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Abstract: Estrogens have become increasingly prevalent in environmental 

samples across the world, posing a serious threat to human health. They 

have received considerable public attention due to their harmful effect on 

the normal endocrine functions of humans and animals. Over the last twenty 

years, electrochemical sensor and biosensors for monitoring of estrogenic 

endocrine disrupting chemicals (EDCs) have seen considerable 

improvement in performance. This review summarizes developments in 

screen-printed electrochemical sensor and biosensors published over the 

period 2000 to 2020.  Emphasis is given to reports focused on the application 

of nanomaterials as modifiers for screen printed electrodes for 

electrochemical (bio) sensor development and outlook for the future 

development of sensors for monitoring estrogens in the environment. 
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1. Introduction 

The last two decades saw an increased awareness of the danger posed 

by the pollutants from various human activities. There is a growing body of 

literature that recognizes anthropogenic activities from agricultural, 

pharmaceuticals and other chemical-intensive industries substantially 

contribute to environmental pollution. A list of up to 1000 priority substances 

has been identified as emerging pollutants (EPs) that require close monitoring 

by world regulatory bodies [1]. Among these emerging pollutants are 

estrogenic endocrine disrupting chemicals (EEDCs) that effect the normal 

functioning of the endocrine system even at low concentrations [2]. The 

endocrine system consists of the hormone producing glands in the body that 

play a critical role in growth, metabolism and reproduction [3]. These 

estrogens include Estrone (E1), 17‑β‑estradiol (E2), estriol (E3) and 

17‑α‑ethinylestradiol (EE2) and diethylstilbesterol (DES), which are part of the 

EU Watch List of emerging substances to be monitored (European Decision 

EU 2015/495) [4]. 

Analysis of these pollutants is usually undertaken using techniques such as 

liquid chromatography mass spectrometry (LC-MS), as well as biological 

assays and immunoassays [5] and electrochemiluminescence (ECL) [6], [7], 

[5].  However, these approaches suffer from the requirements of complex 

sample preparation, protracted assay time, expertise, and high cost; all of 

which hinder their potential application in routine environmental monitoring. 

Another challenge is the occurrence of these pollutants at very low 

concentrations in complex environmental matrices.  

Analytical approaches generally require off-line pre-concentration and 

clean-up steps followed by chromatographic or electrophilic separation.  The 

low limits of detection necessitate selective and sensitive detection systems 

and, for this reason, tandem mass spectrometry as well as LC-MS are 

commonly employed. There are presently no reported electroanalytical 

methods capable of measuring these compounds at both linearity values of 

0.035 to 2.24 ng L−1 and limit of quantification (LOQ) levels of 0.035-0.1 ng L−1 
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[4]. The development of miniaturized tools that will replace the routine 

analytical means of measuring estrogens is still a subject of investigation, 

despite the volume of literature published. The features of electrochemical 

sensors have the potential to deliver point-of-test measurement in a variety 

of real matrices, the result of which would transform the whole sector [8]. 

Electroanalytically, pharmaceuticals including estrogens were commonly 

measured using mercury-based electrodes, such as the dropping mercury 

electrode (DME) and the hanging mercury drop electrode (HMDE). These 

were replaced by graphitic and metallic macroelectrodes [9] and carbon 

paste electrodes [10], which then led to the current configuration of 

macroelectrodes constructed from ordered pyrolytic graphite, glassy carbon 

and boron-doped diamond electrodes with various modifications [11,12]. In 

designing any sensor, sensitivity and selectivity are the hallmark of any 

electroanalytical technique. In addition, miniaturization from screen-printing 

of electrodes is vital in the fabrication of (bio)chemical sensors [13]. This 

approach allows a cost-effective device to be produced in large volume 

and a customized sensitivity and selectivity for a particular application to be 

achieved [14]. 

These stringent requirements indicate the amount of work that is required 

to produce a sensor suitable for monitoring estrogens in surface water. 

Consequently, the research area is very active, with numerous publications 

[1,4,15–24]. Some of the earlier reviews like Jaffrezic-Renault et al. [25] 

described analysis of EDCs in various matrices using different techniques from 

conventional methods to electrochemical techniques. They highlight trends 

in the design of sensors, with many types of sensor materials and structures 

from nanomaterial-based, to aptamer-based and molecular imprinted 

polymers (MIPs) based sensors estrogens included [25].  

Herein, we review the recent developments in the deployment of screen-

printed electrodes (SPE) in the fabrication of electrochemical sensors and 

biosensors for both natural and synthetic estrogens namely estrone (E1), 17β-

estradiol (E2), estriol (E3), and synthetic forms ethinylestradiol (EE2), 

diethylstilbesterol (DES) (Figure 1).  This includes unmodified SPE, polymer film-
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modified SPE, aptamer-modified SPE, enzyme-modified SPE and antibody-

modified. The review describes recent works related to SPEs, including major 

highlights, current state of the art and key challenges yet to be overcome, 

as well as the future perspectives of SPEs. While these studies are highly 

valuable in demonstrating how far the research in this area has matured, 

there are no reviews dedicated to the use of screen-printed electrochemical 

sensors for estrogens. The reader is pointed towards reviews published on 

sensors and biosensor using other approaches for a holistic synopsis on the 

state of the art of estrogenic EDC detection [26–29].  

1.1 Toxic effects of estrogens and their environmental recalcitrance 

As knowledge has increased on the endocrine disrupting activities of 

estrogens in the environment, methods capable of monitoring low 

concentrations in environmental samples have become increasingly 

important. For example, EE2 that is widely used in contraceptive pills and 

hormone replacement therapy is resistance to degradation and hence, it  

accumulates in aquatic bodies [30]. These compounds therefore pose a 

threat to our food chain as they can be present in soil, water, and plants 

[30,31]. A well-documented aspect is the feminization of fish as they upset 

physiology and can affect reproductive development [31,32]. This is also the 

same for other aquatic and wild animals.  

Toxic effects associated with these compounds are not fully understood, and 

as a result they are referred to as pollutants of emerging concern or 

contaminants of emerging concern that require monitoring [30].   The work 

of Celik et al. reported [33] the attachment of EDCs to the endocrine 

receptor in the tissues, causing problems in the endocrine, metabolism, and 

reproduction systems [33,34]. Other health issues, such as the hindrance of 

sulfotransferase enzyme by EDC was linked possibly to an increase in estradiol 

levels in humans [35]. Other studies reported the link  between excess 

estrogens with metabolic disturbances [36], Parkinson disease [37], breast 

cancer [38] and risk of Alzheimer disease [39]. All these issues reinforce the 

requirement for platforms for  monitoring of these pollutants [40]. 
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1.2 Electrochemical Sensors 

A chemical sensor is a self-contained device that provides real time 

analytical information (concentration of chemical species) about a test 

sample [41].  Chemical sensors consist of two major parts; one for recognition 

through the interaction with the analyte and a second for transduction, i.e. 

translating the interaction into readable signal [41]. The recognition or sensing 

element must be sensitive and specific to the analyte of interest. It is 

composed of distinct units, known as recognition receptors.  Several 

strategies have been reported within each category of electrochemical 

sensor and biosensor utilizing various transducers and detection techniques. 

Electrochemical sensors are seen as the panacea for on-spot, in situ 

monitoring and point-of-care testing in the field of biomedical, 

pharmaceutical, and environmental application, removing pre-treatment 

and cleaning steps from routine analytical measurement [42].  

1.2 Biosensors 

An electrochemical biosensor is a self-contained integrated device, 

which is capable of providing specific quantitative or semi-quantitative 

analytical information using a biological recognition element (biochemical 

receptor) which is retained in direct spatial contact with an electrochemical 

transduction element [41]. A number of electrochemical techniques, from 

potentiometric, amperometric, conductometric, impedimetric to field effect, 

have been used for determination  of various types of analyte [41]. The 

biosensors market is rapidly growing, specifically the blood glucose sensor, 

which recorded revenue of  USD 12.8 billion in 2018  with projection of 

reaching USD 23.7 billion by 2022 [43]. This is an indicator of the viability of 

screen-printed electrodes (SPEs) in electrochemical devices. SPEs offer a 

direct means of measurement of various analytes such as using stripping 

voltammetry for heavy metals, lactate, glucose, etc. [14,44–47].  The ideal 

SPE-based chemical sensor should have the following properties: (i) 

inexpensive, (ii) portable, (iii) simple/easy-to-use device that can respond 

sensitively and instantly to a target chemical substance (analyte) with good 

selectivity in any medium. In addition, it must produce a quantifiable signal 
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output for that required analyte.  Realizing such sensors is still ongoing to 

respond to the growing need to perform rapid in-situ analyses as an 

alternative to the traditional electrodes  [48].   

 

 

Figure 1. Structures of estrogens investigated in this review. 

2. Design and fabrication Screen-printed electrode 

Screen printing techniques were seen as subset of thick-film technology 

that was believed to have originated in China during the Song dynasty 

[49,50] and have their traces in the construction of the Great Wall of China 

as well as in ancient Egyptian cloth. In recent times, the production of ‘thick 

film’ printed electronic circuits is performed by screen printing technology 

[51]. Screen printing technology was part of the “New frontier in the 

Renaissance of electroanalysis” [52]. In addition to screen-printing, printed 

sensors have been produced by other fabrication methods, such lithography 

and ink-jet printing. Recently, Honeychurch et al.[52] reported the 

application of three-dimensional (3-D) printing technology (rapid 

prototyping) as an alternative means of fabricating electrodes, using carbon 

nanofiber–graphite–polystyrene electrodes with a carbon pseudo-reference 

electrode [52]. Whilst the Rotogravure printing process has been used in the 

past by [54,55]. All these technologies are helping in revolutionizing the field 
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of low cost and mass-produced sensors as effective routes for environmental 

monitoring of emerging pollutants. 

Since the 1990s, screen-printing technology, adapted from the 

microelectronics industry, has offered high-volume production of 

inexpensive, and yet highly reproducible and reliable sensors [56,57]. Screen-

printing technology allows the production of various forms of SPEs to be used 

as transducers in electrochemical sensors [58–60]. This allows the printing of 

both working electrodes as well as counter and reference electrodes in 

different geometries, using inks modified with different catalysts, mediators, 

and other materials. The technique facilitates the fabrication of low-cost 

electrochemical sensors thus offering economic and practical benefits, as it 

is viable for the sensor to be disposable.  

In general, screen-printing technique to produce SPEs involves forcing 

suitable ink formulations in form of paste through a patterned stencil or 

screened mesh of specific size and shaped onto a planer substrate [42].  The 

formulation paste contains graphite, carbon, gold, silver, or platinum, as well 

as binders, polymers, plasticizers and solvents, plus additives such as metals, 

metal oxides, enzymes, and ion exchange resins [61]. In the screen-printing 

process, ink is forced through the open regions of a mesh screen, using 

squeegee, to form the desired design on a substrate surface, (see Figure 2). 

The screen is then detached from the substrate, leaving the ink behind in the 

desired design. This process produces electrodes with a thickness, typically, 

between 10-20 µm. Subsequently, the printed electrodes are cured under 

various regimes, for example at approximately 60°C for between 30-60 min.  

Depending on the proposed application of the electrode, different types of 

meshes can be used to print the electrodes. Substrate materials usually are 

either ceramic or plastic-based [62]. The process is amendable to fabrication 

of large numbers of sensors on a single sheet. Additionally, the process can 

then be repeated, to produce large numbers of reproducible devices. An in-

depth description of the screen-printing process is given by Fletcher (2016), 

in which the physical and chemical properties of screen-printing of a carbon 

electrode are discussed [63].   
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Figure 2. A. Representation of the screen-printing process for the 

fabrication of SPEs. B. Representation of a screen-printed electrode 

design. 

 Almost all types of carbon materials, such as carbon black (activated 

form inclusive), graphite nanotubes, graphene, fullerenes, and quantum dots 

have been screen-printed. Three important features of the screen-printed 

process make it an attractive fabrication technique: (1) the ability to control 

the electrode area, thickness, and composition. (2) Reproducible results can 

be obtained and statistically validated and (3) almost any materials, such as 

biologically compatible materials, e.g. carbon, metallic nanoparticles, 

     A 
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polymers, can be incorporated into the screen-printing process. A SPE 

consists of a solid support with two, three or more electrodes, viz a working 

electrode (WE), a pseudo reference electrode (RE) and a counter electrode 

(CE) [11,13], as shown in the representation in Figure 2.  

Normally in an electrochemical measurement (electroanalytical), one or 

more of the following parameters – potential (E), current (i), charge (Q) and 

time (t) are measured. Within the field of electroanalysis, various methods 

such as voltammetric and amperometric are utilised for the sensing of a 

range of analytes by  measuring the change in the oxidation state (oxidized 

or reduced) of the electroactive species (Faradaic current), which is directly 

proportional to the analyte's concentration [64]. 

Plotting different above parameters in several ways, forming the basis of 

the derived information. The versatility of SPEs allowed them to be used in 

electroanalytical systems employing techniques such as: (1) amperometry, 

in which changes in output current are measured [29,65], (2) voltammetric 

techniques, such as differential pulse voltammetry (DPV) [66,67], square 

wave voltammetry (SWV)[19,24,68], cyclic voltammetry (CV) and linear 

sweep voltammetry (LSV) [69–71], potentiometric [72] and (3) impedance 

spectroscopy [73].  Analytes of interest are oxidized or reduced at the surface 

of the WE based on their redox potentials [45,74].  These are techniques used 

to study the concentration of an analyte in a sample, giving an 

understanding of the electrochemical behaviour of the analyte under 

investigation through the generation of a readable signal [75,76], which is 

directly proportional to the concentration of the compound in  the sample 

[77]. 

3. Applications of electrochemical sensing for analysis of estrogens 

Estradiol is of great concern and is the target analyte in 80% of the 

publications devoted to the analysis of estrogens. This is a result of it being the 

most potent of all estrogens [78,79]. A recent work of Lu et al.  [26] highlighted 

research from 2017 - 2019 which reported the use of biosensors for estrogen 

measurement in both food and the environment using various electrode 
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surfaces [26]. They concluded that, the application of nanomaterials to 

enhanced biosensor performance is common, with the use of various 

materials such as metal nanomaterials, metal oxide nanomaterials, carbon 

nanomaterials etc. Biosensors are mostly applied in the detection of estrogen 

in environmental water samples, but also infrequently in food samples, like 

honey or milk, which need further evaluation. Finally, there remains the need 

to move from the lab to the market in order to make the ideal estrogen sensor 

a reality [26]. Dong and co-workers [80] reported, a sensitive and low-cost 

alternative sensor to commonly applied methods for estradiol determination 

using Biochar nanoparticles obtained via pyrolysis of sugarcane bagasse 

(fibrous residue remaining after juice extraction). The particle size of biochar 

was shown to be important in the construction of the electrochemical sensor. 

Their study highlighted the use of numerous materials in the fabrication of 

electrochemical sensors for estradiol. It was shown that pyrolyzing bagasse 

at 800⁰C gave the optimum adsorptive biochar allowing for a limit of 

detection (LOD) of 11.0 nM to be obtained. The developed sensor showed 

good agreement with the results gained from the established HPLC based 

method [80].  The study by Ji et al. [81] utilised a composite of a metal-organic 

framework (MOFs) and 1,3,5-benzenetricarboxylic acid ligand as a sensor for 

estradiol. MOFs are crystalline porous material that composed of a three-

dimensional (3D) network of metal ions held in place by multidentate organic 

molecules [81]. MOFs have been reported in the design of electrochemical 

sensors as an  electroactive materials or signal labels [82]. Ji et al.  [81] 

described the measurement of E2 and EE2 using the copper (II) benzene-

1,3,5-tricarboxylate (Cu-BTC) framework as a reportedly rapid, simple and 

sensitive sensor, giving a LOD of 2.7 nM and 1.1nM for E2 and EE2 respectively. 

Recoveries of 97.27 – 102.9% were obtained for the practical application of 

these sensors for measurement of E2 and EE2 in water samples. An interesting 

aspect of this study is the comparison table given for E2, EE2 using other 

methods and materials [83]. Liu et al.   [84] used a factorial design 

optimization technique for the design of the experimental factors required for 

the development of electrochemical sensors based on carbon nanotube - 
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Nafion modified glassy carbon electrode (GCE). The final step of the sensor 

design involved the electropolymerisation of Ni(Cyclam) to enhance the 

electrocatalytic properties of the sensor. Electrocatalytic detection of 

estradiol gave a reported linear range of 0.5 to 40 µM for E2 with an 

associated LOD of 60 nM [84]. The evaluation of three factors namely, 

amount of CNTs, thickness of Nafion layer, and the thickness of the 

Ni(cyclam) reveal that the amount of Nafion and surface coverage of 

Ni(cyclam), in addition to their interaction, result in a statistically significant 

optimum peak current for determination of estradiol [84]. Most studies 

reported an issue of a weak, ill-defined oxidation peak associated with E2. In 

the study of Luo et al.  [85], the weak, ill-defined oxidation peak associated 

with E2 was overcome by combining poly (l-proline)-ordered mesoporous 

carbon materials to enhance the signal response. More specifically an 

ordered mesoporous carbon (OMC) and L-proline modified GCE was utilised 

for the fabrication of electrochemical sensor. The OMC - L-proline were 

electropolymerized by CV scanning in a solution containing 1 mg/ml of OMC 

and 10 mM proline in 0.1 M phosphate buffer, using 10 cycles over the 

potential scan range of -0.8 V to 2.4 V. CV, SWV, and electrochemical 

impedance spectroscopy (EIS) were used to characterize the developed 

sensor. Under the optimised conditions, the sensor exhibited a linear range of 

1 x 10-8 to 2 x10-6 M with a LOD of 5 x 10-9 M for E2 [85].  

Masikini et al.  [86] developed an estradiol sensor via the combination of 

multiwalled carbon nanotubes and gold nanoparticles composite on a GCE 

[86]. The two materials improved the electrochemical activity of the sensor 

for E2 measurement relative to the bare GCE.  This was due to increasing the 

speed of electron transfer and reduction of the requirement for a high input 

potential. Real water samples were investigated using the developed sensor 

and a linear range of 1 x 10-6 M to 20 x 10-6 M, LOD of 7.0 x 10-8 M was reported 

[86]. Moraes et al.  [87] reported the use of reduced graphene oxide (RGO) 

as a modifier for electrochemical detection of estradiol in river water by DPV. 

This study combines RGO with metal porphyrins to a complex that can 

overcome the low current of estradiol oxidation to be sensitive enough to 
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deliver a portable sensitive, low cost sensor. The author compared the 

sensitivity of the electrochemical sensors with established HPLC method. RGO 

amplifies the oxidation signal to overcome the low oxidation current of 

estradiol on GCEs. Reduced graphene oxide (RGO) has been used with other 

materials such as quantum dots to enhanced oxidation of estradiol as 

reported by this author in one of their previous studies. A linear range of 0.1 -

10. µM estradiol with an associated LOD of 5.4 nM was reported in  river water 

samples [87]. In another study, Ngundi et al.  [88] reported a comparative 

mechanism for estradiol oxidation using a rotating disk electrode. The work 

described oxidation of estradiol, bisphenol A, and DES using CV using bulk 

electrolysis with controlled potential coulometry (CPC) [88]. Raymundo-

Pereira et al. [174] reported the use of carbon black doped with silver 

nanoparticles for sensitive determination of estriol in creek water. This paper 

showed the possibility of the sensing platform application in real sample 

analysis. Carbon-based nanostructures are employed mostly to increase 

electron transfer, surface area and reduction in overpotential in 

electrochemical sensor design. The sensor exhibited a linear range of 0.2 - 0.3 

µM with a LOD of 0.16 µM [174]. This is part of a series of work carried out on 

the measurement of estradiol anodically at a bare GCE. Salc et al.  [89] 

offered an explanation on the electrooxidation redox behaviour of estradiol 

and the chemical and electrochemical parameters affecting it, including 

pH, supporting electrolyte and mechanism of the oxidation process. It serves 

a general guide to an understanding of estradiol oxidation in sulphuric acid 

(0.05 M) supporting electrolyte. Even though the linear range and sensitivity 

is not an improvement on the standard HPLC method, serum sample analysis 

was carried using tablets and Transdermal therapeutic system (TTS) strips. This 

showed the potential of the application of the sensor for estradiol analysis 

[89]. Sun et al.  [90] reported using a Cu-BDC framework using 1,4-

benzenedicarboxylic acid as a ligand with copper-based metal-organic 

frameworks (MOFs). The paper highlighted the need for an E2 sensor which is 

rapid, sensitive, and low-cost in order to compete with the presently 

employed techniques, which required both technical know-how as well as 



 

13 

 

well-equipped laboratories for their implementation. A linear range of 5 - 650 

nM was reported with LOD of 3.8 nM. The water samples tests gave a 

recovery of 96.5 - 101% showing the practical application of the designed 

sensor. An interesting aspect of this study is the comparison table given for 

estradiol using other methods and materials [90].  

4. Screen-printed electrochemical sensors  

Different SPEs, modified with various materials, such as enzymes and 

nanomaterials have been characterized, and compared for use as sensing 

platforms for environmental applications. Common challenges include the 

near identical electrochemical behaviour of different analytes on SPE 

surfaces due to the various composition of the ink used in fabrication of the 

SPE. A number of studies have already been reported for commercial ink 

supplied by various companies [61,91] with each of the electrodes giving a 

different response to various analytes. This is due to different composition and 

printing techniques, together with the curing process protocols. Active 

surface area and roughness factors are contributors to the performance of 

SPEs. Calculating the surface area has been somewhat difficult due to non-

uniform material composition and printing processes. Redox systems [92] 

used include both inner and outer sphere redox probes, such as potassium 

ferricyanide (III), ascorbic acid (AA) and NADH. The results of this experiment   

[61] revealed the nature of each SPE response in all the redox systems is linked 

to the amount of graphite in the ink composition, functionalization of the 

surface, the curing process, the binder and the wettability of the surface. 

Honeychurch et al, looked at redox characteristics of lead (Pb) at modified 

screen-printed carbon electrodes (SPCEs) [93]. The roughness contributes to 

the possible edge plane sites available. The higher the roughness, the more 

edge plane sites which eventually leads to better performance for 

reversibility [61]. This is a subject of debate as other researchers hold different 

views on this [94–97]. There is yet to be a clear prevailing view on this, but we 

tend to support the view Kadara et al.  [61] based on the current study 

currently being undertaken in our laboratory.  Screen printed electrodes 
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have been modified using various materials to make them selective by 

adapting the sensing element to respond specifically to the analytes of 

interest. Nanomaterials, coated with relevant biological receptors have not 

only been used to increase the sensitivity but also the selectivity of various 

sensor designs to overcome this key sensing challenge, as can been seen in  

sections 4 and 5  [98]. 

In addition to biological receptors, synthetic receptors called molecularly 

imprinted polymers (Section 5.4) have been reported to impart selectivity to 

screen printed electrodes.  Peveler et al. [98]  highlighted the advantages 

and disadvantages in respect of selectivity and specificity in sensing 

approaches in the two domains for specific sensing and selective sensing 

[98]. 

4.1 Electrochemically pretreated Screen-printed electrode 

Electrochemically pre-treated Screen-printed electrode have been put 

forward to increase their sensitivity towards numerous analytes. Pre-treatment 

of the SPE can be perform electrochemically or using other means such as 

soaking in various solutions that will dissolve the binder and solvent that 

remains on the surface after the final product of the screen-printing process. 

Electron transfer as well as charge resistance transfer are commonly 

compared between pre-treated and untreated SPCE using both inner and 

outer sphere redox systems. These pre-treatment methods are aim at  

conditioning the electrode surface in order to promotes fast reaction kinetics 

(both electron and proton transfer) [99] - thus, the name activated or pre-

treated electrode. Edge plane activity was found to influence the 

electrocatalytic activity of pre-treated screen-printed electrodes when 

compared with untreated ones. Several methods reported suggested that 

the edge plane and basal plane of treated SPE behave differently with the 

former showing better activity towards biological compounds [99].  

Little information on the estrogens behaviour at pre-treated SPE has been 

reported [100]. Raymundo-Pereira et al. [58], demonstrated the simple 

electrochemical pre-treatment of SPCEs using cyclic voltammetry in a 
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potential range -2.5 and 2.5 V at 100 mVs in 0.5 M H2SO4 (two scans) for sensor 

in determination of emerging pollutants; of estradiol (E2), hydroquinone (HQ) 

and paracetamol (PARA) simultaneously determination in tap water, with 

detection limits of 185, 218 and 888 nM, respectively, within a linear range 

between 0.5 and 10.0 μM. The result of this study was compared with HPLC 

showing the validity of the pre-treated sensor  as an economic, rapid, and 

sensitive method for environmental protection [58].   

 

Figure 3. Schematic representation of some the various materials employed for 

modification of SPEs 

4.2 Carbon-based Screen-printed electrode  

Carbon-based nanomaterials have been incorporated in to the working 

electrode design in various sensor platforms [101]. For bioelectrochemical 

platforms, Sanati et al.  [102] reviewed modification of screen-printed 

electrodes with the carbonaceous material in the field in electrochemical 

biosensing, such as graphene and its derivatives, carbon nanotubes, 

mesoporous carbon, carbon nanofibers and carbon nanospheres [102].  

Cesarino et al.  [103] applied tristimulus analysis to measure two estrogens 

based on differential pulse voltammetry measurement in order to overcome 
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the lack of specificity of the sensor to a single chemical species. Carbon 

nanostructures, namely graphene oxide, reduced graphene oxide, and 

reduced graphene oxide doped with antimony nanoparticles were utilized 

for E2 and E3 detection in water [103]. 

Mazzaracchio et al.  [104] investigated the use of various types of carbon 

nanomaterials as modifiers for improving the performance of SPEs. The work 

also explored various forms of carbon black as a cheap modifier for this 

purpose. A notable increase in anlytical performance compared with 

unmodified bare electrode was reported. The authors reported 

improvements, such as lower applied potential, greater peak-to-peak 

separation and increased peak signal intensity. This resulted from enhance 

material properties including high electron transfer as the dimensions, onion 

like carbon structure, and availability of high numbers of defect sites [104].   

A rapid, efficient and sensitive sensor based on adsorptive stripping 

voltammetry (AdSV) was reported for the determination of E2 and EE2 in 

pharmaceutical formulations and urine samples. A comparative study on the 

realtive sensitivity between HMDE, SPE, and screen-printed carbon nanotube 

electrodes was undertaken for the oxidation of each of the  analytes. The 

major parameters in AdSV are the adsorption potential, time and pH. LODs 

of 0.3 µg/L (E2) and 9.7 µg/L (EE2) for HMDE were obtained, while values of 

242 and 182 µg/L were measured using SPE [78].  

Wong et al.  [105] developed an E2 electrochemical sensor using SPE 

modified with copper phthalocyanine (CuPc), Printex 6L carbon and Nafion 

film. The author compared the various SPEs (SPE, SPEF, CuPc-P6LC-

Nafion/SPEF) before and after modification with the various materials with 

linear range of 8 x 10-8 M to 7.3 x 10-6 M and LOD of 5 x 10-9 M. The 

electrochemical oxidation of E2 was evaluated using cyclic voltammetry. A 

single oxidation peak was observed for the anodic potential scanning, at a 

potential of 0.39 V. After optimizing experimental conditions, a more sensitive 

DPV technique was used to evaluate the sensor at linear concentration 

range between 8.0×10−8 to 7.3×10−6 M, and detection limit of 5.0×10−9 M was 

obtained. Synthetic urine samples analysis revealed the application of the 
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sensor in different matrices [105].  Mesoporous carbon and graphene are 

among the materials employed for electrochemical sensor development by 

[105]. This study reports the combination of the two materials for 

determination of E1, E2, and E3. The sensor was fabricated by the deposition 

of each material at 0.1 mg/ml in phosphate buffer (pH 7). Factors such as the 

influence of pH, electrodeposition cycles, and accumulation time were 

optimized in designing the sensor. Square wave voltammetry was utilized as 

the method for the determination of estradiol practically in human serum. A 

linear range of 5.0 x 10-9 M - 2 x 10-6 M and LOD of 2 x 10-9 M were obtained 

[106].  

4.3 Graphene-based Screen-printed electrodes 

Features such a large surface area and high electrical conductivity are 

among the attributes of graphene that make it an excellent electrode 

modifier for promotion of fast electron transfer between a target analyte and 

the electrode. Karuwan et al.  [107] reported the addition of graphene into 

the ink formulation in screen printing process [107]. In another study, [108] a 

SPCE was modified using multi-walled carbon nanotubes (MWCNT) and 

graphene (GP) [108]. A dedicated review based on the application of 

graphene -carbon nanotubes modified electrochemical sensors can be 

found elsewhere [109].  Cinti et al.  [110] provides an overview on 

modification of SPEs using the graphene based materials [110].  

Barton et al.  [111] demonstrated the analysis of E1, E2 and EE2 using 

graphene screen printed electrode (G-SPE). The PANI/Graphene-SPE-

devices displayed linear responses to estrogenic substances, in EIS assays, 

over a concentration range of 0.0975 ng/L to 200 ng/L in water samples. 

Detection limits of 0.043 pg/L for E1, 0.19 ng/L for E2 and 0.070 pg/L for EE2 

were obtained. which is lower than other current technique such as 

commercial ELISA [111].  

4.4 Carbon nanotubes (CNTs)-based Screen-printed electrode 
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Carbon nanotube (CNT) is a well reported electrode modifier that 

increases the electrocatalytic activity of a number of analytes in sensing 

design [112]. Ochiai and co-workers used a combination of microflow device 

and a SPE modified with CNT for measurement of estriol to produce a device 

that combines low sample use and fast amperometric determination estriol 

[113]. A linear response was observed for a concentration range of 1.0 to 

1000 µM with LOD and LOQ of 0.53 µM and 1.77 µM respectively. The 

proposed methodology was applied for determination of estriol in 

commercial samples and results were compared with those provided by 

spectrophotometric methodology. The obtained results agreed at a 95 % of 

confidence level [112]. 

Wang et al.  [79] reports a novel disposable electrochemical doped with 

MWCNTs/Al2O3/poly-L-lysine film for measurement of 17β-estradiol in clinical 

samples. Under optimized conditions, the sensor was able to detect estradiol 

with a linear range of 0.5 nM to 50 nM and low detection limit of 0.014 nM 

[79]. One interesting aspect of this work is that, the author reports the use of 

cyclic voltammetry for this sensitive sensor. This requires a look into 

contributions by changes in the double layer capacitance as CV does not 

have background correction ability for changes in the capacitive layer [114]. 

Gan et al.  [115] employed multiwalled carbon nanotubes for the 

enhancement of oxidation signal 17α‑ethynylestradiol determination. The 

screen-printed modified electrodes were able to achieve high sensitivity 

under optimized conditions [115]. Hao and co-workers produced a layer-by-

layer assembly of Polyethyleneimine (PEI), Polyacrylic acid (PAA) and f-

MWCNT with graphite clay, together with pencil graphite electrode. The 

sensor has a LOD of 1 x10-8 M [116].   

 

4.5 Miscellaneous  materials-modified Screen-printed electrode  

Pradela-Filho et al.  [117], investigates the suitability of incorporating glass 

varnish (an alkyd resin) into carbon conductive inks for disposable 

electrochemical SPE sensors. The SPE sensors were used to measure a range 
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of analytes including estriol in the range 0.1 - 8.0 μM, with LOD 0.08 μM. The 

new material has the potential as an inexpensive material in the design of 

disposable SPE to enhanced analytical performance. This is due to the 

efficient dispersion of the graphite particles with functional groups of the glass 

varnish (alkyl resin) as a promising binder leading to high electrical 

conductivity and excellent adhesion without aggregation [117]. 

Moreira et al.  [19] reports the application of a carbon paste electrode 

modified with magnetite nanoparticles and the ionic liquid, 1-butyl-3-

methylimidazolium hexafluorophosphate in the electroanalytical 

determination of E2 and E3. Typical to the irreversible nature of 17β-estradiol 

and estriol, peaks at +0.320 V and +0.400 V were observed, which was triple 

the values of the unmodified SPE. Optimization of the measurement 

parameters i.e. scan increment, amplitude, and frequency, was carried out 

using Box-Behnken factorial design for each estrogen. For 17β-estradiol, the 

calibration plot was linear from 0.10 to 1.0 μM, with a detection limit of 50.0 

nM, while for estriol the range was 1.0 to 10.0 μM, with a detection limit of 

300.0 nM. Statistical comparison was made between these results and those 

obtained using Ultraviolet–visible (UV/VIS) spectrometry with no significant 

difference, hence demonstrating the quality of the modified sensors [19]. 

5. Screen-printed biosensors for estrogens 

Electrochemical biosensors are a subclass of electrochemical sensors, 

which provide analytical information using a biological recognition element 

(biochemical or biological mechanisms) of the analyte. Electrochemical 

biosensors are already being deployed in diagnostic, agri-food and 

environmental applications [118]. Application of biosensors in detecting 

estrogenic EDCs has seen a large increase in interest. A review presented by 

Lu et al.  [26] gives an update on the recent progress (2017-2019) with respect 

to biosensors for monitoring of estrogens in the environment and in food. The 

review covers all biosensor transduction methods, not only electrochemical 

sensors and makes a brief reference to SPEs [26]. Jaiswal et al.  [119] reviewed 

the recent advancements in the biosensor technology based on carbon 
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nanomaterial-modified SPEs [119], but only briefly mentions estrogen 

detection. Generally, when designing an electrochemical sensor or 

biosensor, limit of detection (LOD) and time of analysis, in addition to 

sensitivity and selectivity are vital. A trade-off is required for signal 

improvement and time taking for the measurement to be taken. As such 

careful consideration of the application in mind is needed when deciding to 

either use an electrochemical sensor or a biosensor. In addition to portability, 

cost, and ease of operation (with or without sample preparation). Table 1 

presents a range of reported approaches for the detection of estrogens 

employing screen-printed electrochemical sensor and screen-printed 

biosensors. The table provides the sensor and biosensors for estrogens analysis 

and the various modifying materials used in the design, with sensitivity 

evidently at the heart of improving the performance of the sensors. 

5.1 Enzyme-modified Screen-printed electrode  

Enzymatic biosensors are well developed group of sensors that have 

been applied in health, environmental and food analysis applications [120]. 

Thanks to the adoption of recombinant DNA technology that allows their 

production [121]. This is applied in enhancing the SPE development as simple 

and effective technique for electrochemical enzyme-based biosensors 

[122,123]. Aromatase enzyme have been applied in biosensing of various 

analyses from the first work by [124]. Laccase has also been exploited for the 

estrogen estradiol detection [125,126]. Using SPE as transducer, Kuzikov group 

[127] described the electrocatalytic activity of CYP19A1 (aromatase) on 

screen-printed electrodes modified by didodecyldimethylammonium 

bromide (DDAB). The reaction pathways of CYP19A1 produce products 

(estrone and estradiol) of the induced CYP19A1 reactions was determined 

by direct electrochemical oxidation on the electrode. Sensitivity values 

obtained were 0.1 A/M for estrone and 0.12 A/M estradiol respectively. Limits 

of detection were calculated to be 11 nM and 3.4 nM for estrone and 

estradiol [127].  
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5.2 Antibody-modified Screen-printed electrode 

Immunosensors are one of the most reported type of biosensors that use 

antigens or antibodies that are specific to a target. A transducer measures 

the binding of a complementary target with the bioreceptor in sample under 

investigation both as labelled and Label-free assays, as shown in Figure 4 

[128]. This antibody/antigen binding interaction is specific and selective. This 

interaction can be determined by electrochemical, optical, and mass 

techniques. Immunoassay kits are available for a number of pollutants in the 

environment [129]. Combining screen-printing production methods and 

immunoassay allows the low cost, high volume production required for 

environmental analysis to be achieved. 

In 2005, one of the first studies to investigate the possibility of the 

integration immunoassay with an electrochemical method for rapid analysis 

of E2 was described by Pemberton et al.  [129]. For an E2 concentration 

range of 25–500 pg/mL a LOD of 50 pg/mL was recorded [130].  

Kanso et al.  [24] describe an immunosensors using magnetic beads 

attached to a carboxylic or amine functionalized estrogen derivative on SPEs 

for sensitive detection of E2 and EE2.  SWV was used as the electrochemical 

technique for quantification. The electrochemical immunosensors showed a 

highly sensitive response to E2 and EE2, with respective detection limits of 1.0 

and 10 ng/L, in addition to offering an easy, and rapid assay protocol; an 

assay time of 120 minutes compared to 280 minutes for conventional 

immunoassays [24]. Scala-Benuzzi et al.  [130] reported a paper-based 

immunocapture assay (EPIA) for ethinyl estradiol (EE2) determination in water 

samples. The sensor combined paper microzones on a SPE, which had been 

modified with electrochemically reduced graphene (RG). LOD and linear 

range values of 0.1 ng L-1 and 0.5-120 ng L-1, respectively were obtained [131]. 

Disposable immunosensors based on SPEs, as a direct enzyme-linked 

immunosorbent assay (ELISA) for estradiol detection in bovine serum, used a 

polyclonal antibody to compete with 17β-estradiol–alkaline phosphatase 
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conjugate (17β-E2–AP) [132]. The prototype sensors recorded a LOD below 

the Action Limit of 40 pgmL−1 for estradiol, as described by EU criteria 

(2002/657/EC) for qualitative and quantitative screening methods.   

Ma et al.  [133] employed a multiplexed immunoassay method for 

determination of DES and E2 based on disposable SPCE. The immunosensor 

has different antibodies attached on the SPE with Platinum nanoparticle 

functionalized mesoporous silica nanoparticles (Pt@SBA-15) Pt@SBA-15 as the 

label for the secondary antibodies. Platinum catalytic properties and 

Mesoporous silica (SBA-15) allowed a strong signal towards the analytical 

antigens.  The sensor response to DES and E2 showed wide linear ranges with 

detection limits of 0.28 and 1.2 pg/mL respectively [133].  Liu et al. [78] 

reported an immunosensor the determination of E2 and EE2 in 

pharmaceutical drug formulations and urine samples. The work serves as 

comparison of different types of electrode, namely HMDE, SPE and screen-

printed carbon nanotube electrodes (SPCNTE). The LODs were 0.3 μg/L for 

E2, 14.8 μg/L for EE2 at −0.23 V, and 9.7 μg L−1 for EE2 for HMDE, at −1.20 V. 

Whilst the LOD was 242 μg/L for E2, 277, 182, and 191 μg L−1 for SPE and SPCNTE 

at 0.30, 0.31, 0.32, and 0.33 V potentials [78]. These results supported the claim 

of Barek et al.  [134], that mercury-based electrodes “are probably the best 

sensors for the determination or trace amounts of electrochemically 

reducible organic compounds”[134].   
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Figure 4. Schematic diagram of electrochemical immunosensors. A. 

Label-free immunosensor based on ZnONRs modified silver wire electrode 

[10]. B. Immunosensor based on Fe3O4–NH2–Cd2+ and Fe3O4–NH2–Pb2+ 

labeled antibodies (Reproduced with permission from elsevier ref. [26]. 

Copyright 2021 elsevier.). 

 

An immunosensor for estradiol was reported via the -based formation 

biotin-streptavidin linkage using p-aminobenzoic acid modified screen-

printed carbon electrode [135]. Covalently bound streptavidin serves as the 

bridge for the biotinylated anti-estradiol. Analysis was carried out by a 

competitive immunoassay with peroxidase-labelled estradiol (HRP–estradiol) 

using amperometry at -0.2V with hydroquinone (HQ) as redox mediator. The 

calibration curve exhibited a linear range between 1 - 250 pg/mL and LOD 

of 0.77 pg/mL. The fabricated immunosensor were tested in both serum and 

urine samples with good results [135]. Mistry et al.  [77] provides a useful review 

of amperometric detection technique for immunosensors based on SPEs, 

specifically explaining the principle behind the measurement means and the 

design of the sensors and modification, explaining both the strength and 

weakness. However, estrogen detection is not covered [77]. 

5.3 Aptamer based- Screen-printed electrode  

Aptamers are an alternative bio-recognition element, synthesized 

chemically with the target, giving them an advantage over other biological 

recognition element/materials, such as antibodies, peptides, and enzymes, 

due to their high stability and exceptional affinity to wide variety of targets.  

For biorecognition elements, such as antibodies, a short shelf-life, issues with 

stability and nonspecific analytical response in electrochemical biosensors 

are some of the reasons for the use of aptamer as a substitute [43]. 

Discovered almost around the same time by three separate independent 

research groups, this paved the  way to the active engagement in nucleic 

acid research we are witnessing now [136,137]. Aptamers are single strand 

DNA/RNA produced by in vitro selection process known as “Systematic 



 

24 

 

evolution of ligands by exponential enrichment” (SELEX) (shown in Figure 5). 

The consist of 20 to 120 nucleotides compose of a nitrogenous base, a five-

carbon sugar (ribose or deoxyribose), and phosphate group [138]. 

Systematic evolution of ligands by Exponential Enrichments allows for the 

generation of aptamers that bind with high affinity and specificity to the 

compound. The process starts with the generation of a large oligonucleotide 

library consisting of randomly generated sequences of specific length with 

constant sequence at position 5' and 3' ends that serve as primers as shown 

in Figure 5. Nezami et al.  [28] provides an overview of the applications of 

aptamer-based biosensors, as well as bioaffinity sensors, in analysis and 

monitoring of estradiol [28]. Gatel et al.  [139] published a detailed report on 

the  use of nucleic acid in sensor technology for detection of EDC in the 

environment [139]. 

 

https://en.wikipedia.org/wiki/5%27_end
https://en.wikipedia.org/wiki/3%27_end
https://en.wikipedia.org/wiki/Primer_(molecular_biology)
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Figure 5. Schematic of the Systematic evolution of ligands by 

Exponential Enrichments (SELEX) process. 

Kim and his group reported the first aptamer (a 76-mer and 23 kDa 

sequence) for 17β-estradiol produced by SELEX process [140]. From 2007, the 

sequence has been studied extensively with a series of modifications [6,141–

146] on various electrode surfaces and using various transduction 

techniques. Zaid et al.  [146] utilised the same sequence aminated at the 5’-

end with –NH2 to develop an electrochemical aptasensor on screen-printed 

electrode (SPCE) modified by electrodeposition of carbon nanodots as an 

immobilization platform probe for the detection of estradiol (E2). The E2 

aptamer-based biosensors was tested in various concentrations of E2 with 

linear range of 1.0 × 10−7 to 1.0 × 10−12 M and a detection limit of 5.0 × 10−13 

M. Furthermore, it was used to measure real river water samples and the 

selectivity of the fabricated sensor was tested against bisphenol A (BPA), 

estriol (E3) and progesterone (P4) with good selectivity toward E2 and 

excellent discrimination respectively. E2 spiked  water samples gave 

recoveries from 98.2% - 103.8%, relative standard deviations (RSD) of 1.1% - 

3.8%, revealing the feasibility of the application of the aptasensor for E2 

measurement in water samples [147]. Immobilization of aptamers on gold 

substrates for various sequence modification such as thiol-Au bond, EDC/NHS 

attachments is shown below (Figure 6). These are some of the ways of  

combing aptamer on transducer surfaces with other emerging strategies 

even in the absence of secondary aptamer [148]. No aptamer development 

has been reported for estrogens E1, E3 and EE2 as yet due to limitation of 

molecular diversities of libraries [149,150]. 
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Figure 6. Schematic illustration of aptamer Immobilization strategies 

on gold electrode.  

5.4 MIP-modified Screen-printed electrode 

Synthetic receptors have been explored as a replacement for biological 

receptors [138]. The main drive for this include reduce costs, increase sensor 

shelf-life and to eliminate issues of denaturation, making the sensors more 

suitable for measurement in complex environmental matrices [151–153]. 

Molecularly imprinted polymers (MIPs) are among the most promising 

alternatives to natural receptors being presently investigated [154]. 

Molecular imprinting is a technique for creating binding sites within a polymer 

network having the same shape, size and functional groups as the target 

(template).  Molecular imprinting technology (MIT) was first reported by 

Polyakov more 80 years ago, but its applications remains in immunoassays, 

affinity separation, and sensors makes it relevant to date [155].  In MIPs 

synthesis, a template (target analyte), monomer, initiator and cross-linker 

undergoes polymerization to form a polymer complex between the target 

molecule and functional monomers in a solvent.  Template removal after 

polymerization leaves a vacant site in the porogen that is utilized for 
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(mimicking) molecular recognition ability of natural receptor within the 

polymer network [156,157] making it selective to the template (analyte of 

interest).  

Polymerization can be perform by bulk imprinting or surface imprinting 

depending on the nature of the analyte [152,156,158–161]. Improved 

backside-surface imprinting,  has also been utilised [162]. Back-side surface 

imprinting approach allows the polymerization mixture to form uniform 

binding site without aggregation of the template within the whole polymer 

matrix. This is achieved by the contact with the outer surface hence the 

ability to exit the imprinted matrix, thus generating surfaces with a high 

density of rebinding sites [162] 

The combination of MIP and electrochemistry to produce “Molecularly 

imprinted electrochemical sensors (MIECS)” has shown improvement of 

sensor capabilities [158], using different analytical methods, such as 

amperometry, potentiometry, conductometry and voltammetry. Figure 7, 

Indicates the various analytical methods reported on molecularly imprinted 

electrochemical sensors (MIECS). It allows both direct and indirect methods 

of redox probe use as the basis of the detection. Beluomini et al.  [163], 

reviewed the application of molecularly imprinted polymers on 

nanostructured carbon materials. Carbon-based materials with MIECS are 

compatible with number of materials such as carbon nanotubes, graphene 

etc., increasing sensitivity, selectivity and stability due to the combination of 

properties of the two materials instead of standalone material [163]. Lahcen 

and co-workers [164] developed a MIP-sensor based (Fe3O4-MIP) using 

aniline and dimethacrylate (EGDMA) as the monomer, for the detection 

estradiol. Fe3O4  nanoparticles were utilized as aprt of the prepolymerization 

mixture for signal amplification due to high surface area. Cyclic voltammetry 

and electrochemical impedance spectroscopy (EIS) were employed to 

probe the fabricated sensor. Parameters such pH, incubation time etc. were 

optimized. The MIP based sensor increased the oxidation current, as shown 

using square wave voltammetric measurements, delivering a linear range of 

0.05–10.0 μM and a LOD of 20 nM [164].  
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A molecularly imprinted polymeric microspheres MWCNT–gold 

nanoparticles (AuNPs) modified SPE for the rapid detection of E2 hormone in 

serum samples has been developed by Futra et al.  [165]. Both MWCNT and 

AuNPs aid the accelaration of electron transfer while the microspheres were 

designed to bind specifically to E2. A photopolymerization technique was 

employed for depositing the MIP on SPCE. Under optimal conditions, the 

sensor could detect the concentrations of 17b-estradiol from 1.0 x 10-9 to 1 

µM with a detection limit of 2.5 x 10-10 µM [165]. A similar polymerization 

method was reported by [166] for antibiotics using thermocouple as for the 

thermal measurements of the MIP Sensors.  Screen-printed electrodes were 

doped with gold nanoparticles in order to provide a suitable platform for the 

development of a MIP receptor for estradiol detection. The rationale for this 

was to create a platform with high surface areas which was stable enough 

to generate a uniform polymer matrix on the electrode surface. Truong et al.  

report the electrodeposition fo AuNPs onto SPEs followed by 

electropolymerization of funtional monomer for E2 analysis. The rationale is to 

increase the specific area of electrode of the membrane MIP , thus increases 

the imprinted site with reported LOD of 2 fM. This demonstrated the use of 

gold nanoparticles instead of gold ink on carbon SPE platform resulted in 

simplicity of manufacture and high reproducibility [167]. Recently, Jiang et al.  

[168] reported a signal-on type electrochemiluminescence (ECL) hybrid 

sensor for diethylstilbestrol (DES) detection, employing magnetic surface. The 

surface comprised a magnetic molecular imprinted polymer (MMIP), 

coupled with an aptamer labeled cadmium selenide quantum dots (CdS 

QDs) conjugated probes [168]. The MMIPs-DES-CdS-Apt composite was 

attached to a SPE using an external magnetic field. The sensor  emitted an 

electrochemical luminescence signal at a potential −1.1 V. The signal 

intensity was proportional to the DES concentrations in the range of 0.3 to 1.0 

× 10-5 pg ml−1, with the LOD of 0.1 pg ml−1. The rationale behind the use of  

the E2 aptamer was not given, just the statement that “it served as a tag”. 

However, it is assumed it was use as the E2 to aptamer binding has higher 

affinity than antibody to antigen [169]. This is the first concept of a hybrid 
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Apta-MIP sensor for estrogen, although this type of sensor has been reported 

previously for the detection of lipopolysaccharide [170].  

Lee group in 2019, [171] reported the integration of MIPs and screen-

printed gold electrodes for electrochemical determination of steroidal 

hormones cortisol, progesterone, testosterone and 17β-estradiol in urine 

simultaneously. A four-channel system was established to enable 

simultaneous determination of the hormones by CV. The range of 

concentration, detection limit were 0.001–1000 fg·mL−1 and 9 ag·mL−1 [171]. 

One year later, the same group published measurements from a MIP-SPE 

sensor, which had a tungsten disulfide coating formed by 

electropolymerization of aniline and a metanilic acid conductive polymer on 

to SPE to create a 17β-estradiol sensor. Tungsten, as a class of transition metal 

dichalcogenide (TMD), serves as a dopant due to its direct band gaps and 

hence improves the electrochemical signal. The MIP-SPE sensor was applied 

to eel serum samples with various estradiol concentrations in the range 

28.2±3.6 to 73.0±11.6 pg/mL and LOD of 0.06 fg/mL was obtained [172]. 

The commercial viability of MIPs in sensors has still not been proven, 

although the technology has been applied successfully in separation 

methods [138]. There is an increase in the work undertaken in application of 

MIPs in the area of sensors with different detection methods and formats(See 

Figure 7), with 50% of total articles published from (1962–2015) coming from 

the five years between 2010 and 2015 [173]. Investigations of the MIPs 

research repository (http://www.mipdatabase.com), in the last two years 

alone, has seen the publication of more 600 articles related to sensor 

applications [156].  
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Figure 7. Mechanisms of molecularly imprinted electrochemical 

sensors (MIECS). 
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Table 1.  Summaries some recent developments in the application of screen-printed electrochemical sensor & 

biosensors for the determination of estrogens 

SPE-Design Modifier Applied Technique Sensor type Linear 

range 

Detectio

n limit 

Estrogens Samples Ref. 
 

Screen printed 

carbon 

electrode   

 

Aptamer/ 

Carbon Nanodots 

electrochemical 

impedance 

spectroscopy 

impedimetric b

iosensor 

1.0 x 10-7 

to 1.0 x 

10-12 M 

5.0 x 10-13 

M 

Estriol (E3) River 

water 

samples 

[147] 

Screen printed 

carbon 

electrode   

 

Reduced graphene 

oxide/silver 

nanowires (AgNWs) 

and silver 

nanoparticles 

(AgNPs) 

differential pulse 

voltammetry 

Electrochemic

al sensor 

1 - 90 μM 0.58 μM Estriol (E3) urine [174] 

Screen printed 

carbon 

electrode   

 

Glass varnish-based 

carbon conductive 

ink 

square wave 

voltammetry 

Electrochemic

al sensor 

0.1 - 8.0 

μM  

0.08 μM Estriol (E3) Water 

and  

Vaginal 

cream 

[117] 
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Screen printed 

carbon 

electrode  

 

 
Square wave 

voltammetry 

Electrochemic

al sensor 

1.7 mg/ L  242μgL-1 Estradiol (E2) urine [78] 

Screen printed 

carbon 

electrode  

 

 
Square wave 

voltammetry 

Electrochemic

al sensor 

2.0 mg/L  277μgL-1 Ethinylestrad

iol (EE2) 

urine [78] 

Screen printed 

carbon 

nanotube 

electrode 

(SPCNTE) 

carbon nanotubes Square wave 

voltammetry 

Electrochemic

al sensor 

1.2 mg /L 182μg L-1 Estradiol (E2) urine [78] 

Screen printed 

carbon 

nanotube 

electrode 

(SPCNTE) 

carbon nanotubes Square wave 

voltammetry 

Electrochemic

al sensor 

1.6 mg /L  191 μgL-1 Ethinylestrad

iol (EE2) 

urine [78] 

Gold-Screen 

printed 

electrode 

(Au-SPE) 

MIP Coated poly 

(ANIco-MSAN) s 

cyclic voltammetry Electrochemic

al sensor 

0.001–

1000 

fg·mL−1 

9 

ag·mL−1 

Estradiol (E2) urine [171] 
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Gold-Screen 

printed 

electrode 

(Au-SPE) 

(TSMEIPs) poly (AN-

co-MSAN) 

cyclic voltammetry Electrochemic

al sensor 

28.2-3.6 

to 73.0-

11.6 

pg/mL 

9 

ag·mL−1 

Estradiol (E2) serum [172] 

Screen-

printed 

electrode 

antibody differential pulse 

voltammetry 

Immunosensor 25–500 

pg/ml 

50 pg/ml Estradiol (E2) serum  [130] 

screen-printed 

electrodes  

Electrochemical 

pre-treatment 

differential pulse 

voltammetry 

Electrochemic

al sensor 

0.5 - 10.0 

μM 

888 nM Estradiol (E2) Tap 

water 

[175] 

screen-printed 

electrodes  

CuPc-P6LC-

Nafion/SPEF 

differential pulse 

voltammetry 

Electrochemic

al sensor 

8.0×10−8 

to 

7.3×10−6 

M 

5.0×10−9 

M  

Estradiol (E2) River 

Water 

samples 

[105] 

Screen-

printed 

electrodes  

Fe3O4-MIP/SPCE Square wave 

voltammetry 

Electrochemic

al sensor 

0.05–10 

µM 

20 nM  Estradiol (E2) River 

water 

samples 

[164] 

Screen-

printed 

electrodes  

MIP-AuNPs-SPCE EIS Electrochemic

al sensor 

100 fM to 

10 nM. 

2 fM Estradiol (E2) PBS 

Buffer 

[167] 

Screen-

printed 

electrodes  

MWNTs/Al2O3/poly-

L-lysine  

cyclic voltammetry Electrochemic

al sensor 

 0.5 to 

50 nM 

 0.014 

nM  

Estradiol (E2) Blood 

and 

urine 

samples 

[79] 
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Screen-

printed 

electrodes  

MWCNT–AuNP-SPE differential pulse 

voltammetry  

Electrochemic

al sensor 

1.0 x 10_15 

to 1.0 

x10_6 M 

2.5 x 

10_16M 

Estradiol (E2) serum [176] 

Screen printed 

electrode  

E2-hexa- 

Magnetic Beads 

square wave 

voltammetry 

Immunosensor 0.1 - 100 

ng/L 

1 ng/L Estradiol (E2) Water 

samples 

[24] 

Screen printed 

electrode  

EE2-hexa- 

Magnetic Beads 

square wave 

voltammetry 

Immunosensor 0.1 - 

100 ng/L 

10 ng/L Ethinylestrad

iol (EE2) 

Water 

samples 

[24] 

Screen printed  

electrode 

Anti-estradiol-

Biotin/Strept-ABA-g-

SPCE. 

EIS Immunosensor 1- 250 pg 

mL−1 

0.77 

pg/mL 

Estradiol (E2) human 

serum 

and 

urine. 

[135] 

Screen printed  

electrode  

Anti-17ß-estradiol 

antibody Au-

protein-SPCE  

cyclic voltammetry  Immunosensor 0.1 - 20 

μg/L 

0. 035 

μg/L 

Estradiol (E2) Serum [177] 
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Screen printed 

electrode  

Anti-rabbit IgG-17ß-

estradiol antibody-

SPCE 

differential pulse 

voltammetry 

Immunosensor   Estradiol (E2) Serum [132] 

Screen printed 

electrode  

Anti-17ß-estradiol 

antibody-SPCE 

amperometry immunosensor 

 

 0.25 

pg/ml 

Estradiol (E2) serum [178] 

Screen-

printed 

electrodes 

[C8py][PF6]-

MWCNTs 

Linear sweep 

voltammetry 

Electrochemic

al sensor 

0.05 to 

2.0 mM, 

2 nM Ethinylestrad

iol (EE2) 

phospha

te buffer 

solution 

(pH 7.0)  

[115] 
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screen-printed 

electrodes  

Pt@SBA-15-Ab2 cyclic voltammetry immunosensor 0.005–8.0 

ng/mL 

1.2 

pg/mL 

Estradiol (E2) River 

water 

samples 

[133] 

screen-printed 

electrodes  

Pt@SBA-15-Ab2 cyclic voltammetry immunosensor 0.001–

10.0 

ng/mL 

0.28 pg/ 

mL 

Ethinylestrad

iol (EE2) 

River 

water 

samples 

[133] 

screen-printed 

electrodes  

MMIPs-QDs-Apt Electrochemiluminesce

nce (ECL) 

 0.3 - 1.0 × 

105 

pg/ml 

0.1 

pg/ml 

diethylstilbes

trol 

Serum [168] 
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screen-printed 

electrodes  

Enzyme electrodes 

(SPE/DDAB/CYP19A

1) 

square wave 

voltammetry 

Biosensor  11 nM Estrone (E1) Buffer [127] 

screen-printed 

electrodes  

Enzyme electrodes 

(SPE/DDAB/CYP19A

1) 

square wave 

voltammetry 

Biosensor  3.4 nM Estradiol (E2) Buffer [127] 

screen-printed 

electrodes  

Reduced-

Graphene oxide-

SPCE 

square wave 

voltammetry 

Biosensor 0.5-120 

ng L-1 

0.1 ng L-1  ethinyl 

estradiol 

(EE2) 

water 

samples 

[131] 
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screen-printed 

electrodes  

Multiwalled Carbon 

nanotube 

Amperometry Electrochemic

al 

1.0 - 1000 

µM 

0.53uM Estriol (E3) pharmac

eutical 

sample 

[113] 

screen-printed 

electrodes  

Anti-E1/ Polyaniline 

(PANI)/Gr-SPE 

Electrochemical 

Impedance 

Spectroscopy (EIS) 

Biosensor 0.0975 

ng/L to 

200 ng/L 

0.043 

pg/L 

estrone (E1) River 

water 

samples 

[111] 

screen-printed 

electrodes  

Anti-E1/ Polyaniline 

(PANI)/Gr-SPE 

Electrochemical 

Impedance 

Spectroscopy (EIS) 

Biosensor 0.0975 

ng/L to 

200 ng/L 

0.19 ng/L estradiol (E2) River 

water 

samples 

[111] 
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screen-printed 

electrodes  

Anti-EE2/ Polyaniline 

(PANI)/Gr-SPE  

Electrochemical 

Impedance 

Spectroscopy (EIS) 

Biosensor 0.0975 

ng/L to 

200 ng/L 

0.070 

pg/L 

ethinyl 

estradiol 

(EE2) 

River 

water 

samples 

[111] 

screen-printed 

electrodes  

graphene 

quantum dots 

(GQD)/SPE 

Linear Sweep 

voltammetry 

Electrochemic

al sensor 

0.05 -7.5 

µM 

8.8 nM diethylstilbes

trol (DES) 

Urine 

and tap 

water 

[179] 
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6. Conclusion and future trends 

Research in the field of electrochemical sensors and biosensors for 

estrogen determination is very active, as evidenced by the number of 

published works. However, application of SPEs is still limited, if we are to 

correlate this with the number of articles obtained from Scopus database 

and other databases. Screen-printed electrode-based immunosensors seem 

to be particularly attractive in terms of research activity. This is not new 

looking at the commercial immunoassay kits already available. No SPEs 

based sensors for estrogens are available on the market - we are still at the 

lab research and development stage. Nanomaterials, including carbon 

nanomaterials, metal, metal oxide and ionic liquid materials, as modifiers for 

screen-printed electrochemical estrogens sensors, are said to improve the 

sensitivity, selectivity, and repeatability compared to the traditional screen-

printed electrochemical sensors, and even can detect multiple analytes.  

However, the work of Raymundo-Pereira et al. shows that the sensitivity of the 

pre-treated SPEs is comparable with that of some nanomaterials reported 

[58]. This means we need to have a better understand of ink formulation as 

well the use additional tools, such tristimulus analysis, in understanding the 

behaviour of estrogens on SPEs. On the other hand, the portability of SPE 

systems is verified to enable in situ detection. A large number of works on 

estradiol have been carried out with various material to improve the 

sensitivity of the sensor but only a few are available with SPE. More 

importantly, such sensors are still in the development stage, so there is still 

much research space. In addition, the LOD reported by standard methods, 

as well as regulatory standard enhances the challenges in this field. 

Nevertheless, to achieve higher performance, more research into the 

utilization of other composite materials as a modifier, such as alloys of various 

forms, needs to be explored to overcome the limitations of using a single 

material. In addition to this, the modification of the methods using various 

materials to create the SPEs may also play a key role in performance 
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improvement. However, there are challenges, for example simple drop 

coating technique that is mainly reported on other electrodes cannot be 

directly employed for SPE. One of the noticeable differences is the reference 

electrode (termed pseudo reference electrode) that is commonly used can 

degrade even before measurement, therefore affecting the potential of the 

electrochemical oxidation of the sample.  

Mixing of the nanomaterials directly into the ink is practical and 

convenient but the ink formulation changes must be investigated especially 

the ratio of components. However, even this method may cause the 

nanomaterials or other functional materials doped in the ink formulation not 

to be completely exposed to the surface of the electrode, resulting in the 

poor performance. A typical example is the carbonaceous nanomaterial 

where the edge plane and basal plane is vital for creating a uniform film on 

the working electrode [56,97,100,180]. Surface modification seems easier 

and more straightforward, but the reproducibility is vital. An alternative is to 

employ an automatic dispensing system, such as Biodot, which will 

accurately disperse equal volume with high accuracy and repeatedly. If SPEs 

are to serve as the replacement of conventional methods, a lot of factors 

need to be considered. From the point of conceptualization, the protocol for 

transfer from lab-based to field-based research should be in mind. Back-to-

back screen-printing of working electrodes, as mentioned by Metters et al.  

[11], needs to be consider where appropriate in the construction of the SPE 

[11]. Real samples are complex and having this in mind will surely see a focus 

on optimization for the relevant application and ensuring that the developed 

screen-printed electrochemical (bio) sensors will have integrated the 

advantages of rapidity of testing, portability, and sensitivity. Still, the screen-

printed electrochemical sensors based on various nanomaterials face 

enormous challenges. New nanomaterials need to be developed for the 

fabrication of screen-printed electrochemical sensors to provide more 

convenient and effective tools for the detection of estrogens in the future. If 

we are to see the “true Renaissance in electroanalysis” using SPEs, additional 

tools such as chemometric must be embedded in the process of data 
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analysis. The same applies to synthetic materials like MIPs and aptamer. There 

is need for a next generation of monomers based on insilico designs, as well 

new aptamer sequence designs. 

Finally, market requirements are now shifting toward not only designing 

sensor with good sensitivity and specificity but a continuous, real-time, wash-

free, antifouling and calibration-free sensing platforms as reported by [181]. 
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