  

                  Various nanomaterials can be used to achieve the 

more amplified signals such as gold nanoparticles (Au NPs), 

magnetic nanoparticles, dendrimers etc. in order to 

accumulate large number of ferrocene moieties and to attain 

enhanced signals during electrochemical immunosensing [Li 

et al., 2011b; Teng et al., 2011; Zhuo et al., 2011]. 

 
Methods reported in the literature for electrochemical immunosensing based on ferrocene derivatives: 

 
S.No. 

 
Name of ferrocene compound 

 
Detection limit 

 
Target Analyte 

 
Reference 

 

1. Ferrocene 3.7 pg/mL Tumor biomarker p53 Wang et al., 2008 

2. Ferrocene carboxylic acid 2.8 pg/mL Human IgG Liang Yuan et al., 2014 

3. 6-ferrocenyl hexanethiol 5.4 pg/mL Prostate specific antigen (PSA) Jing et. al., 2015 

4. Ferrocenedimethylamine (FDMA) 0.01 ppb Pesticide Endosulfan Guozhen Liu et. al., 2012 

5. Ferrocene labeled aptamer 91.04 pM Thrombin Nam et. al., 2012 

6. 
Ferrocene-functionalized Zinc oxide 

nanorods 
50 cfu/mL Escherichia coli Y. Teng et al., 2011 

7. 
Ferrocene carboxylic acid using graphene–

chitosan–gold nanoparticles modified GCE 
5 ng/ml Staphylococcal Enterotoxin B (SEB) A. Sharma et. al., 2016 
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8. 
Ferrocene carboxylic acid using MWCNT–

chitosan–gold nanoparticles modified GCE 
10 ng/ml Staphylococcal Enterotoxin B (SEB) 

A. Sharma et. al., 2016 

 

9. 
Chitosan-branched ferrocene (CS-Fc) 

 

0.016 ng/mL 

 

Hepatitis B surface antigen (HBsAg) 

 

Jian-Ding et. al., 2009 

 

10. 
Ferrocene-branched chitosan/multiwalled 

carbon nanotubes 
1.0 ng/mL Hepatitis B surface antigen (HBsAg) Liang et. al., 2011 

11. Ferrocene carboxylic acid 0.005 ng/mL Tumor necrosis factor α (TNF-α) Sun Z Liu et. al., 2013 

12. Ferrocenecarboxylhydrazide 0.07 ng/mL Human IgG Zhang et. al., 2017 

13. Ferrocene-modified Gold nanoparticles 0.8 pg/mL Procalcitonin (PCT) Ang Liu et. al., 2015 

14. Ferrocene functionalized Fe₃O₄@SiO₂ 0.0002ng/mL Carcinoembryonic antigen Feng T. et. al., 2015 

15. Ferrocene 100 fg/mL 
human telomerase reverse 

transcriptase (hTERT) 
Choudhary et. al., 2013 

16. 1,1'-ferrocenedicarboxylic acid 0.4 ng/mL human IgG Guangfeng et. al., 2013 

 

17. 

Ferrocene-modified multiwalled carbon 

nanotube nanocomposites (MWNTs-Fc) 
3.0 x 10-6 mol/L glucose Qiu J D et. al., 2009 

18. 1,1’-di(aminomethyl)ferrocene (FDMA) ng level glycosylated haemoglobin (HbA1c) Liu et. al., 2012 

19. Ferrocenemonocarboxaldehyde 0.01 mg/mL Hippuric Acid Young-bong et. al., 2011 

20. Ferrocene monocarboxylic 10 μg/mL Bovine Viral Diarrheoa (BVD) virus Armelle Montrose et. al., 2015 

21. Ferroceneacetic acid (FcA) 0.17 ng/mL Hepatitis C  virus Carolina et. al., 2014 

22. Ferrocenedicarboxylic acid 0.086 pg/mL alpha fetal protein (AFP) Honghong et. al., 2016 

 

                  
Ferrocene tagged gold nanoparticles (Fc-Au NPs) were used 

as labels for the detection of tumor biomarker p53 [Wang et 

al., 2008]. The electrochemical signal was greatly amplified 

because each gold nanoparticle (Au NP) was decorated with 

more than 100 ferrocene molecules.  Immunoglobulin G (IgG) 

was detected at 2.8pg/mL using ferrocene-labeled anti-IgG 

conjugates. In the published article, the authors had anchored 

DNA nano-pyramids (DPs) to gold electrodes for the 

electrochemical sensing of IgG, an important antibody 

produced in response to infection [Liang Yuan et al., 2014]. 

Ferrocene–avidin conjugates were used as new building 

blocks for electrochemical biosensors. The ferrocene–avidin 

conjugates having excellent electrobiochemical properties 

which are useful for the purpose of electrochemical detection 

[C. Padeste et al., 2000]. 

                  6-ferrocenyl hexanethiol was used as a signal 

molecule in electrochemical sandwich-type immunosensor for 

the detection of prostate specific antigen (PSA). PSA is a 

biomarker related to prostate cancer, under optimal conditions 

this antigen is detected with a limit of 5.4pg/mL using 

differential pulse voilatammetric (DPV) technique [Jing et. 

al., 2015].  For enzyme–ferrocene conjugates in glucose 

sensors it has been reported [Schuhmann et al., 1991]. The 

signal amplification by both enzymatic strengthening and 

redox cycling, and the low background current of self-

assembled monolayers (SAMs) and ferrocenyl-tethered 

dendrimer (Fc-D) layer-modified gold (Au) electrodes, 

enabled a 1 pg/mL detection limit for mouse IgG to be 

achieved [Seong et al., 2008].  

                   Ferrocene-tagged peptide nanowires (Fc-PNW) 

were used as detection probe for the recognition of human 

IgG and 5fg/mL detection limit was achieved [Y. Ding et al., 

2013]. In this published report, the authors had modified the 

surface of Fc-PNW with Poly(diallyl-dimethylammonium 

chloride) i.e. PDDA-polymer and gold nanoparticles (Au 

NPs). Surface of the glassy carbon electrode was also 

modified with the nanocomposite of graphene and Au NPs 

conjugated antibodies. The bionanoconjugate of graphene-Au 

NPs with antibodies provide stability to biomolecules on the 

electrode surface and the excellent electronic conductivity of 

Au NPs boost the electrochemical signal of ferrocene [Wang 

et al., 2012]. Therefore, these composites were used to 

increase the surface area the electrode and improve the 

electron transfer rate as well as to capture a large amount of 

primary antibodies. 

                     Ferrocene-labeled magnetic particles and CNT 

wiring was used for the electrochemical biosensing of non-

electroactive targets [Zorione et. al., 2014]. Thrombin was 

detected at (∼91.04 pM) using ferrocene labeled aptamer-

based electrochemical immunosensor on the patterned zinc 

oxide nanorod networks (ZNNs) [Nam et. al., 2012]. 

Sandwich electrochemical immunosensing strategy was used 

for the detection of Human IgG with a limit of detection 

(LoD) of 0.4ng/mL [Wang et al., 2013]. In this paper, Au NP-

functionalized graphene was used as immobilization substrate 

for probe antibodies and 1,1′-ferrocenedicarboxylic acid was 

as label on the detection antibodies.    

                             In a report, ferrocene-functionalized Zinc 

oxide (ZnO) nanorods were used for the electrochemical 
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immunoassay of Escherichia coli. Revealing antibodies were 

immobilized on to the surface of ferrocene-functionalized 

Zinc oxide nanorods. The electrochemical strategy provided 

by the authors in this paper can detect Escherichia coli with a 

detection limit of 50 cfu/mL [Y. Teng et al., 2011]. In absence 

of zinc oxide nanorods if the detection antibodies were 

directly conjugated with the ferrocene labels than the current 

response was no so much amplified when using the ZnO 

nanorods. It is due to the high loading efficiency of ZnO 

nanorods to attain large number of ferrocene moieties and 

antibodies on their surface. But, the main disadvantage of this 

method is that the result obtained will change when using 

another batch of the prepared conjugates and it is very 

difficult to get the reproducibility. Practically, this method is 

only applicable for the laboratory purpose but cannot be 

explored for the detection of pathogens / toxins in the field. 

                    Biocompatible conductive redox chitosan-

ferrocene/gold nanoparticles matrix was used for the sensitive 

detection of hepatitis B surface antigen (HBsAg) 

concentration in the range of 0.05–305 ng/mL with a detection 

limit 0.016 ng/mL [Jian-Ding et. al., 2009]. Ferrocene-

branched chitosan/multiwalled carbon nanotubes (CS-

Fc/MWCNTs) modified electrode was used for the detection 

of hepatitis B surface antigen (HBsAg) with a detection limit 

1.0 ng/mL [Liang et. al., 2011]. Pesticide endosulfan is 

directly detected in environmental water over the range of 

0.01–20 ppb with a detection limit of 0.01 ppb using 

ferrocenedimethylamine as detection probe [Guozhen Liu et. 

al., 2012]. Ferrocene functionalized iron oxide nanoparticles 

were used for the detection of cancer biomarker prostate 

specific antigen (PSA) with a detection limit of 2pg/mL [Li H 

et. al., 2011]. Ferrocene labels were also used as 

distinguishable signal tags for the multianalyte detection in 

the published report on a new kind of electrochemical 

immunosensors for simultaneous determination of the 

biomarkers carcinoembryonic antigen (CEA) and alpha-

fetoprotein (AFP) [Lai, W., et. al., 2012]. This immunosensor 

enables the simultaneous determination of AFP and CEA in a 

single run and within the same dynamic range (0.01–

50ng/mL) and the same lower detection limit (0.01ng/mL). A 

redox probe 1,1'-di(aminomethyl)ferrocene (FDMA) was also 

used for detecting glycosylated haemoglobin (HbA1c) [Liu, 

et. al., 2012] 

                  Authors of this paper had already worked on the 

electrochemical detection of Staphylococcal Enterotoxin B 

(SEB) using ferrocene carboxylic acid labeled monoclonal 

antibodies [A. Sharma et. al., 2016]. In this research paper, we 

used graphene–chitosan–gold nanoparticles–capturing 

antibodies (GR–Ch–AuNPs–CAb to modify glassy carbon 

electrode (GCE). Simultaneously, a multi-walled carbon 

nanotubes–chitosan–gold nanoparticles–capturing antibody 

(MWCNTs–Ch–AuNPs–CAb) composite was used for 

comparison purpose. Ferrocene labeled-mice anti-SEB IgG 

(Fc–MAb) was used as the detection antibodies and the 

sensitivity was compared. The total analysis time was 35 min 

and the limit of detection is found to be 5 ng/mL and 10ng/mL 

for GR–Ch–Au NPs and MWCNTs–Ch–Au NPs modified 

bionanocomposite films, respectively. The electrochemical 

surface area was also calculated in this paper for the GR–Ch–

Au NPs and MWCNT–Ch–Au NPs modified GCE which is 

higher than that of bare or unmodified GCE (6.53 x 10
-2

 cm
2
). 

It is observed that modified electrodes are having high 

electrochemical surface area as compare to the unmodified 

GCE. We observed the charge transfer mechanism in this 

study, which may be due to the flexibility of the ferrocene 

moieties on the [GR–Ch–AuNPs–CAb–SEB–Fc–MAb] 

immunocomplex. In this study, the ferrocene conjugated 

antibodies having good stability and the developed 

immunoassay shows acceptable reproducibility. 

III. CONCLUSIONS AND OUTLOOK 

            In this report, electrochemical immunosensing of 

pathogens / toxins was explored using the ferrocene 

derivatives. However, electrochemical method is preferred 

due to the following reasons: (1) sufficient sensitivity, (2) 

does not change with the size of the nanoparticles and their 

possible agglomeration, (3) quicker analysis, (4) cheaper 

instrument, and (5) can be done even onsite. To the best of our 

knowledge, there are very few reports focusing on this point 

in electrochemical immunoassay. Highlight of this research 

report is to investigate the detection limits using various 

nanomaterials with incorporation of ferrocene derivatives in 

the electrochemical immunosensing. The benefit of the 

ferrocene method is that there is no need to add a substrate as 

there is in ELISA, and no acid-dissolution step is needed in 

the QD-based electrochemical immunoassay. Ferrocene 

derivatives–antibody bioconjugates merge both 

electrochemical and biochemical properties, which are useful 

for bioelectrochemical applications. 
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