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Highlights: 

 Nanomaterials deposition onto a conductive electrode surface is a crucial step for 

obtaining improved performance from the constructed biosensors. 

 Different methodologies are discussed to create matrix of nanomaterials that 

ensures proper contact between the material and electrode surface. 
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 An easy, stable, and reproducible nanomaterial deposition/growth method is 

crucial for the realization of fabricated biosensor devices’ performance, such as 

device stability, and reproducibility, as well as other sensing properties. 

 Key challenges for optimum deposition include stability, reproducibility, 

repeatability, and the ability of deposited nanomaterials to address these 

challenges is critiqued. 

 

 

 

 

Abstract 

Biosensor development includes the deposition of (nano)materials onto a conductive 

electrode surface, which is a crucial step for obtaining improved performance from the 

constructed biosensors. Various methods have been used to create a successful matrix of 

(nano)materials that ensures proper contact between the material and electrode surface. 

The purpose of (nano)material deposition is to provide a high surface area to improve the 

electroanalytical performance of biosensors by supporting the stable immobilization of 

enzymes in a more significant quantity as well as enhancing the catalytic or bioaffinity 

features. For decades, researchers have been using increasingly advanced methods not 

only for improving sensing performance, but also for improving stability, reproducibility, 

and mass production. In this review, we summarized the methods used for (nano)material 

deposition onto an electrode surface for efficient biosensor fabrication. An enhanced and 

optimized (nano)material deposition method is crucial for the mechanical stability and 

fabrication reproducibility of electrodes when designing a suitable biosensing device. In 

addition, we discussed the problems faced during biosensor application as well as the 

present challenges and prospects for superior deposition methods.  
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1. Introduction 

Since Clark and Lyons first used an oxygen electrode as a glucose biosensor in 1962 

[1], several conductive electrodes (e.g., gold (Au), platinum (Pt), silver (Ag), glassy 

carbon, indium tin oxide (ITO), fluorine-doped tin oxide (FTO), screen-printed, and 

conductive polymers) have been utilized for biosensor fabrication [2-5]. However, the 

use of bare electrodes limits the performance of biosensors. Hence, electrode 

modification with nanomaterials is required to enhance the surface area of an electrode 

for improved sensing performance. By doing so─modified electrodes also improve the 

immobilization of functional recognition molecules, decrease nonspecific binding, and 

enhance electron transfer during catalytic reaction. Thanks to remarkable developments 

in nanotechnology and nanoscience, methods for developing zero-, one-, two-, and three-

dimensional nanomaterials using different synthesis techniques have been developed.  

Designed nanomaterials with desired morphology have been continuously used in 

various applications [6-11]. Nanomaterials are one of the most essential components of 

enzymatic and nonenzymatic biosensor devices. Engineered nanomaterials hold 

promising properties such as large surface areas and high electrocatalytic activity; thus, 

considerable attention has been given to tailoring nanomaterial properties and ensuring 

optimal biosensing responses [12-15]. The high surface area of nanomaterials 

immobilizes enzymes in greater amounts, which enhances the dynamic detection range 

and sensitivity of the fabricated biosensors. In addition, the electrocatalytic activity of 

nanomaterials is essential for nonenzymatic biosensors [16-19]. Nanomaterials deposited 

onto an electrode transfer electron to the conductive electrode during electrochemical 

reactions of enzymatic and nonenzymatic biosensors. Therefore, selecting an ideal 

electrode, active nanomaterial, and nanomaterial deposition method are critical 

parameters for obtaining high sensitivity and improved response times from biosensor 

devices. 
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Most researchers have utilized separately synthesized nanomaterials to fabricate 

biosensors. However, such a conventional electrode fabrication method uses complicated 

steps, such as mixing with binders, coating onto the electrode surface, and drying at 

higher temperatures [20-28]. Deposition of separately synthesized nanomaterials mixed 

with binders is unfavorable for several reasons, such as poor reproducibility and low 

stability, as well as because binders can block the active catalytic sites, which will reduce 

the electrocatalytic activity of the nanomaterials [29-31]. Furthermore, coating and 

screen-printing these materials create inhomogeneous and dense films. As a result, they 

offer a reduced surface area for enzyme immobilization and electrocatalytic activity. 

Therefore, direct deposition methods (i.e., electrochemical, electrospinning, electrospray, 

inkjet printing, nozzle jet printing, and laser scribing) and direct growth methods have 

recently become preferred for fabricating biosensors. Direct deposition and growth of 

nanomaterials onto electrode surfaces offers proper attachment of nanomaterials, 

promotes fast electron transfer, provides excellent stability, and avoids the use of binders 

[32-36].   

In this review, we summarize the recent advances in methods for nanomaterial 

deposition onto electrode surfaces for biosensor fabrication. The aim is to elucidate 

electrode modification with nanomaterials for researchers and readers, ranging from the 

most frequently used drop-casting method to the more advanced printing and direct 

growth of nanomaterials onto the electrode surface. A clear presentation of the methods 

used for biosensor fabrication will help researchers to select a suitable method for 

designing biosensor devices with improved sensing performance. Because many 

biosensors have been fabricated using coating-, screen printing-, and direct deposition-

based methods, we collected detailed data on the most recent and advanced techniques 

(such as inkjet printing, nozzle jet printing, laser scribing, and direct growth) used for the 

preparation of biosensor electrodes. Additionally, we discussed the pros and cons of 

nanomaterial deposition methods as well as guidelines for a future potential electrode 

modification method for biosensor fabrication. 

 

2. Biosensors 

ACCEPTED M
ANUSCRIP

T



 7 

Biosensors provide specific quantitative and semiquantitative analytical 

information that is mediated by biological recognition elements (such as enzymes, 

antibodies, and oligonucleotides); these provide measurable signals when using a 

transducer element. Because of the success of glucose-detecting glucometers, pregnancy 

test kits, and point-of-care systems, advanced biosensor devices have been developed 

through intense research. Biosensors have become crucial devices used in a wide range of 

applications, including clinical diagnosis of infectious diseases (i.e., tuberculosis, HIV, 

and diarrhea), metabolites (i.e., glucose, cholesterol, lactate, uric acid, urea, ammonia, 

dopamine, creatinine, and ascorbic acid), proteins, hormones, whole cells, and nucleic 

acids. These advanced sensing systems that can detect diseases in their early stages help 

in the prevention and treatment of various diseases with reduced medical costs. 

Biosensors are extensively used in fermentation industries as well as for environmental 

monitoring, biodefense, metabolic engineering, and plant biology [37].  

Biosensors combine sensitive biological recognition components (immobilized 

biological materials or enzyme mimics (nanomaterial with catalytic active centers)) with 

a physical transducer. The analytes bind or are converted to a product over the 

immobilized biorecognition elements and produce responses for measurement. 

Biosensors’ responses depend mainly on the technique used to immobilize the biological 

materials and type of transducer used. To ensure the intimate contact of the biological 

material with the transducer, various immobilization methods have been utilized (e.g., 

physical adsorption, covalent binding, entrapment, and cross-linking) [38-41]. Selecting a 

suitable immobilization method is crucial for preventing any loss of biorecognition 

elements during the sensor measurements as well as for obtaining a stable sensing device 

for multiple usages. However, immobilizing biorecognition elements directly on 

transducers (working electrodes) limits the sensing response and stability of biosensors. 

To overcome these challenges, nanomaterials have been extensively utilized to modify 

the surface of working electrodes, which enhanced the surface area and immobilization 

efficiency, retained the catalytic activity of enzymes and proteins, and enhanced the 

lifespan of biosensors. Furthermore, nanomaterials offer a link between the redox active 

site (buried deep within enzymes) of enzymes and electrode surfaces that expedites 

efficient electron transfer. Additionally, nanomaterial may have catalytically active 
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centers that show capability to mimic enzyme and are useful to fabricate nonenzymatic 

based biosensor. 

2.1. Overview of the crucial parameters of biosensors 

The analytical performance of a biosensor is evaluated using the established 

standard protocols and the definition of biosensors ("miniaturized analytical devices that 

can deliver real-time information on the presence of specific analytical targets in 

complex samples by making use of biochemical or biological recognition elements") [42, 

43]. The performance criteria of biosensors are expressed in terms of dynamic detection 

range, sensitivity, selectivity, response time, limit of detection (LOD), limit of 

quantification (LOQ), diagnostic accuracy and precision, reproducibility, stability, and 

repeatability [44, 45]. These sensing parameters are crucial for designing an efficient 

biosensor with optimal sensing performance. The electrochemical responses of 

biosensors are measured by adding known concentrations of analytes, which is further 

used to plot a calibration curve (i.e., current response versus analyte concentrations) for 

evaluating the linear detection range and sensitivity. Before plotting such calibration plots, 

sensing responses of biosensors are measured multiple times (preferably more than three) 

at each known concentration level. The obtained data are compared and relative standard 

deviation is calculated, which confirms the precision and repeatability of the biosensors. 

The linear detection range is related to the biocatalytic and electrochemical properties of 

the sensitive biological recognition components. Sensitivity is another crucial parameter 

of biosensors, which is calculated using the slope of the calibration plot (mean of the 

measured biosensor response to the known analyte concentrations); a steep slope 

confirms superior sensitivity of the biosensor, which is critical for measuring low 

concentrations of analytes. 

The selectivity of a biosensor depends on the biological recognition systems 

connected to the transducer; it is crucial for detecting specific or targeted analytes in a 

complex biological medium [46]. The successful application of biosensors in real-time 

monitoring of target analytes relies entirely on the selectivity capability, which 

discriminates the analyte from undesired or interfering species (i.e., impurities, 

metabolites, and degradation products) present in the complex matrix. Enzyme-based 

biosensors selectively detect specific analytes; however, they are often affected by the 
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presence of other interferants. Continual attempts have been made to minimize the effects 

of interference during measurements. Rapid response times of biosensors have made 

them more attractive for real-time measurement and detection of analytes. To detect 

analytes in lower concentrations or quantities, biosensors with low LODs are required. 

The LOD of a biosensor is the lowest analyte concentration that can provide a detectable 

signal but cannot quantitatively determine the analyte concentration, whereas the LOQ is 

the lowest analyte concentration that a biosensor can determine quantitatively with 

diagnostic accuracy and precision. 

In addition, repeatability, reproducibility, and stability are crucial parameters that 

validate the suitability of the fabricated biosensors [47]. Repeatability is the ability to 

generate identical sensing responses using the same biosensor device at a fixed analyte 

concentration. Repeatability tests are usually performed at three concentrations (low, 

medium, and high) in the linear detection range of the biosensor. All repeatability tests 

are performed at least five times. However, the repeatability precision is highly 

dependent on the operating conditions and may vary between labs. Reproducibility is the 

measured identical responses in duplicate or multiple experimental setups obtained by 

different research groups or laboratories. Fabrication reproducibility is recommended for 

highly reliable biosensor devices. The operation stability of biosensors is the most crucial 

feature and is of prime importance for biosensors that require long incubation or 

continuous monitoring. The responses of biosensors depend on the geometry, method of 

fabrication, type of transducer used, biological recognition reaction, and operational 

conditions. However, these factors are influenced by temperature, buffer composition, pH 

level, the presence of organic solvents, contact of the sensing area with the analyte 

solution, bioreceptor degradation, and complex sample composition. Therefore, during 

biosensor fabrication, appropriate tuning of transducers and electronics are done to ensure 

the desired stability of the biosensors. Numerous attempts have been made to endow 

biosensors with enhanced stability as well as other sensing parameters.  

2.2. Merits and limitations of nanomaterial-based biosensors 

As far as biosensor performance is concerned, various approaches and methods 

have been used to design innovative and improved biosensing devices. The introduction 

of nanomaterials into the field of biosensing has provided a new generation of biosensing 
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devices with greatly enhanced sensing performance. The nanoscale size of nanomaterials 

may offer good electrical conductivity as well as mechanical, optical, and magnetic 

properties. The detection limits of biosensors have been much improved by the high 

specific surface area of nanomaterials. Furthermore, nanomaterials act as an effective 

immobilization matrix for enzymes and proteins while maintaining their catalytic activity 

as well as intrinsic and unique features. Additionally, nanomaterials with a high surface-

to-volume ratio contribute by holding or immobilizing larger amounts of enzymes on 

their surface, which further improves the sensitivity and specificity of nanomaterial-based 

biosensors. Many review articles have been published on nanomaterial-based biosensors 

[48-64]. Furthermore, numerous biosensors have been fabricated using high-quality and 

tailored nanomaterials to obtain an optimal biosensing response during analyte detection. 

ACCEPTED M
ANUSCRIP

T



 11 

 

Fig. 1. Schematic of the methods employed to deposit nanomaterials onto electrode 

surfaces as a sensing matrix during biosensor fabrication. 

 

3. Nanomaterial deposition methods onto electrode surfaces 

Nanomaterials are of great interest for enhancing the sensing performance of 

biosensors. Recent developments in nanotechnology have been catalysts for the 

development of new and novel nanostructured materials. The nanoscale size of 

nanomaterials makes them unique for various biosensing applications. To fabricate 
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biosensors, nanomaterials are deposited on biosensors’ electrode surfaces using various 

methods [65-69]. Figure 1 presents a schematic of the methods used for the deposition of 

nanomaterials onto electrode surfaces. These nanomaterial deposition methods are 

introduced along with discussions of their advantages and disadvantages in the following 

subsections.  

3.1. Coating-based methods 

Coating-based methods (i.e., drop casting, dip coating, spin coating, and blade 

coating) are most commonly used for modifying electrodes with nanomaterials. These 

methods are easily amenable in low-cost biosensor fabrication because they do not 

require complicated instruments. However, only soluble or solution-processible 

nanomaterials can be deposited onto an electrode’s surface using coating-based methods. 

Figure 2 illustrates the four abovementioned methods, and each is described in the 

following subsections. 

3.1.1. Drop-casting 

The drop-casting “manual deposition” method is most extensively used to deposit 

nanomaterials onto electrode surfaces for biosensor fabrication because of its ease and 

simplicity. However, this method utilizes binders (i.e., Nafion, butyl carbitol acetate, 

dimethylformamide, glutaraldehyde, cellulose, and polyvinyl alcohol) with nanomaterials 

to firmly attach them to electrode surfaces [70]. To do so, nanomaterials and suitable 

binders or solvents are suspended together in a certain ratio to form a suspension or slurry 

through either sonication or physical mixing-based (i.e., pestle and mortar) methods. The 

role of these methods is to create a homogeneous dispersion (slurry) of nanomaterials, 

which is further collected and drop-coated onto a pre-cleaned, bare electrode surface, 

followed by drying to evaporate the binders and solvents. Although drop casting is a  
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Fig. 2. Schematic of the four coating-based methods for nanomaterial deposition onto 

electrode surfaces. 
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simple process with low waste of nanomaterials, several parameters (such as the mixing 

procedure, slurry homogeneity, amount of slurry, drying/annealing temperature, and ratio 

of active nanomaterials and additives (binders or solvents)) must be optimized to obtain 

uniform and controlled morphology of the deposited nanomaterials on the electrode 

surface [71].  

Attempts have been made to obtain a uniform film of drop-cast nanomaterials 

using various combinations of solvents as well as optimized solvent evaporation 

temperatures and times. The controlled substrate heating evaporates the solvent faster and 

helps to improve the film morphology on the deposited electrode surface; therefore, 

electrode fabrication utilizing a slurry-based drop casting method plays a crucial role in 

and has a direct influence on the fabricated biosensor’s performance [72]. Moreover, the 

drop-cast nanomaterials form a porous layer on the electrode surface, which ensures a 

high surface area for the electrochemical responses of nonenzymatic-based biosensors as 

well for higher enzyme loading in enzymatic biosensors. However, controlling the 

thickness, porosity, and uniformity of film in large areas is difficult. 

Various biosensing devices have been fabricated using the drop-casting method to 

detect a wide range of analytes, such as biomolecules (i.e., glucose, cholesterol, urea, uric 

acid, lysine, dopamine, lactate, ascorbic acid, proteins, DNA, RNA, and hydrogen 

peroxide (H2O2)), biological agents (i.e., viruses, bacteria, and other pathogenic 

organisms), toxins, and minerals [73-79]. The drop-casting method has been utilized to 

deposit almost all nanomaterials (i.e., metal oxides [zinc oxide (ZnO), copper oxide 

(CuO), nickel oxide (NiO), nickel hydroxide (Ni(OH)2), cuprous oxide (Cu2O), iron 

oxide (Fe2O3), titanium dioxide (TiO2), manganese oxide (Mn3O4), ruthenium oxide 

(RuO2), boron nitride (BN), manganese dioxide (MnO2), cadmium oxide (CdO), 

cobaltous oxide (CoO), cobaltic oxide (Co2O3) cobalt oxide (Co3O4), cerium oxide 

(CeO2), and cobalt tungsten oxide (CoWO4)], carbon-based nanomaterials (e.g., graphite, 

graphene oxide (GO), reduced GO (rGO), carbon nanotube (CNT), and carbon nitride), 

metal (oxide)/metal oxide nanocomposites (i.e., Ag/NiO, Cu/ZnO, Pt/NiO, CuO/ZnO, 

Cu/CuO, TiO2/CuO, Pd/CuO, CdO/NiO, and Fe2O3/ZnO), and polymers (poly(pyrrole) 

(PPy), poly(aniline) (PANI), poly(phenylenevinylene) (PPV), poly(thiophene) (PtH), and 

their derivatives) onto electrode surfaces for the fabrication of biosensors [80-193].  
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Drop-cast electrodes have most frequently been used for glucose-sensing 

applications [84-135]. There has been a focus on searching for superior nanomaterials to 

achieve excellent electrocatalytic activity with developed biosensor electrodes. 

Sivakumar et al. synthesized perovskite-type NdNiO3 nanoparticles (NPs) and suspended 

them in ethanol, followed by drop casting onto the glassy carbon electrode (GCE) 

surface to fabricate an electrochemical-based nonenzymatic glucose biosensor [84]. They 

attributed the electrocatalytic performance of their fabricated biosensor to the synergetic 

effect of the nanomaterials that resulted in fast electron transfer. In another study, a three-

dimensional (3D), nitrogen-doped CNT/carbon foam hybrid was utilized as an effective 

matrix for enzyme loading; this was effective because of its large active surface area [85]. 

High conductivity, high enzyme-loading efficiency, and rapid mass transport dynamics of 

the drop-cast nanomaterials were the main factors for obtaining a large dynamic range 

and low LOD during glucose detection. Furthermore, drop-cast multiwalled (MW) and 

herringbone CNTs [86] and functionalized MW-CNTs [87] were used to fabricate 

glucose biosensors. The oxidized CNTs had carboxylic moieties, which enhanced the 

enzyme loading and improved the sensing performance. Various other nanomaterials 

have been used for glucose sensor fabrication with a drop-casting method, such as 

CoWO4 nanospheres [88], carbon nanodots [89], nanostring cluster-structured Bi2O3 [90], 

nanoflower-like CoS-decorated 3D porous carbon skeletons [91], superhydrophobic 

mesoporous silicon nanowires (NWs) [9], cobalt phosphide (CoP) NRs [93], thin-walled 

graphitic nanocages [94], MnO2 NWs [95], Cu2O nanourchins [96], Ni(OH)2 nanoplates 

[97], Ni(OH)2-decorated sulfur-doped carbon NPs [98], and porous NiO nanorods (NRs) 

[99]. 

To further enhance biosensors’ performance, attention has been paid to producing 

hybrid/nanocomposite/doped nanomaterials. Cheng et al. developed a nonenzymatic 

glucose biosensor by drop-casting a yolk-shell CuO/silicalite-1@void@mSiO2 composite 

suspension onto a GCE [100]. The improved performance of their biosensor was 

attributed to the homogeneous dispersion of CuO NPs, mesoporous yolk-shell structures, 

and molecular sieving effect of the mesoporous silica shell that controlled the diffusion of 

reactants/interfering substances into a hollow void. Similarly, other nanomaterial 

nanocomposites/nanohybrids such as MoS2-Au@Pt [101], Pd-doped WO3 [102], Cu-Ni  
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Fig. 3. Synthesis strategy and electrode preparation using an Au NPs-decorated flower-

like α-Ni(OH)2/rGO nanocomposite (reproduced with permission from ref. [125]; 

Copyright 2018 Elsevier) 

 

[103], chitosan-covered Pd@Pt core-shell nanocubes [104], C70/Au NPs [105], core-shell 

Cu@polymer [106], Au-SiO2 NPs [107], honeycomb-like porous carbon-Co3O4 [108], 

ferrocenyl iminopropyl-modified silica NP conjugates [109], Cu-Au dendritic NWs [110], 

MnO2/MW-CNTs [111], MnO2 core-shell hyperbranched chitosan [112], chitosan-

supported Ag NWs [113], chitosan-carbon nanochips [114], 

poly(diallyldimethylammonium chloride)-cellulose nanocrystal (PDDA-CNC)-supported 

Au NPs [115], Au@Ag-Pt@ infinite coordination polymer core-shell heterostructures 

[116], 3D hierarchical Ni(OH)2-coated Ni microflowers [117], PANI-supported copper(I) 

[118], halloysite nanotubes (NTs)-supporting Ag NPs [119], Pt NP homogeneously 

decorated on PANI-wrapped boron nitride NTs [120], CuO/TiO2 hollow nanofibers [121], 

porous hexagonal BN whiskers decorated with Pt NPs [122], Pt NP/PANI [123], and 

PANI nanoflowers grafted onto nanodiamonds [124] were prepared and used for glucose 

biosensor fabrication with the drop-casting method.   

Nanomaterials tend to coagulate during synthesis, and later, they may 

agglomerate during drop casting onto the electrode surface. Often, supportive materials 

have been used to solve this agglomeration problem. The unique properties of graphene 

make it an obvious and suitable choice for supporting metal/metal oxide NPs; it improves 

ACCEPTED M
ANUSCRIP

T



 17 

the surface area, electrical conductivity, and exhibits synergistic effects on 

electrocatalytic activity. Ma et al. synthesized a nanocomposite of Au NPs/flower-like 

Ni(OH)2/rGO with improved surface area [125]. Slurry of the synthesized nanocomposite 

was drop-casted onto a polished GCE before it was used for detecting glucose (Fig. 3). 

More studies have reported the use of rGO as a template for synthesizing nanocomposite 

nanomaterials for glucose biosensor fabrication; for example, a NiCo2O4/nitrogen-doped 

rGO [126], copper sulfide nanoflake-rGO [127], Cu2O/rGO [128], Cux@Ni100-x core-shell 

NPs-rGO [129], Ni NPs-rGO [130], 3D rambutan-like CuO and CuO/rGO [131], Au NP-

decorated GO [132], NiO NPs-MW-CNTs-rGO [133], MnO2/graphene [134], and 

polydopamine/ZIF-8@rGO [135]. Although they exhibit improved performances, control 

over the size of nanomaterials and uniformity in supporting rGO remain challenging. 

In addition, extensive efforts have been made to use the drop-casting method to 

deposit nanomaterials onto a desired electrode surface for sensing applications that 

include H2O2 [136-143], dopamine [144-151], uric acid [148-158], ascorbic acid [151, 

158-160], epinephrine [154], L-glutamic acid [155], urea [70, 161, 162], HIV gene 

detection [163], tryptophan [164], cholesterol [165], miRNA [166, 167], cysteine [168], 

estriol [169], ractopamine [170], lactate [171], and ochratoxin A [172]. Several research 

groups have reviewed nanomaterial-based nonenzymatic and enzymatic biosensors, 

wherein most were fabricated using the drop-casting method [173-195].  

The use of binders in the drop-casting method during biosensor fabrication 

inevitably increases the series resistance, blocks catalytic active sites, and affects the 

electrolyte diffusion, which leads to poor reproducibility, low stability, and reduced 

electrocatalytic activity [192-195]. Hence, many factors (e.g., the viscosity and 

sedimentation stability of a slurry) must be carefully optimized for coating nanomaterials 

onto electrode surfaces. The drying condition of the dropped nanomaterial slurry is 

another crucial factor that must be investigated, because the drop-cast films form cracks 

upon drying. A slower drying process at a lower temperature minimizes the cracking, but 

this problem has not been completely solved. Another primary concern of the drop-

casting method is the use of organic binders, which are toxic and unsafe for the 

environment. The major limitation of drop-cast sensors is the fact that enzymes and 

antibodies can only be deposited (cast) onto the electrode surface from aqueous solutions. 
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If such an electrode is then placed in an aqueous sample (e.g., serum, urine, or soft 

drinks), the enzyme will dissolve again and slowly disappear. Such sensors are useless in 

practice and only useful for showing that a sensor works in principle. 

3.1.2. Dip coating  

Among the coating-based methods, dip coating is another simple process based on 

the sol-gel/nanomaterial solution approach and amenable for large area coverage with 

strong uniformity [196, 197]. First, the electrode is dipped into the 

precursor/nanomaterial sol-gel/polymer solution for a certain time and withdrawn at a 

fixed speed. The precursor/nanomaterial concentration, dipping time, withdrawal speed, 

and balance of forces at the liquid–electrode interfaces control the film thickness and 

uniformity [198]. Although this method is suitable for creating a very thin layer on an 

electrode surface, it is not suitable for high enzyme immobilization. Furthermore, it 

incurs wastage of materials, involves a time-consuming process, and coats onto an 

unwanted area (the back side of the substrate/electrode). Compared with the drop-casting 

method, dip coating has advantages in creating a uniformly thin layer because of its 

superior controllability. Crucially, drop casting and dip coating can often be used 

interchangeably when using slurries. Well-dispersed colloidal solutions and good 

wettability of electrodes are crucial criteria for obtaining homogeneously distributed 

nanomaterial films on electrodes. 

Recently, Mikani et al. fabricated a facile disposable urea biosensor using the dip-

coating method [199]. In their biosensor configuration, fluorine (F)-doped silicon oxide 

(SiO2) conducting glass was taken as the working electrode and dipped in the hierarchical 

magnetic nanocomposite (Fe3O4@SiO2) dispersion to modify the electrode surface. 

Investigating the effects of lifting speed, precursor concentration (nanocomposite and 

ethyl alcohol ratio), and number of dipping times revealed that these factors greatly 

affected the sensing performance of the fabricated urea biosensor. The porous 

morphology of the deposited nanocomposite material provided a greater surface area for 

higher urease enzyme immobilization, and subsequently resulted in enhanced sensing 

performance during urea detection. Wu et al. also utilized the dip-coating method to 

fabricate a cholesterol biosensor after depositing Ag NWs on GO and a chitosan-coated 

ITO electrode [200]. However, they also utilized the drop-casting method for further 
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functionalization as well as to obtain a highly conductive composite of ZnO-Ag NWs. 

ZnO nanocrystal-decorated Ag NWs generated a great benefit for enzyme immobilization 

and electron transport because of the higher surface area and excellent conductivity of Ag 

NWs. Sardesai et al. described a simple biosensor fabrication method by using an 

enzyme and a nanomaterial together and fixing them onto an electrode after dipping in a 

biocatalytic mixture of lactate oxidase (LOx) and oxygen-rich Pt doped ceria (Pt-ceria) 

NPs [201]. This paper-based lactate biosensor described the utilization of Pt-ceria, which 

is an important material for implantable enzyme bioelectrodes. Furthermore, the ultra-low 

detection limit (100 pM) of the fabricated lactate biosensor made it suitable for lactate 

detection in hypoxic conditions in the central nervous system. Moreover, to endow the 

potential application of the lactate biosensor, they performed tests in vivo after implanting 

the biosensor in the hippocampus of anesthetized rats. The lactate levels were monitored 

every 2 h during ischemia and reperfusion, which demonstrated the potential of the 

lactate biosensor in continuous quantitative monitoring of lactate in hypoxic brain 

ischemia/injury. 

The dip-coating method is critical for creating layer-by-layer (bilayer/multilayer) 

films. Ensafi et al. fabricated electrochemical-based biosensors for the first time to detect 

sulfite autoxidation-induced DNA damage [202]. To deposit nanomaterials, a 

homogeneous suspension of functionalized MW-CNTs was prepared in water-soluble 

poly(diallyldimethylammonium chloride) (PDDA), and a pencil graphite electrode (PGE) 

was subsequently dipped into the MW-CNT–PDDA solution to assemble {MW-CNTs-

PDDA/DNA}n layer-by-layer films. The fabricated DNA-based biosensor was able to 

detect DNA damage using electrochemical methods (electrochemical impedance 

spectroscopy and cyclic voltammetry) due to transition metal-catalyzed oxidation of the 

sulfite. The results showed that the DNA damage was affected by the transition metal 

concentration, time of incubation, and sulfite concentration. This work offered an in vitro 

method to stimulate DNA damage, detect sulfite-induced DNA damage, and offer 

protection in living organisms. Although device fabrication using dip coating is simple, 

most of the nanomaterials (separately synthesized) cannot be deposited on electrode 

surfaces using the method. Dip coating remains at least preferable for nanomaterial 

deposition during biosensor fabrication. 

ACCEPTED M
ANUSCRIP

T



 20 

3.1.3. Spin coating 

Spin coating is an important technique that is mostly used to assemble polymer 

films. In this process, nanomaterials in sol-gel/solution form are placed on the 

electrode/substrate surface and spin-coated. During spin coating, the placed/dropped 

solution is rapidly spread and the excess solution is spun out by centrifugal force. The 

thickness of the films can be controlled by the spin speed, solution viscosity, and 

concentration of nanomaterials/sol-gel solution. The spin-coating process is preferred 

over the drop-/dip-coating techniques for creating controlled, uniform, and 

thick/multilayer films. However, this method is not effective for creating films in larger 

areas, and furthermore, wastage of materials occurs during the process. Additionally, 

annealing of the spin-coated films is required to remove the additives, evaporate the 

solvent, and improve the crystallinity of the films. For this purpose, mostly thermal- and 

vapor-based annealing techniques are used, which makes this method unsuitable for all 

types of substrate/electrode. Furthermore, a planar surface is required for depositing 

nanomaterials using this method. 

Polymers are a more frequently and widely utilized material for creating films 

using the spin-coating method, which results in good film-forming characteristics with 

the ability of further functionalization in the film [203]. Recently, Pal et al. utilized a 

photoreactive conductive ink that consisted of conductive polymer poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and a biofriendly silk 

protein carrier (silk-sericin photoresist) to develop microfabricated flexible biosensing 

systems [204]. The prepared photoreactive conductive ink was spin-coated onto a 

versatile polydimethylsiloxane (PDMS) substrate and dried, followed by micropatterning 

with ultraviolet light exposure using a photomask (Fig. 4a). The design of the microscale 

pattern was restricted by the design and nature of the photomask, which allowed them to 

make perfect microcircuits over a microscale to centimeters.  Figures 4b and 4c present a 

patterned flexible serpentine microelectrode device wrapped around a pipet and 

unwrapped, respectively. The scanning electron microscope (SEM) image confirmed that 

the photolithography process created high fidelity structures as well as smooth and highly 

defined patterns (Figs. 4d and 4e). The unwrapped serpentine sensor architecture was 

stable and mechanically robust in liquid medium. No delamination of the pattern was 
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Fig. 4. (a) Schematic of the fabrication process of the flexible biosensor on the PDMS 

substrate; (b) optical image of the patterned flexible serpentine microelectrode device 

wrapped around a pipet; (c) optical image showing the unwrapped device immersed in 

water to test stability; (d) SEM image showing the flexibility of the patterned substrate; 

and (e) adhesion with the PDMS substrate (reproduced with permission from ref. [204]; 

Copyright 2018 Elsevier) 
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observed during incubation in water, which further confirmed the excellent linkage 

between the PDMS substrate and pattern. The patterned conductive ink acted as an active 

electrode that was used to detect dopamine, ascorbic acid, and glucose with improved 

sensitivity. Flexibility, mechanical robustness, rapid fabrication, and low fabrication costs 

of the biosensor device makes them more suitable for biosensing applications. 

To fabricate a sensitive biosensor, Pachauri et al. synthesized a nanocomposite of 

CeO2 nanocubes and rGO using a coprecipitation method at low temperature before 

depositing it onto ITO in two steps using a spin coater [205]. Before detection of the oral 

cancer biomarker Cyfra-21-1, the surface of a nanocomposite-modified ITO electrode 

was modified with a specific antibody against Cyfra-21-1. The sensing parameters 

(detection range of 0.625 pgmL-1 to 15 ngmL-1; sensitivity of 14.5 μAng-1 mLcm-2; and 

low LOD of 0.625 pgmL-1) were obtained due to the excellent properties of the 

nanocomposite [206-209]. In another report, Khan et al. took nanocomposites of 

graphene nanoplatelets with diblock-copolymers and deposited them onto an Au 

electrode using the spin-coating method to fabricate a biosensor [210]. During 

electrochemical detection of prostate-specific antigen in human saliva, the biosensor 

showed promising performance, and may potentially enable low-cost biosensors for 

clinical use. 

In addition, thin film-based urea biosensors were fabricated through spin-coating 

presynthesized nanomaterials. Karimi et al. coated ZnO–carbon active porous media onto 

an FTO electrode to fabricate a urea biosensor [211]. They showed that the spinning 

speed had a great influence on the physical properties of films (i.e., film thickness, 

mechanical properties, and electrical resistance). The team also checked the influence of 

other parameters, such as spinning duration, volume of solution, and ZnO–carbon active 

ratio. Optimized spin-coating conditions were implemented to create improved and 

uniform films to obtain enhanced sensing performance of the fabricated biosensor. 

Kucherenko et al. utilized nano-sized zeolites, “a perspective material,” to fabricate a 

urea biosensor [212]. The biosensor was fabricated using spin coating to check the effect 

of enzyme immobilization on biosensor performance. The nanosized zeolite offered a 

large surface area, which worked as an excellent matrix for the immobilization of 

different enzymes. Compared with the dip-coating method, spin coating has received 
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more attention not only for making films of polymers, but also for making thin films/seed 

layers of metal oxides for various applications (e.g., solar cells, gas sensors, and light 

emitting diodes (LEDs)). However, the wet chemistry-based spin-coating method 

requires a necessary step—calcination at a higher temperature—to transfer the sol-gel to 

stable metal-oxide NP films; this step limits the use of flexible and polymer-based 

electrodes.  

3.1.4. Blade coating 

Blade coating is a solution-based deposition method, which is scalable, requires a 

low temperature, is low-cost, and has a simple process [213]. Additionally, this method is 

compatible with nanomaterial deposition in a large area with the advantages of precise 

thickness control, no wastage of materials, good uniformity, and fast film deposition. 

Film thickness may vary and mainly depends on the surface tension, viscosity, wetting, 

coating speed, and type of sol-gel slurry [214]. Blade coating has been used extensively 

in different areas (i.e., printing, paper and textile, photographic films, solar cells, 

batteries, fuel cells, and ceramic industries) because it is capable of creating flat and 

uniform films in a large area. 

Recently, Rahmanian et al. developed an impedimetric urea biosensor using 3D 

hierarchical nano-ZnO and TiO2 NPs on an FTO electrode [215]. To fabricate the 

biosensor electrode, first, a paste of TiO2 NPs was prepared in polyvinyl alcohol (PVA; 

an omissible polymer) and coated onto FTO using the doctor blade. The team used scotch 

tape to obtain a suitable thickness and protect the area for electrical contact. The main 

role of the coated TiO2 NP film on the FTO electrode was to provide an excellent surface 

for 3D hierarchical nano-ZnO loading, promote electron transfer between ZnO and the 

electrode surface, electrostatically repulse anionic interferents present in the biological 

media, and enhance the urea sensing performance through the formation of 

heterojunctions with 3D hierarchical nano-ZnO. Fung et al. introduced doctor blade to a 

flexographic printing technique to remove excess ink and create a uniform film [216]. For 

the flexographic printing of different inks onto the substrate, the ink was maintained on a 

ceramic anilox roller with finely engraved cells to be transferred onto the printing plate. 

Figure 5 presents a detailed schematic of the ink deposition. This deposition method is 

suitable for low-cost device production in large quantities.  
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Fig. 5. (a) 3D schematic showing the printing process of a flexographic printer; (b) 

Ag/AgCl-printed electrode; (c) carbon printed electrode; (d) printed zinc acetate 

precursor; (e) masked device; and (f) optical image of device before masking (reproduced 

with permission from ref. [216], Copyright 2017 Elsevier) 

 

However, blade coating has received the least attention in biosensor electrode fabrication 

because nanomaterials are coated onto a small area, which works as a working electrode. 

Most critically, this method is unsuitable for making thin films, and furthermore, 

controlling the micrometric precision of the blade is difficult. 

  

3.2. Direct deposition-based methods 

Direct deposition-based technologies have been utilized to fabricate biosensor 

electrodes in past decades [217, 218]. Considerable attempts have been made to integrate 

engineered nanomaterials directly onto electrode surfaces. Direct deposition methods are 

diverse, and include electrochemical, electrospinning, electrospray, sputtering, and vapor 

deposition. They have been successfully utilized in a variety of applications. In general, 

compared with coating-based methods, direct deposition of nanomaterials requires few 

steps during biosensor fabrication and provides desirable properties that are required for 

potential biosensors. However, clarifying these methods for biosensor fabrication and 

stating their advantages and disadvantages are still required to validate and select 

optimized methods for obtaining enhanced sensing performances. Figure 6 presents a 
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Fig. 6. Schematic of direct deposition-based methods for nanomaterial deposition onto 

electrode surfaces. 

 

schematic of direct deposition methods, which are discussed in the following subsections. 

3.2.1. Electrochemical deposition 

Electrochemical deposition is “a simple and inexpensive process” that is used for 

the thin-film coating of polymers/metals/metal oxides on the conducting electrode surface. 

This technique is mostly performed at room temperature and does not require a high 

vacuum. For electrochemical deposition, three electrodes (working, reference, and 
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counter) are dipped into the solution and a sufficient current is provided, which helps to 

reduce the metal ions and polymerize the polymers during deposition on the surface of 

the working electrode [219]. The electrochemical deposition method involves different 

operation modes for deposition, such as cyclic voltammetric (CV), potentiostatic, pulse-

potentiostatic, and chronoamperometric deposition methods. The nanostructure 

morphology, thickness, and uniformity of the coated films can be precisely controlled 

using alterable electrochemical parameters (i.e., potential, additive, current, temperature, 

and pH). Because this technique is facile, cost-effective, and time-saving, its 

electrochemical deposition has received extensive attention for depositing nanomaterials 

and fabricating several types of biosensor [220-256]. In particular, glucose biosensor 

fabrication using the electrochemical deposition approach has received extensive 

attention [221-240]. Recently, Babu et al. fabricated a disposable, nonenzymatic sensor 

using electrochemically deposited 3D dendrite Cu-Co/rGO architectures onto a PGE 

surface [221]. These electrodes were directly exploited for high performance glucose 

detection. Mainly, the fabricated electrodes were binder-free, disposable, cost-effective, 

environmentally benign, and showed potential application in serum samples. Wei et al. 

designed various types of Pt nanocrystal on an FTO electrode using the electrochemical 

deposition method and applied it to nonenzymatic glucose sensing [222]. Among three 

morphologies (nanosphere, nanorose, and nanocube), a nanocube-based nonenzymatic 

sensor displayed a superior glucose sensing response. Nanostructured forms of Ni and 

NiO were also deposited on an electrode’s surface using the electrochemical method [223, 

224]. Begum et al. directly deposited Ni-NiO core-shells onto GCE for enzyme-free 

glucose sensor fabrication [223]. This deposition was based on the CV, wherein several 

cycles were changed to obtain homogeneous NP structures on the electrode surface. In 

another study, a hybrid composite of NiO NPs, PANI, and GO was deposited onto GCE 

using a two-step process [224]. Aniline and GO were mixed and coated on the surface of 

GCE followed by NiO NPs electrodeposition on aniline/GO/GCE in NiCl2 solution using 

a chronoamperometric process, which polymerized the aniline and deposited NiO NPs 

over it. As efficient electrocatalysts, electrodeposited Cu, Cu2O, and CuO present 

themselves as potential nonenzymatic catalysts for glucose biosensor fabrication [225-

229]. Cheng et al. prepared a Cu/Cu2O nanohybrid electrocatalyst on FTO using the  
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Fig. 7. Schematic showing the modification of an electrode with rGO, PPy, Cu, and CuxO 

for glucose sensor fabrication (reproduced with permission from ref. [226], Copyright 

2015 Elsevier) 

 

electrochemical deposition method [225]. The fabricated electrode resulted in high 

glucose sensing performance due to the synergistic electrocatalytic effect of the 

nanohybrid. Nia et al. synthesized nanocomposites of rGO, PPy, Cu, and CuxO on GCE 

surface for glucose detection through the electrodeposition process (Fig. 7) [226]. The 

PPy nanofibers provided a greater surface area for uniform decoration of CuxO NPs, 

which offered more active catalytic sites and enhanced surface area during glucose 

oxidation. In a recent study, Gowthaman et al. used nitrogen-doped graphene as an 

excellent support for Cu nanostructure growth [227]. They were able to synthesize 

spherical, cubic, dendritic, and quasidentritic nanostructures of Cu by changing the 

applied potentials during electrodeposition. The dendritic Cu nanostructure deposited on 

the nitrogen-doped graphene exhibited higher catalytic activity compared with the other 

nanostructures of Cu. In another study, Cu NPs were electrochemically deposited on 

graphene, wherein graphene helped to obtain improved electron transfer rates, provided 

homogeneous distribution of Cu NPs, and resulted in enhanced electrocatalytic activity 
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during glucose detection [228]. Nurani et al. used only electrodeposited Cu particles on 

carbon paste electrode for nonenzymatic detection of glucose [229]. All of these studies 

indicate that the use of graphene/GO/rGO is crucial for homogeneous deposition of 

metal/metal oxide nanostructures over an electrode surface. 

Furthermore, to fabricate a glucose biosensor with enhanced performance, 

different nanomaterials were electrodeposited onto an electrode surface [230-233]. Meng 

et al. directly grew honeycomb-like amorphous cobalt sulfide on rGO-PEDOT through 

electrodeposition, which is a rapid, binder-free, controllable, and low-cost synthesis route 

[230]. Formation of thin, amorphous, vertically honeycomb-like cobalt sulfide was 

controlled by varying deposition cycles. Su et al. deposited Co3O4/Au hierarchical 

nanomaterials onto an FTO electrode surface using electrodeposition and a galvanic 

replacement reaction (Fig. 8) [231]. In this report, combining a galvanic replacement 

reaction with electrodeposition was crucial for maintaining a low amount of Au, which is 

beneficial for reducing the cost and improving the transport of electrons and 

electrocatalytic activity due to the synergistic effect of Co3O4 and Au. Naik et al. grew 

manganese cobalt oxide (MnCo2O4) nanosheets on Ni foam, which offered excellent 

catalytic properties toward glucose oxidation [232]. Au nanostructures were also 

deposited onto an electrode surface using electrodeposition for nonenzymatic glucose 

biosensor fabrication [233]. Cheng et al. deposited different morphologies (branched belt, 

nanocoral, NPs, and nanothorn) of Au onto an electrode surface [233]. The nanocoral-

based electrode exhibited superior glucose oxidation properties due to an enhanced 

surface area. To fabricate highly selective and sensitive glucose biosensors, GOx was 

immobilized on electrochemically deposited nanostructures, which presented excellent 

sensing performance during glucose detection [234-240]. However, the stability of such 

biosensors remains challenging due to the use of enzymes. 

In addition, electrochemically deposited nanomaterials onto electrode surfaces 

were used for a variety of biosensor applications [241-256]. For instance, electrochemical 

co-deposited cytochrome c and vertically aligned rGO onto GCE were used for H2O2 and 

superoxide anion detection [241]; 3-D chitosan-Au NPs/hollow horn-like PPy onto a 

stainless steel electrode was used for sialic acid detection [242]; Au NPs-rGO-Au NPs 

onto GCE was used for DNA detection [243]; Au@PAMAM-C60 NPs were used for 

ACCEPTED M
ANUSCRIP

T



 29 

 

Fig. 8. Schematic showing the fabrication of a Co3O4/Au hierarchical nanomaterial-based 

electrode: (a) FTO electrode; (b) cobalt particles; and (c) Co3O4/Au hierarchical 

nanomaterial (reproduced with permission from ref. [231]; Copyright 2016 American 

Chemical Society) 

  

fetoprotein detection [244]; different Au nanostructures deposited onto an FTO substrate 

was used for Escherichia coli detection [245]; a two-dimensional (2D) MoS2 nanosheet 

onto Au-coated was used for nonesterified fatty acid biomarker monitoring [246]; iron 

terephthalate SPEs metal-organic framework onto GCE was used for H2O2 and nitrite 

detection [247]; cubic Cu2O nanocages loaded with Au NPs onto GCE was used for 

thrombin detection [248]; Nafion-coated mesoporous Pd film onto an Au substrate was 

used for detection of lactic acid [249]; graphene embedded in a bowl-shaped PPy 

microcontainer was used for dopamine detection [250], Pt-incorporated fullerene-like 

ZnO nanospheres deposited onto GCE was used for cholesterol detection [251], Au NPs-

rGO deposited onto GCE was used for determination of methylmercury (CH3Hg+) in fish 

[252], and many more [253-256]. Notably, the direct electrodeposition of composite 

nanomaterials has been preferred for realizing the high conductivity and synergistic effect 

between the composite materials for biosensing applications. However, to explore the 
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electrodeposition method, a conductive surface is required. Therefore, this technique 

cannot be used for paper-based or other nonconductive substrate-based devices. 

Furthermore, setup and handling are more complicated than the other direct deposition-

based methods.  

3.2.2. Electrospinning deposition 

Electrospinning is a simple, versatile, and straightforward technique for the 

fabrication of various nanomaterials; for example, carbon nanomaterials (i.e., graphene 

and CNTs), inorganic nanomaterials (i.e., Ag, Au, ZnO, Fe2O3, and TiO2), and 

conjugated polymers (i.e., PPy, PANI, PPV, PtH, and their derivatives) [257-260]. 

Electrospun nanomaterials have been extensively explored for a wide range of 

applications and are well-suited for surface coating, drug delivery, air filtration, 

heterogeneous catalysis, water purification, environmental protection, encapsulation of 

bioactive species, smart textiles, regenerative medicine, tissue engineering, and energy 

and sensing applications [258]. Nowadays, electrospun nanomaterials are of the utmost 

importance and are most frequently used for the development of biosensors because of 

their large specific surface area, application-specific modifications, high porosity, and 

direct electrospinning on the conductive electrode surface. The low-cost, less time-

consuming, one-step process has the potential to generate a wide range of 

morphologies/assemblies, control the chemical composition, and construct the 

multifunctional nanostructures; these are the outstanding properties that make the 

electrospinning method a potential candidate for biosensing applications. 

Recently, Mondal and Sharma reviewed various electrochemical biosensors 

fabricated using electrospun metal-oxide nanofibers [261]. They explained that the 

electrospun metal oxide nanomaterials had great advantages in biosensing devices, 

because they boost the biosensors’ performance by providing a sufficient surface area for 

enzyme immobilization. Introducing nanomaterials such as NPs, graphene, and CNTs 

into electrospun nanofibers has received the most attention, because of the dispersion 

behavior of nanomaterials in nanofibers. Zhang et al. reviewed electrospinning designs of 

functional, fibrous nanostructure-based biosensor applications [262]. The direct blending 

of nanomaterials in nanofibers before electrospinning was more effective than the post-

processing method because of the encapsulation of nanomaterials within the nanofibers  
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Fig. 9. Schematic showing electrospinning of multifunctional nanofibers along with 

different types of nanomaterials (reproduced with permission from ref. [263]; Copyright 

2017 Elsevier) 

 

that ensured excellent reusability and storage stability of the fabricated biosensor. 

Mercante et al. reviewed electrospinning-based biosensors used for food and agricultural 

products [263]. The functionalization of nanofibers with other nanomaterials (i.e., carbon 

and inorganic) offers large surface area, porosity, and synergistic effects, which improve 

biosensor performance (Fig. 9). 

In addition, remarkable attempts have been made in electrospinning-based 

biosensor fabrication [264-280]. The emergence of nanomaterials and their ability to 

modify electrode surfaces in a controlled architecture to enhance the performance of 

biosensors have led to the widespread use of electrospinning. Generally, electrospun 

nanofibers are more favorable for creating a microenvironment for enzymes and keeping 

them active for electrochemical analysis. Sapountzi et al. modified an Au electrode 

surface by electrospinning PVA and PEI in a single, rapid process [264]. They further 

modified their electrode with 4-aminothiophenol (4-ATP) and Au NPs to improve the 

adhesion of nanofibers and conductive properties, respectively. The prepared matrix was 

excellent for immobilizing GOx and retained the enzyme activity during glucose 

detection. Recently, Cetin and Camurlu produced PEDOT through the chemical vapor  
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Fig. 10. Schematic of NiCo2O4 nanoneedle/CNF nanohybrid preparation for 

nonenzymatic glucose biosensor fabrication (reproduced with permission from ref. [266]; 

Copyright 2018 Elsevier) 

 

polymerization of EDOT and deposited it onto an electrode surface by electrospinning 

followed by GOx loading in various amounts [265]. This study showed that the excessive 

GOx loading on PEDOT nanofibers had an adverse effect on response time due to 

excessive swelling of the PEDOT matrix. However, they showed that combining the 

electrospinning and chemical vapor polymerization techniques may provide a robust, 

simple, and low-cost approach for PEDOT production and future commercialization. 

Electrospun nanofibers are an excellent template for modification with metals/ 

metal oxides, and hold great promise for the development of nonenzymatic biosensors 

[266-268]. Recently, Liu et al. generated 3D network architecture of PAN nanofibers by 

electrospinning, and after subsequent oxidation and carbonization of PAN nanofibers, 

they created a film of carbon nanofibers (Fig. 10) [266]. The carbon nanofibers were 

further decorated with NiCo2O4 nanoneedles to fabricate a nonenzymatic glucose 
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biosensor. The 3D network architecture of the electrode surface and synergistic effects of 

the conductive carbon nanofibers and NiCo2O4 nanoneedles were the main contributing 

factors for the excellent glucose sensing performance. Xu et al. fabricated a 

nonenzymatic glucose biosensor using CuO NP-decorated electrospun 

polycaprolactone@PPy fibers onto an ITO electrode [267]. They used the 

electrochemical deposition method for CuO deposition. The main role of the 

polycaprolactone was to enhance the mechanical property of the film. Chen et al. 

prepared Ni(OH)2/electrospun carbon nanofiber (CNF) hybrids after decorating 

electrospun CNFs with Ni(OH)2 nanostructures [268]. The fabricated highly sensitive 

nonenzymatic glucose sensors were cost-effective, scalable, and included a fast 

fabrication process, just as in the electrospinning and microwave-assisted methods. The 

prominent conductivity of CNFs and excellent electrocatalytic features of Ni(OH)2 

nanostructures created a synergistic effect for enhanced sensing properties. Ekabutr et al. 

used hybridized electrospun PAN nanofibers with Au and graphene to fabricate a 

disposable dopamine sensor [269]. However, they utilized the drop-casting method to 

deposit hybridized nanostructures onto the electrode surface. The electrospinning method 

is not limited to the deposition of polymers; recently, Mishra et al. electrospun GO onto 

screen-printed electrodes and used them for detecting heavy metals [270]. 

In addition metal oxide-modified electrospun nanofibers were utilized to fabricate 

enzymatic-based biosensors. Bajaj et al. successfully decorated electrospun CNFs with 

CuO NPs and immobilized ChOx to fabricate a cholesterol biosensor [271]. In this 

biosensor, a 3D interwoven nanofiber structure supported a higher immobilization rate of 

enzymes. The flexibility of the CuO NPs-coated CNF biosubstrates were advantageous 

compared with other non-flexible substrates and can easily be used in biomedical 

instrumentation. Recently, various functionalized conductive polymers, metal oxide-

modified polymers, CNTs, and metal oxides, have been electrospun onto electrode 

surfaces and used for a variety of sensing applications [272-280]. Electrospinning of 

nanomaterials is a comprehensive, simple, and effective method; however, this method 

also has some limitations, such as the use of solvents that may be toxic and 3D structures 

with controlled pore size that are difficult to prepare; furthermore, electrospinning 

depends on numerous variables. The performance of electrospun-only polymer-based 
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biosensors is limited by their poor catalytic features; moreover, calcination is required 

before application. Also, a challenge exists in fabricating nanofibers with small diameters 

(less than 10 nm) using electrospinning. 

 

3.2.3. Electrospray deposition 

The electrospray technique uses technology that is analogous to that of 

electrospinning for the production of nanostructures and can be deposited onto any 

surface (metallic or nonmetallic). This method is used to form nanostructured 

nanomaterial films on the conductive electrodes/substrates of either fibers or particles 

using electrostatic force [281-283]. This nanofabrication technique is useful for scientific 

and industrial instruments (i.e., microelectronics, material technologies, micromachining, 

and nanotechnology). Furthermore, during electrospraying, the size, charge, and speed of 

liquid droplets are controlled by electrical means, which allows for good control over 

nanomaterial-deposited film properties. Additionally, this method is a non-vacuum 

technique and works perfectly at room temperature. Hence, nanostructured nanomaterials 

can be deposited onto a variety of substrates to fabricate biosensing devices. The 

electrospray technique has been employed for the deposition of nanomaterials during 

biosensor fabrication [284-287]. For instance, Varea et al. utilized the electrospray 

method to deposit carbon-based nanomaterials (GO, rGO, and CNF) on different 

substrates (FTO, glass, silicon, polyimide, and PET) [284]. They used maskless and 

mask-assisted deposition methods to deposit rGO on the abovementioned substrates. 

They determined that the rheological parameters (viscosity, concentration, and 

conductivity) were the crucial features for controlling the quality of the deposited films. 

Liu et al. deposited a composite nanomaterial of PEDOT:PSS and graphene nanoplatelets 

onto an FTO electrode using the electrospray technique [285]. However, they used 

sulfuric acid (H2SO4) to treat the PEDOT:PSS and graphene nanoplatelet composite to 

remove PSS, which generated a strong interaction between the PEDOT and graphene 

nanoplatelets. By doing so, they obtained improved electrochemical activity and stability, 

a high current response, and an excellent electrode–electrolyte interface, which further 

improved the catalytic property for dopamine oxidation with high sensitivity in the 

presence of other potential interfering species. The electrospray technique is an efficient  
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Fig. 11. (a) Schematic showing nanocomposite preparation, electrospraying, and 

amperometric detection of cholesterol (reproduced with permission from ref. [286], 

Copyright 2014 Elsevier); (b) schematic of an electrospray system aerosolizing Au NPs-

antibody conjugated onto CNTs by electrospraying with electrostatic force-directed 

assembly; (c) SEM image showing an Au-interdigitated electrode; and (d) SEM image of 

Au NPs-anti HRP conjugate-coated single CNT between two electrodes (reproduced with 

permission from ref. [287]; Copyright 2010 Hindawi Publishing Corporation) 
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method for depositing nanocomposite nanomaterials, and it was also used to modify 

paper-based electrodes [286]; in this report, graphene, PANI, and polyvinylpyrrolidone 

(PVP) were used to prepare the solution of nanocomposites for electrospraying onto an 

electrode surface and used modified electrodes to detect cholesterol (Fig. 11a). The main 

role of PVP in the nanocomposite was to improve the graphene’s dispensability, which 

enhanced the electrochemical conductivity that led to enhance sensitivity of the 

cholesterol biosensor. The electrospray technique was also used to fabricate an FET-

based biosensor [287]. Mao et al. combined electrospraying with an electrostatic force-

directed assembly to deposit Au NPs coated with anti-horseradish peroxidase (anti-HRP) 

onto CNTs (Fig. 11b) [287]. The conjugates were deposited onto the outer surface of 

CNTs after the solvent evaporated. The CNTs were fixed on the e-beam lithography 

fabricated interdigitated electrodes (Fig. 11c), where CNTs were connected between two 

electrodes (Fig. 11d). Upon introduction of HRP, the drain current was increased due to 

selective binding of HRP with anti-HRP. Furthermore, the use of Au NPs with anti-HRP 

helped to preserve the activity of the antibodies. However, this technique is unsuitable for 

depositing nanomaterial ink in a small area. Moreover, many parameters, such as solution 

viscosity, air pressure, solvent properties, tip geometry, and the distance between nozzle 

tip and substrate/electrode, that must be controlled to obtain the desired thickness and 

morphology of films. Moreover, this method is not widely used to spray a variety of 

nanomaterials because of problems related to ink stability. 

3.2.4. Other direct deposition-based methods 

A wide variety of direct deposition methods (i.e., physical vapor deposition and 

chemical vapor deposition (CVD)) have been used for making thin films of nanomaterials 

on electrode surfaces [288-291]. High-quality thin films with controlled thicknesses and 

morphologies are obtained and used often for various applications. Atomic layer 

deposition (ALD) and sputter are more frequently utilized to deposit different films by 

changing high-purity metal foil, evaporation slugs, sputtering targets, and pellets. The use 

of a high temperature during ALD limits the choice of electrode to make films. However, 

high quality films are deposited using ALD. 

ZnO is one of most used nanomaterials to make thin films with controlled 

thickness on diverse substrates/electrodes using either ALD or sputter. Furthermore, the 
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other parameters of the films (i.e., chemical composition, grain size, texture, defect, and 

surface morphology) can be controlled. Most importantly, to grow different ZnO 

nanostructures on substrates/electrodes, a thin film of ZnO seed layer (thin film) is 

necessary. Due to the excellent properties of the ZnO, deposited thin films of the ZnO 

were also used to fabricate biosensors [292-296]. Recently, ZnO films formed using ALD 

have provided a good platform to fabricate biosensors for Grapevine virus A-type 

proteins, cholesterol, DNA, uric acid, urea, and glucose detection [292-296]. Other 

nanomaterials have also been used to make thin films for biosensing applications [297-

303]. 

Due to the precise control of film thickness, excellent reproducibility of the 

biosensors was obtained; however, due to the planar nature of the films, the working 

stability of the biosensors was low. These methods have received limited attention for 

biosensing applications because they offer limited surface areas and low enzyme 

immobilization efficiency, as well as require functionalization to link enzymes or other 

biomolecules. 

 

3.3. Printing-based methods 

Printing-based methods are attractive deposition techniques for nanomaterial 

deposition onto rigid and flexible substrates/electrodes to fabricate devices in large-scale 

and low-cost manufacturing. Mainly, a low temperature and the use of solution-based 

inks allow patterned film deposition for the fast fabrication of soft electronics on diverse 

substrates. The range of printing methods is utilized to deposit nanomaterials, which 

includes the old and well-known screen-printing method as well as the recently 

developed inkjet printing, nozzle-jet printing, and laser-scribing process. These methods 

are not only used to deposit conductive inks, but are also extensively used in electronics, 

optoelectronics, photonics, energy storage, and sensing applications [304-306]. The use 

of nanomaterials (metal solution, metal/metal oxide) as inks in the printing process 

allows biosensor electrode printing with improved sensing performance. In addition, 

printing-based techniques are suitable for directly depositing nanomaterials onto 

predesigned patterns, whereas other methods (i.e., coating-based methods) are often 

combined with other approaches to achieve the desired patterned electrodes. Furthermore,  
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Fig. 12. Schematics of printing-based methods for nanomaterial deposition onto electrode 

surfaces. 

 

using printing techniques, the required properties of deposited nanomaterials can be 

controlled depending on the application scenarios. Schematics of these printing-based 

methods are presented in Fig. 12 and described in the following subsections. 

3.3.1. Screen printing 

The screen-printing technique is well-known, has high processing efficiency, is 

suitable for continuous roll-to-roll fabrication, and is an industrialized process that 

facilitates the fabrication of large-area, cost-effective, and portable devices [307, 308]. 

This is a simpler and faster technique than other methods, which utilizes mesh-covered 
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frames/screens and stencils. In this technique, ink is transferred onto substrates/electrodes 

using a mesh. A desired pattern is transferred with the help of a blocking stencil that is 

made of a fine and porous mesh (i.e., silk, fabric, synthetic fibers, or metal threads). This 

allows the flow of ink only in the printing area and is impermeable to the ink in the non-

printing areas (the mesh is closed with a photopolymerized resin). The pastes/inks used 

for the printing are based on polymeric binders and metal/metal oxide dispersions. Hence, 

printing using these nanomaterial-based pastes/inks increases the surface area, which 

enhances device performance; it is frequently utilized in applications such as solar cells, 

thin film transistors, electric circuits, and sensors [309-312]. Intrinsically screen-printed 

electrodes have boosted the development of electrochemical biosensors in the health care 

and food industries, which have been reviewed periodically [313-315]. 

Although most nanomaterials have been utilized for the fabrication of biosensors, 

a few can only be directly applied for screen printing. For suitable ink preparation, 

desired nanomaterial synthesis, dispersion of nanomaterials in solution, and some 

additives are required to ensure the proper dissolution. Nanostructured nanomaterials 

aggregate in a solution, resulting in uneven printing of nanomaterials, which significantly 

decreases the performance of biosensors and makes them difficult to reproduce. Attempts 

have been made to prepare inks containing nanomaterials and enzymes for superior 

sensing performance of fabricated biosensors. However, such printed bio-inks cannot 

retain the uniform distribution and regular shape of sensing nanomaterials due to enzyme 

aggregation. Last year, Chu et al. reviewed the use of nanomaterials (specifically noble 

metal NPs, carbon-based nanomaterials, inorganic materials, and conductive polymers) as 

inks to fabricate sensors using a screen-printing strategy [316]. They emphasized the role 

of nanomaterial synthesis and ink preparation for printing different nanomaterials and 

discussed their suitability for sensor applications. The main challenge was nanomaterials 

aggregating during the ink preparation process; thus, proper stabilizer agents with good 

conductivity and catalytic properties are required. Recently, Cinti and Arduini reviewed 

graphene-based screen-printed biosensors fabricated using different approaches [317]. In 

another review article, Jaiswal and Tiwari provided insights into the advancement of 

carbon nanomaterial-based, screen-printed, electroanalytical biosensor electrodes [318].   
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Screen-printed electrodes are more commonly screen-printed using different 

nanomaterial-based inks [319-326]. Recently, Eissa et al. utilized six carbon-based 

nanomaterials to print working electrodes and checked their biosensing applications (Fig. 

13) [327]. Among these nanomaterials, a CNF-based immunosensor exhibited superior 

sensitivity, a lower LOD (0.75 pg/mL), and good selectivity against known nonspecific 

proteins. Ibáñez-Redín et al. screen-printed rGO-carbon black nanocomposites onto a 

PET substrate to fabricate an electrochemical-based sensor for detecting dopamine, 

epinephrine, and paracetamol [328]. Notably, they did not use any toxic or dispersant 

agents for the hybrid material synthesis. Furthermore, the hydrophilic nature of the 

printed films was important for integrating polar analytes into aqueous media, which 

helped to detect three analytes simultaneously. Su et al. screen-printed PEDOT:PSS and 

GO nanoribbon inks onto carbon electrodes for detecting ascorbic acid, dopamine, uric 

acid, and nitrite (Fig. 14) [329]. The electrode was able to detect four species because of 

the combined approach to surface modification. However, the screen-printed method 

prints relatively thick films due to the high viscosity of the metal inks, which limits the 

use of this process for flexible devices and biosensor fabrication where thin films are 

beneficial for enhanced stability and sensing performance, respectively. Additionally, 

wastage of materials occurs during the printing and contamination is difficult to control 

because this method is entirely based on contact, wherein a blade/squeegee is moved to 

spread the ink over the mesh. 

3.3.2. Inkjet printing 

Compared with screen-printing, inkjet printing is a noncontact and drop-on-

demand–based method, which is widely used to print electronic devices because of its 

ability to produce high resolution and more electrically conductive patterns on the 

substrate/electrode surface [330-332]. This process offers smaller nozzle size, controls 

the jetting mode, and reduces the drop size. An enhanced resolution and smaller feature 

size (5-10 nm) of printed patterns was reported [333]. Another important feature of this 

method is that it saves materials and avoids contamination during printing on any pre-

made pattern/substrate/electrode. A variety of nanomaterial-based inks have been 

produced using metals (e.g., Au, Ag, Cu, and Ni), metal oxides (e.g., CuO, ZnO, and 

NiO), carbon-based materials (e.g., CNTs and GO), conductive polymers (e.g., PPy, 
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Fig. 13. Screen-printed electrode modification using different carbon nanomaterials 

(reproduced with permission from ref. [327]; Copyright 2014 Elsevier) 

 

 

 

Fig. 14. Screen-printing of PEDOT:PSS and GO nanoribbon inks on carbon electrodes 

for detecting ascorbic acid, dopamine, uric acid, and nitrite (reproduced with permission 

from ref. [329]; Copyright 2017 American Chemical Society) 
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PANI, and PEDOT), and organic/inorganic metal precursors [333-335]. Along with 

nanomaterials, other components such as surfactants, dispersants, and thickeners, are 

used to optimize the viscosity, stability, printability, surface tension, and other properties 

of solutions. Additionally, to avoid the clogging of nozzles, suitable inks must be used for 

printing with careful control of injected printing parameters (i.e., the rheological property 

of inks, wetting property of inks, and drying speed). 

Inkjet printing has been used for the fabrication of a wide range of devices (i.e., 

sensors, transistors, energy storage devices, and photovoltaic devices) on various types of 

substrate, such as flexible/stretchable and rigid substrates/electrodes [333, 336-341]. 

Inkjet printing enables rapid, low-cost, and highly reproducible fabrication of biosensing 

devices. Li et al. reviewed inkjet printing-based biosensor fabrication for the first time 

and discussed the factors responsible for obtaining an optimized device [342]. Further 

advancements in inkjet-printed based electrochemical biosensors were reviewed by Moya 

et al. [343]. They concluded that nanomaterial-based ink printing is rapidly growing in 

the fabrication of biosensors and their use as bioelectronic and health-monitoring devices. 

Recently, Li et al. fabricated an integrated miniature multiplexed biosensor [344]. They 

employed a multi-nozzle inkjet system to print nanostructured conductive hydrogels and 

enzymes onto electrode arrays. The printing process was rapid, producing 96 working 

electrodes within approximately 5 min of printing and requiring only three rounds of 

printing alignment. The biosensor design consisted of a microfluidic channel layer, an 

electrode layer, and a top-covering layer (Fig. 15(i)). The carbon paste working 

electrodes printed using screen-printing were over-printed with conductive polymer 

PANI hydrogel followed by enzyme printing using the “drop-on-demand” method onto 

the printed working electrode. This precise printing method prevents wastage of enzymes 

and lowers the fabrication cost. The fabricated multiplexed biosensor could detect three 

analytes, glucose (Glu), lactate (LA), and triglycerides (TG), in real time (Fig. 15(ii)). 

During the analyte detection process in buffer solution, the current response of the 

biosensor was directly proportional to the corresponding analyte concentration. 

Furthermore, the continuous testing of analytes in the serum samples was comparable 

with the buffer solution results. The printed multiplexed biosensor had advantages over  
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Fig. 15. (i) Schematic illustrating inkjet-printed multiplexed biosensor fabrication based 

on conductive hydrogels; (a) printing of precursor solutions onto predefined areas (i.e., 

the working electrode) to form a layer of PANI hydrogel; (b) printing of chloroplatinic 

acid and formic acid solutions to generate Pt NPs on the PANI hydrogel layer; (c) 

enzyme solutions G (GOx), L (LOx), and T (mixed lipase/glycerol kinase/L-α-

glycerophosphate oxidase (LP/GK/GPO)) were printed onto electrodes; (d) assembly of 

the multiplexed biosensor by integrating three layers (top, channel, and electrode); and 

(e) schematic showing detection of metabolites using the multiplexed biosensor in a 

human blood sample. (ii) Current–time response curves (a–c) and repeatability tests (d–f) 

ACCEPTED M
ANUSCRIP

T



 44 

of inkjet-printed multiplexed biosensors by subsequent addition of metabolite solutions in 

various concentrations (reproduced with permission from ref. [344]; Copyright 2018 

American Chemical Society) 

 

 

 

Fig. 16. (a) Schematic showing fabrication of the fully inkjet-printed sensor array 

platform with integrated working, counter, and reference electrodes; (b) optical image of 

the microfluidic system; (c) schematic of the electrochemical immunoarray system 

detecting HER-2; (d) fully developed sandwich electrochemical array platform, wherein a 

detection strategy was generated after injecting a hydroquinone and H2O2 mixture; (e) 

CVs response recorded on all inkjet-printed working electrodes at 100 mV/s in 0.18 M 
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H2SO4; (f) a magnified optical image of the electrochemical array platform taken with a 

FireflyPro digital microscope; the working electrode had a geometric surface area of 

0.469 mm2; and (g) amperometric response in the microfluidic device at 0.1 V versus 

Ag/AgCl (reproduced with permission from ref. [345]; Copyright 2018 Elsevier) 

 

the traditional fabrication methods, namely massive fabrication capability, high 

efficiency, low-cost, and accuracy during measurements. 

In another recent report, a fully inkjet-printed sensor array with a counter 

electrode and reference electrode (bleach-activated) was fabricated by Carvajal et al. to 

detect multiple proteins on a single chip [345]. They formulated ink by considering the 

jetting behaviour (i.e., the viscosity and surface tension) of the fluids. Ag NPs were 

printed first as a reference electrode followed by ink printing of Ag NPS to create counter 

electrodes; finally, a poly (amic) acid (PAA) insulating layer was printed. Figure 16a 

shows an overall schematic of the fabrication steps. The electrochemical array chips were 

inserted into the microfluidic device (Fig. 16b) and the sample was injected into the 

microfluidic channel holding the biosensor chips (Fig. 16c). A hydroquinone solution 

was passed through the channel followed by injecting an H2O2 and hydroquinone mixture 

for amperometric detection (Fig. 16d). In terms of the electrochemical performance of the 

eight fabricated chips, the CV response showed excellent reproducibility of the 

electrochemical array chips (Fig. 16e). Furthermore, the actual surface area of the 

working electrode was 135% that of the geometric surface area (Fig. 16f). The 

amperometric response of all eight electrodes exhibited similar peak currents, which 

further confirmed the high reproducibility. The immunosensing performance of the 

sensor chip was evaluated toward the HER-2 biomarker. The sensor was sensitive to 

HER-2 with concentrations down to 12 pg/mL and had a fast assay time (15 min). This 

study provided a low-cost and highly reproducible sensor using a fully inkjet-printed 

reference and counter electrode.  

  Cinti et al. fabricated paper-based printed electrodes by inkjet printing Ag NPs 

and carbon inks [346]. These printed electrodes were further modified with carbon black 

NPs to detect ascorbic acid. The suitability of this paper-based ascorbic acid sensor will  
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Fig. 17. Schematic of electrode fabrication steps of the PtNP-IML-PGE biosensor and 

corresponding SEM images; (a) graphene patterning, (b) laser annealing of printed 

graphene electrodes, (c) Pt NPs electrodeposition, and (d) drop-coating enzyme ink 

(reproduced with permission from ref. [348]; Copyright 2018 American Chemical 

Society) 

 

enable cost-effective printed electrochemical devices to be produced. Another low-cost, 

inkjet-printed electrochemical biosensor was reported by Khan et al. [347]. Using their 

biosensor, a lysozyme biomarker was detected with a low detection limit (90 ng/mL). 

Although the inkjet-printed biosensors were disposable and selective, the biosensors were 

not tested on real physiological samples. Hondred et al. printed graphene electrodes 

[348]; however, their method required an additional process of laser annealing and Pt 

NPs deposition using an electrochemical method before enzyme immobilization over the 

large surface area (Fig. 17). Additionally, their designed biosensor was able to detect the 

insecticide paraoxon at a lowest concentration of 3 nM and a highest sensitivity of 370 

nA/μM, which was superior to any amperometric enzyme-based phosphotriesterase 

biosensor. Zheng et al. inkjet-printed Ti3C2-GO nanocomposites to fabricate an 

electrochemical-based H2O2 sensor [349]; GO was used to enhance the electrical 

conductivity and dispersing property of the Ti3C2 nanosheets. 

ACCEPTED M
ANUSCRIP

T



 47 

Paper-based electrochemical biosensors are “low-cost and disposable sensors” 

that are attractive analytical devices. Teengam et al. developed a paper-based biosensor 

using a graphene-PANI modified electrode for human papillomavirus (HPV) detection 

[350]. They employed an inkjet printing technique to prepare the modified electrode, 

which offered potential for mass electrode production with less variation among 

electrodes. Furthermore, to reduce the device size and fabricate closely spaced electrodes, 

Adly et al. used direct inkjet printing to fabricate flexible microgap electrodes, the 

fabrication steps of which are illustrated in Fig. 18 [351]. In their method, no prior 

surface patterning/surface modification was performed; however, the latter spacing 

between two electrode lines was down to 1 M. They showed that the sensitivity of the  

 

Fig. 18. Fabrication steps of the redox-cycling sensors using inkjet printing; (i) bare PEN 

substrate, (ii) carbon ink deposition, and (iii) passivation with polyimide ink. On the 

right-hand side are microscopic images of the bare PEN substrate; (a) printed carbon 

electrodes, and (b) sensors with the passivation layer. Scale bars = 200 µm in all images 

(reproduced with permission from ref. [351]; Copyright 2017 John Wiley and Sons) 
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fabricated device depended on the distance between the two electrodes. Later, they used a 

printed microgap device to detect HIV-related single-strand DNA based on redox-cycling 

amplification during electrochemical signals. This method took advantage of direct inkjet 

printing for low-cost and label-free redox-cycling biosensor fabrication. 

The inkjet printing methods have shown promise in printing nanomaterials 

precisely, which can be highly useful for fabricating field-effect transistors (FETs), for 

which precise control of channel length is required between the source and drain. 

Recently, Lee et al. fabricated a FET-based sensor with inkjet-printed GO [352]. The  

 

Fig. 19. (a) Glucose detection mechanism, wherein glucose first produced H2O2 after 

catalysis as a byproduct, followed by H2O2 catalysis by Pt NPs that changed the local pH; 

a change in the resistance of the PANI NWs was detected; (b) inkjet-printed sensor 

schematic showing CNT-based electrodes, GOx and Pt NPs catalysts in between a 

electrode and chemiresistive PANI sensing layer; (c) schematic of chemiresistive sensing 

configuration that measured the current flow through the PANI NWs; and (d) optical 

image of the inkjet-printed chemiresistive glucose sensor along with a magnified FES 

image of the inkjet-printed CNT (d-1) and PANI NW network (reproduced with 

permission from ref. [353]; Copyright 2017 Springer) 

ACCEPTED M
ANUSCRIP

T



 49 

fabricated FET device was used for specific biosensing of DNA and circulating tumor 

cells. This approach was beneficial for obtaining a single layer of nanomaterials as a 

sensing layer. Song et al. inkjet-printed CNT onto a transparent PET film and then PANI 

NWs between two CNT-based highly conductive electrodes [353]. In this sensor 

configuration, an additional layer of GOx and Pt NPs was deposited to detect glucose. As 

shown in Fig. 19a, the catalytic reaction was caused by GOx and Pt NPs, which changed 

the local pH; resistance change in the PANI NWs was detected. The inkjet-printed 

glucose sensor catalyzed the glucose, and the conduction flow through the PANI NWs  

was measured (Fig. 19b-d). However, the LOD of the chemiresistive sensor was higher (2 

mM), which might not be a positive feature for glucose detection in saliva and tear 

samples. Overall, injet-printing is a fast, effective, and low-cost technology for 

nanomaterial deposition onto electrode surfaces. This method has been used to deposit 

dry reagents on commercially available glucose test strips; however, the low conductivity 

of such strips are a major concern. As previously discussed, to further improve the 

conductivity of inkjet-printed electrodes, attempts have been made to tailor the ink 

compositions. Another major concern is the rheological conditions of the inks, which 

must be optimized for advanced device fabrication. 

3.3.3. Nozzle-jet printing 

Compared with the inkjet printing method, nozzle-jet printing is a simpler and 

cheaper method; however, it prints lines and pattern onto desired substrates/electrodes at 

a lower resolution. High viscosity resins/inks can be printed using a nozzle-jet printing 

system when applying a high nozzle pressure or using a large nozzle tip. The properties 

of the printed patterns/lines are achieved by optimizing various parameters, such as the 

speed of nozzle movement, nozzle pressure, nozzle tip diameter, stage-plate temperature, 

and height between the substrate/electrode and nozzle tip [354]. This method is popular 

for building hydrogel-based scaffolds, but recently has been utilized to deposit 

nanomaterials either in the form of precursors or NP-based inks to fabricate enzymatic 

and nonenzymatic biosensors [354-357]. Bhat et al. studied the conductivities of nozzle-

jet printed and spin-coated films and observed superior stability and conductivity in the 

lines printed with a nozzle jet [354]. Moreover, they were able to print Ag precursor ink 

on various substrates (glass, PET, and PI), which offered smooth surfaces, excellent 
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adhesion to the substrates, high reflectivity, and high conductivity. The capability to print 

on a variety of substrates further indicates the potential of nozzle-jet printing. 

In another study, Bhat et al. demonstrated the use of nozzle-jet printing for 

flexible FET-based glucose biosensor fabrication [355]. They took a pre-cleaned PET 

substrate and printed two separate lines of Ag using a commercial nozzle-jet printer. 

These lines worked as a source–drain (S–D) electrode with a channel length of 0.4 cm. 

Subsequently, they prepared ZnO QDs ink and printed between the S–D electrodes, 

which was used as a seed layer to grow ZnO NRs as well as for enzyme immobilization. 

This nozzle-jet printing technique allowed the fabrication of highly reproducible 

electrodes with an Ag S–D and ZnO seed layer. Additionally, well-defined, vertically 

grown ZnO NRs on the seeded area offered a large surface area for GOx immobilization 

and resulted in enhanced glucose sensing performance (i.e., a wide linear range and good 

stability, reproducibility, and reusability). Thus, this approach not only reduced the 

fabrication cost but also offered a greater surface area for enzyme immobilization; this 

can be utilized accordingly for detecting various analytes. 

Recently, Bhat et al. fabricated an electrochemical-based nonenzymatic glucose 

biosensor by nozzle-jet printing nanomaterials onto a flexible substrate [357]. This was 

the first fully nozzle-jet printed nonenzymatic glucose biosensor, wherein a printed Ag 

precursor worked as an electrode and printed CuO NPs to work as a catalyst to catalyze 

the glucose oxidation reaction. Direct printing of CuO NPs onto an Ag conductive 

electrode surface can be controlled and employed for large-scale production with desired 

sensing performance. However, nozzle-jet printing is not preferred over inkjet printing 

because of its limitations in fabricating small size electrodes, material types, and nozzle 

types/conditions. 

3.3.4. Laser scribing 

Laser scribing technology has been demonstrated to be a facile, efficient, and 

cost-effective technique to directly laser scribe graphite oxide as well as for patterning 

rGO using a maskless fabrication method [358-360]. In this process, graphite oxide is 

reduced effectively, and laser-scribed graphene (LSG) films offer a large specific surface 

area, high porosity, excellent conductivity, and electrocatalytic activity [358, 361, 362]. 

Using the laser-scribing technique, it has been demonstrated that a lob-on-a-disc system  
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Fig. 20. (i) (a) Schematic of LSG electrode patterning on a flexible PET-coated DVD 

substrate; (b) image of a DVD disc coated with graphene oxide for large-scale LSG 

production and a single working electrode connected with conductive copper tape; and (c) 

an optical image of a planned three-electrode (working, reference, and counter) system 

for electrochemical analysis (reproduced with permission from ref. [371]; Copyright 
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2014 Royal Society of Chemistry). (ii) Schematic showing the step-by-step fabrication of 

a flexible LSG electrode for glucose sensing applications (reproduced with permission 

from ref. [372]; Copyright 2018 Elsevier). (iii) Fabrication process of direct laser-

engraved graphene electrodes on Kapton tape fixed on a thin PVC sheet (reproduced with 

permission from ref. [373]; Copyright 2016 Nature Publishing Group). (iv) (a) LSG 

electrode fabrication on a PI sheet using laser scribing, and SEM images of LSG and 

electrodeposited Pt NPs on the LSG working area; and (b) flexibility and mechanical 

stability test (reproduced with permission from ref. [374]; Copyright 2016 John Wiley 

and Sons) 

 

can be easily fabricated and applied in capacitors, biosensors, strain sensors, gas sensors, 

and multifunctional devices [363-369]. Considering flexible, disposable, and paper-based 

device fabrication, the LSG method is critical for single-step biosensor development. 

Another crucial feature of LSG is the development of devices with different designs (as 

required) that are highly reproducible and smaller in size [370]. Griffiths et al. reported 

electrode fabrication using LSG on a non-conducting flexible PET substrate [371]. They 

took a PET-coated LightScribe DVD and drop-cast GO thin film, which was thermally 

reduced during LSG electrode patterning by a laser at predefined positions, and removed 

the printed PET layer; Fig. 20(i-a) presents a schematic. Initially, individual working 

electrodes were constructed (Fig. 20(i-b)), and then they incorporated a reference and 

counter electrode to make a disposable sensor (Fig. 20(i-c)). Because this process does 

not require masks or lithography, it can be performed in a single-step. During the 

electrochemical study, LSG electrodes showed optimal surface qualities due to the 

addition of carbon architectures with exposed-edge plane sites and surface oxygenation. 

However, these disposable electrodes were not utilized for electrochemical biosensing 

applications. 

In an attempt to fabricate a flexible nonenzymatic biosensor, Lin et al. utilized a 

LightScribe DVD optical drive to mass-produce LSG based electrodes (Fig. 20(ii) [37]. A 

thin film of GO on a PI-coated DVD disc was prepared using blade coating before 

various designed patterns were laser-printed. Subsequently, LSG on PI foil was peeled 

off and cut into a small designed shape followed by attaching Cu foil with Ag paste. The 
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electrochemical method was used to decorate the LSG electrode with Cu NPs before 

electrochemical sensing of glucose. The LSG electrode surface offered an excellent 

surface area with abundant active sites for the deposition of the catalyst (Cu NPs). During 

the electrochemical performance investigation, the team noticed that the sensing response 

was entirely dependent on the amount of Cu NPs deposited, which was the main catalyst 

for glucose oxidation. This study demonstrated relatively high sensitivity and a wide 

dynamic range. In addition, excellent flexing stability of the LSG substrate and the 

potential to modify their surface with another catalyst were promising features for 

developing other biosensors. Tehrani and Bavarian reported a scalable, disposable, 

electrochemical-based glucose biosensor developed using direct laser-engraved graphene 

(DLEG) [373]. The direct laser engraving process was utilized to form DLEG electrodes 

on Kapton tape fixed onto a thin PVC sheet (Fig. 20(iii)), which was further 

functionalized with nanocubic structured coppers (Cu NCs) for the purpose of glucose 

sensing. They used the pulse electrodeposition technique for the first time to deposit Cu 

NCs on DLEG electrodes. This method provided seamless electrode strip fabrication 

using inexpensive materials for the sensitive detection of glucose at low levels. The 

excellent selectivity, stability, and reproducibility, as well as high sensitivity, suitable 

linear range, and low detection limit of the fabricated sensor, suggested DLEG electrodes 

modified with the pulse electrodeposition technique to be a great platform for low-cost 

and disposable sensor development. 

Nayak et al. used direct-write laser scribing to fabricate flexible electrochemical 

sensors [374]. The laser scribing heated the designed parts of a flexible commercial PI 

sheet to form graphite carbon black patches on the surface, which acted as electrodes 

(Fig. 20(iv-a). The fabricated LSG electrode possessed a superior self-standing porous 

3D morphology with abundant edge planes compared with other carbon printed 

electrodes (fabricated using screen printing/inkjet printing methods). Additionally, the 

working areas of the LSG electrodes were further modified by Pt NPs using the 

electrodeposition method to enhance the catalytic activity and electron transfer 

properties. During the electrochemical study, they showed that the LSG may have 

worked as the reference electrode; however, to avoid external interference, they opted for 

a standard Ag/AgCl reference electrode. The sensing ability of the fabricated LSG 
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electrodes were evaluated for three important biological molecules: ascorbic acid (AA), 

dopamine (DA), and uric acid (UA). Due to their electrochemical responses at different 

potentials, the sensor electrode was able to detect them simultaneously without 

interfering with each other’s response. The porous morphology of the LSG electrodes 

with exposed graphene edges offered ample surface area for electrocatalytic activity. In 

addition to their excellent selectivity and sensitivity, the LSG electrodes were flexible 

and mechanically stable (Fig. 20(iv-b). Recently, Xu et al. reported modification of LSG 

electrodes with PEDOT for the first time to fabricate an electrochemical sensor for 

selective detection of DA, AA, and UA [375]. The LSG electrodes were not only stable 

and biocompatible, but also further enhanced the electrical conductivity and provided 

good electrochemical activity at a low oxidation potential. The PEDOT-modified LSG 

electrodes showed a remarkable electron transfer response during the electrochemical 

sensing measurements of DA, AA, and UA. Mainly, DA concentration was determined 

by fabricated sensors in the presence of AA and UA. The obtained results confirmed 

excellent selectivity, sensitivity in a wide linear range, and low LOD. These cost-

effective and disposable electrodes can be utilized further to fabricate other sensing 

applications. 

To immobilize enzymes (i.e., 1-pyrenebutyric acid (PBA) and diamine oxidase 

(DAO)), 3D interconnected networks of LSG with exceptionally high surface area have 

attracted further attention [376, 377]. Fenzl et al. used LSG electrodes for immobilizing 

PBA followed by anchoring with anti-thrombin aptamers [376]. These aptamers were 

covalently attached to PBA-modified LSG electrodes, which worked as an exemplary 

bioreceptor (specifically for carboxyl groups). The electrochemical study of the 

fabricated electrodes was quantified in PBS containing various concentrations of 

thrombin. The biosensors detected extremely low concentrations of thrombin in the 

buffer (1 pM) and complex bioanalytical environment (i.e., serum (5 pM)). As expected 

by Fenzl et al., any biorecognition element can be anchored on an LSG electrode’s 

surface for the quantitative detection of specific analytes. Vanegas et al. immobilized 

DAO enzyme on an LSG electrode’s surface to detect biogenic amines in food samples 

[377]. These biosensors were highly cost-effective for the analysis of food samples and 

provided rapid analysis of food toxins (i.e., biogenic amines), which can be extremely 
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useful for developing countries where laboratory access is limited. LSG-based sensing 

devices offer improved sensing performance after surface modification of LSG with 

metal/polymers/enzymes. However, further improvements are required during laser 

scribing to ensure that all layers of graphite oxide are converted into graphene, because 

the existence of water-soluble graphite oxide under the LSG layer may result in low 

stability of electrodes in aqueous media [374]. 

 

4.1. Direct growth  

The surface area and morphology of nanomaterials are of prime importance for in 

biosensor fabrication. The direct growth of nanomaterials on the electrode surface fulfill 

these requirements by providing a large surface area with exposed catalytic sites; 

enhanced mechanical contact between nanomaterials and the electrode surface, which 

facilitates electronic transfer and offer improved stability; an excellent microenvironment 

for immobilized enzymes; and accessibility of electrolytes and target analytes during 

sensing applications. To grow the nanomaterials and tailor the electrode surface, various 

methods have been utilized, such as hydrothermal, thermal decomposition, template, 

anodization, and chemical decomposition. These widespread methods have allowed the 

growth of nanomaterials on electrode surfaces in a precisely controlled manner, ranging 

from 1D to 3D nanomaterials (i.e., NRs, NWs, NTs, nanoneedles, nanosheets, nanoplates, 

nanoflowers, and nanodendrites). The direct growth of nanomaterials on electrode 

surfaces is receiving increasing attention because of its simple synthesis process and the 

fact that it offers several advantages. Tuning various parameters (i.e., growth time, 

temperature, solution concentration, pressure, additive, pH, and type of template) can 

precisely control the nanostructured materials’ morphology before they are employed in 

biosensor fabrication.  

Recently, reports have been released on the use of 1D nanomaterials as promising 

biosensor electrode fabrication materials [378-383]. Prominently, various nanostructure 

forms of ZnO, such as 1D (NRs, NWs, NTs, and nanoneedles), 2D (nanosheets, 

nanoflake, and nanowalls), and 3D (nanoflowers and nanotetrapods) nanomaterials are 

grown on electrode surfaces to fabricate biosensors [384-423]. These ZnO nanostructures 

(except for nanotetrapods) have been grown using a facile and cost-effective 

ACCEPTED M
ANUSCRIP

T



 56 

hydrothermal synthesis method. However, before growing these nanostructures, a seed 

layer of ZnO on the electrode surface is required to control ZnO nanostructures’ 

morphology, density, and growth orientation. Furthermore, ZnO is an attractive material 

for low isoelectric point enzyme immobilization using a simple absorption method, which 

is primarily governed by electrostatic interaction between the enzyme and ZnO surface. 

As previously mentioned, tailoring ZnO nanostructures enhances the surface area and 

results in increased sensing performance of the fabricated biosensors. Ahmad et al. 

reported direct synthesis of ZnO NRs on an Ag electrode surface using a low-temperature 

hydrothermal method; they estimated the effect of the aspect ratio on enzyme 

immobilization efficiency and glucose sensing [384]. The ZnO NRs possessing higher 

aspect ratios offered a greater surface area for enzyme immobilization, and ultimately, the 

biosensors exhibited excellent sensing performance. Moreover, because of the direct 

growth of NRs on the electrode surface, good stability and direct electron transfer from 

NRs to the electrode led to a faster response and higher sensitivity. The higher stability 

and sensitivity further allowed using the fabricated biosensors to detect glucose in urine 

samples, which could be extremely useful for detecting renal glycosuria. Later, a similar 

hydrothermal approach was adopted by Kim et al. [385] and Shukla et al. [386] for 

growing ZnO NRs on Au and Pt electrodes, respectively, to tailor the surface area by 

altering the aspect ratio of ZnO NRs. The researchers successfully utilized the fabricated 

biosensors to detect glucose and conceded that the surface area of the ZnO NRs 

controlled the efficiency of the glucose biosensors. In another report, Ahmad et al. 

fabricated glucose biosensors after growing ZnO nanoneedles on an Ag electrode [387]. 

The thin and needle-like nanostructures provided a higher specific surface area and a 

direct electron communication path from the enzymes’ active site to the electrode surface 

during glucose detection.  

Another efficient application of directly grown ZnO NRs is the fabrication of a 

cholesterol biosensor. Israr et al. utilized an aqueous chemical approach to grow ZnO 

NRs on a thin Ag wire and fabricated an electrochemical-based potentiometric 

cholesterol biosensor [388]. This approach provided an easy process for fabricating a 

small electrode without any complex method. However, their sensing response time and 

linear dynamic range were approximately 10 s and up to 10 mM, respectively. To 
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improve the sensing performance, Ahmad et al. fabricated a cholesterol biosensor on an 

Ag coated Si substrate [389]. A thin layer of ZnO seeds was sputtered on the Ag 

electrode surface, which was used to grow ZnO NRs with different aspect ratios. ZnO 

NRs with aspect ratio of 60 exhibited a superior sensing response because of their higher 

surface area, greater enzyme immobilization, and excellent contact between the ZnO NRs 

and electrode surface. They were not only able to obtain a faster sensing response time, 

but also higher sensitivity, a wide dynamic range, and low LOD. In another recent report, 

a similar approach was used to fabricate a robust and sensitive nitrate biosensor using 

directly grown ZnO NRs on an Ag electrode surface [390]. The fabricated biosensors 

were highly sensitive and further used for nitrate detection in real water samples. The 

growth of ZnO NRs is not limited to planar electrodes. Yang et al. synthesized ZnO NRs 

on carbon fibers and then fabricated an electrochemical-based dopamine sensor [391]. 

Ibupoto et al. developed an immunosensor based on antibody-immobilized ZnO NRs to 

detect D-dimer fragments [392]. They grew well-aligned and perpendicular-oriented ZnO 

NRs on the Au/glass electrode and prepared a lipid film layer over it followed by anti-

human D-dimer antibody immobilization. During the potentiometric measurements, the 

immunosensor detected D-dimer selectively in the presence of interfering species. In the 

case of another immunosensor, Shanmugam et al. used thiol and phosphonic acid 

moieties to modify the surface of ZnO NRs to enhance the analytical performance [393]. 

They used electrochemical impedance spectroscopy to detect cardiac troponin-I (cTnI) in 

a wide dynamic range with low LOD (0.1 pg/mL) in human serum. 

As discussed previously, ZnO NRs are grown directly on electrode surfaces to 

obtain an excellent surface area for surface modification. Moreover, during sensing 

measurements, the electrons generated are transferred rapidly to the electrode surface 

through ZnO NRs, leading to enhanced biosensor performance. For instance, Zhao et al. 

hydrothermally grew ZnO NRs on chemically reduced graphene film to fabricate a 

glucose biosensor for direct electron transfer measurement [394]. The surface 

morphology of the synthesized ZnO NRs favored GOx immobilization and helped to 

create direct electron transfer between the active redox center of GOx and the electrode 

surface through wiring the redox center with the electrode. Additionally, they found that  
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Fig. 21. (a-c) Typical FE-SEM images showing a top surface view of ZnO NRs at 

various magnifications; (d) a cross-sectional FE-SEM image with magnified views (d-1, 

d-2) indicating the vertically grown orientation of NRs with an average length, top, and 

bottom diameter of approximately 3.6 μm, 30 nm, and 60 nm, respectively; (e) energy-

dispersive X-ray spectra confirming the purity of as-grown ZnO NRs on the electrode 

surface; (f) HRTEM image showing clear lattice fringes of ZnO with SAED pattern 

suggesting a growth direction along the [0001]; (g) typical Nyquist plots of (i) Ag/glass, 

(ii) ZNRs/Ag/glass, and (iii) Nafion/Uricase-ZNRs/Ag/glass electrodes (frequency range 
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= 0.1 Hz-100 MHz; applied amplitude = ± 5 mV) measured in PBS containing redox 

probe; and (h) schematic of the biosensor device detecting uric acid (reproduced with 

permission from ref. [396], Copyright 2017 Nature Publishing Group) 

 

the electronic band structure of the ZnO NRs/graphene heterostructure electrode affected 

the direct electron transfer. 

The surface area of synthesized ZnO NRs relies on their aspect ratio. Ahmad et al. 

grew ZnO NRs on an Ag/glass electrode and studied the effect of urease loading on 

sensor efficiency with increasing aspect ratios of ZnO NRs [395]. Their study utilized  

simple electrode fabrication steps without using expensive electrodes or other complex 

processes (i.e., coating, binders for network-forming, and high temperature) as well as 

provided enhanced urea sensing properties. In a similar study, ZnO NRs with very high 

aspect ratios were synthesized on an Ag/glass electrode using a solution process [396]. 

The ZnO NRs were pure, crystalline, grown uniformly, and had high aspect ratios of 

approximately 80, which was higher than in the solution-based synthesis method (Fig. 

21a-f). The EIS measurement revealed the charge transfer characteristics of the fabricated 

electrodes. As expected, the charge transfer resistance was further increased after loading 

nonconductive uricase over ZnO NRs, which indicated that the successful enzyme 

loading formed a physical barrier between the redox probe and Ag electrode (Fig. 21g). 

During the electrochemical detection of uric acid, the electrons generated were 

transferred to the electrode rapidly through ZnO NRs, which led to a fast response, higher 

sensitivity, and lower LOD (Fig. 21h). Apart from the good sensing response, such high 

aspect ratios of NRs were favorable for providing a microenvironment for uricase leading 

to the long-term storage stability of the electrode.  

In addition to the nanostructured NRs form of ZnO, surface-modified ZnO NRs 

with metals/metal oxides have been used to fabricate biosensors [397-400]. Such hybrid 

nanostructures possess unique properties of ZnO, which work as a suitable template for 

modification. The surface modification of ZnO NRs with metals/metal oxides enhances 

the surface area as well as the catalytic and sensing properties. Recently, Kim et al. 

developed an Au-decorated ZnO NRs-based biosensor for the classification of human 

aqueous humors [397]. They used graphite sheets as an electrode and coated it with a 
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ZnO seed layer followed by hydrothermal growth of ZnO NRs and Au deposition (Fig. 

22a). These biosensors were based on the surface-enhanced Raman scattering (SERS) 

technique. Traces of biofluids were identified using an Au/ZnO NRs/graphite electrode. 

These sensors were label-free, flexible, and highly reproducible due to the use of graphite 

sheets, directly grown ZnO NRs, and SERS functionalized with Au. Furthermore, they 

were able to detect the presence of age-related/diabetic oxidative damage in human  

 

Fig. 22. (a) Fabrication steps of an Au/ZnO NRs/graphite sensor (i.e., preparation of 

cleaned graphite sheets, ZnO seed layer deposition by sputter, hydrothermal growth of 

ZnO NRs, and Au deposition with e-beam evaporation; (b) schematic and optical image 

of a flexible sensor showing SERS spectra along with multivariate statistics-derived 

bioclassification system-based data (reproduced with permission from ref. [397]; 

Copyright 2017 American Chemical Society) 

ACCEPTED M
ANUSCRIP

T



 61 

 

Fig. 23. (a) Fabrication steps of a nonenzymatic sensor (Au NPs/Au/ZnO NSs) electrode. 

(reproduced with permission from ref. [398]; Copyright 2017 American Chemical 

Society); (b) schematic of nonenzymatic glucose sensor fabrication and detection 

mechanism; and (c-f) FE-SEM images of as-synthesized ZnO NRs and CuO-decorated 

ZnO NRs (reproduced with permission from ref. [399; Copyright 2017 Nature Publishing 

Group) 
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aqueous humors from patients with cataracts and oxidative stress-induced eye diseases 

(Fig. 22b). In another study, the authors tried to functionalize the surface of ZnO NRs 

with sputtered Au and synthesized Au NPs [398]. By doing so, they were able to 

fabricate a biosensor with different dimensions of nanostructures (i.e., 0D, 1D, and 2D), 

which provided a catalytic quantum effect and large surface-area-to-volume ratio for the 

nonenzymatic detection of glucose (Fig. 23a). Furthermore, the sensing property of the 

device was improved using visible light illumination, which was caused by the localized 

surface plasmon resonance effect. 

The materials selected for ZnO NRs modification depends on the type of 

application, which enables the exploitation of a large surface area, the desired 

electrocatalytic activity, and the high performance of the sensor. Although these factors 

are related to the morphology of CuO nanostructures, they can be controlled. Ahmad et 

al., considering the well-known nonenzymatic electrochemical and catalytic properties of 

CuO nanostructures, modified vertically grown ZnO NRs on an FTO electrode with CuO 

NPs and examined the effect of CuO NPs modification on the nonenzymatic sensing of 

glucose [399]. The sensor fabrication strategy included easy steps, such as seed layer 

deposition, hydrothermal growth of ZnO NRs, and modification with CuO using the dip-

coating method (Fig. 23b). As shown in Fig. 23c-f, the surfaces of the uniformly and 

vertically grown NRs were smooth, and after surface modification with CuO NPs, a 

rough morphology was obtained. These hydrothermally synthesized, controllable, cost-

effective, stable, and highly reproducible nanostructures were further characterized for 

electrochemical-based nonenzymatic glucose detection. The promising designs of the 

electrodes resulted in enhanced sensing performance during glucose detection due to 

direct growth, high surface area, excellent catalytic property, and fast electron transfer of 

the hybrid nanostructure. A similar strategy for creating the synergetic effect of a 

template and modified nanomaterial, vertically grown ZnO NRs on an Ag electrode were 

modified with Fe2O3 NPs for fabricating a highly sensitive nonenzymatic nitrite sensor 

[400]. In the designed electrode, Fe2O3 NPs worked as a potential catalyst to conduct the 

electrochemical catalysis of the nitrite. The excellent sensing performance of the 

electrodes led the practical applications for determining nitrite concentrations in complex 

real water samples. These strategies demonstrated that modifying the surfaces of ZnO  
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Fig. 24. (i) (a) Configuration of a continuous glucose measuring system; (b) fabrication 

process; (c) ZnO NRs growth using an electric field-assisted hydrothermal method along 

with SEM images; and (d) GOx immobilization over ZnO NRs using an adsorption 

method (reproduced with permission from ref. [402]; Copyright 2018 Elsevier). (ii) (a) 

Schematic of a hybrid FET-based biosensor; (b) optical image of the device; and (c) FE-

SEM images (i.e., top view and cross-sectional view (in inset)) (reproduced with 

permission from ref. [404]; Copyright 2015 Royal Society of Chemistry). (iii) Schematic 
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of a FET-based phosphate biosensor and FE-SEM image of pyruvate oxidase 

immobilized on ZnO NRs (reproduced with permission from ref. [405]; Copyright 2017 

Elsevier) 

 

NRs with metal oxides in a controlled manner could increase the surface area for further 

surface functionalization and sensor design. 

To reduce the size of biosensing devices and improve the LOD for target 

molecules, attempts have been made to integrate ZnO NRs with FET. Ogato et al. 

utilized patterned polycrystalline ZnO film to grow ZnO NRs followed by GOx 

immobilization [401]. The enzyme immobilization efficiency and activity were estimated, 

but the fabricated biosensors were not used for glucose detection. Similarly, Zong and 

Zhu fabricated a ZnO NR-based FET biosensor after growing ZnO NRs on the source 

and drain electrodes, where NRs were attached between the electrodes and served as a 

conductive channel [402]. The fabricated FET-based glucose biosensor was combined 

with a homemade frequency mixer circuit along with a lock amplifier to create a 

continuous glucose measuring system (Fig. 24i). These FET-based glucose biosensors 

were fabricated on a microchip with three microelectrodes (source, drain, and gate 

electrodes) after growing ZnO NRs using an electric field-assisted hydrothermal method 

and immobilizing GOx on the sensing area (Fig. 24a-d). One of the major concerns in 

continuous glucose monitoring is dynamic range. During successive changes in glucose 

concentration, the sensor showed a linear response from 10 μM to 1 mM as well as high 

sensitivity and low LOD. Overall, a large surface-to-volume ratio, direct growth of ZnO 

NRs, and mixing of advanced AC frequency were the keys to an enhanced sensing 

response and long-term stability. Furthermore, miniaturizing the sensor size opened the 

possibility of invasive glucose monitoring. Continuously monitoring glucose for 36 h 

indicated that the ZnO NRs-based FET biosensor was stable for long-term use with a tiny 

drift, and it was expected to be a promising candidate for wearable and continuous 

glucose monitoring. 

Ahmad et al. studied the sensing properties of a FET-based cholesterol biosensor 

[403]. The vertically grown ZnO NRs on a prepatterned substrate between the source and 

drain offered an excellent surface area for ChOx immobilization; as a result, good sensing 
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performance (i.e., a wide linear range, stability, and LOD) was obtained. The real sample 

analysis using a fabricated FET-based cholesterol biosensor confirmed that the biosensor 

measured cholesterol concentration accurately in human serum samples. However, a 

slight decrease was noted in whole blood samples, which was mainly due to the presence 

of interfering molecules (i.e., cells and protein fragments). Additionally, the biosensor 

showed no interference in the presence of glucose and urea. This study paved the way for 

fabricating a hybrid FET containing three biosensor arrays for glucose, cholesterol, and 

urea detection without any interference (Fig. 24ii) [404]. The sensing performance of the 

fabricated hybrid FET was evacuated, and the glucose, cholesterol, and urea 

concentration measured in real samples of mice and dog blood were compared with 

analytical measured values. Further analysis revealed that the wide linear ranges of the 

FET biosensor were advantageous for analyte detection without any prior sample 

dilution, which makes it ideal for detecting high concentrations of analytes during clinical 

applications. In another recent study, we described the fabrication of a FET-based 

phosphate biosensor using pyruvate oxidase-functionalized, vertically grown ZnO NRs 

(Fig. 24iii) [405]. Shen et al. demonstrated a thin film transistor-based biosensor for 

detecting epidermal growth factor receptor (EGFR) antibodies [406]. In this device’s 

configuration, the team used ZnO NRs to functionalize the device to increase the surface 

area for attracting electrical charges of EGFR. They were able to detect a very low 

concentration (36.2 fM) of EGFR in the 0.1 ng/mL total protein solution. Recently, FET-

based biosensors have been fabricated using metal oxide-modified ZnO NRs, in which 

metal oxides worked as a catalyst for the electrochemical detection of glucose [407, 408]. 

Other nanostructured forms of ZnO, such as NTs [409-412], NWs [413-417], 

nanosheets [418], nanowalls [419], nanoflakes [420], nanotetrapods [421], and 

nanoflowers [422] were directly grown on an electrode surface for the fabrication of 

various biosensors. The directly grown ZnO nanostructures offered a higher specific 

surface area for enzyme immobilization/surface modification that led to superior sensing 

performance of the biosensors. Because directly grown nanostructures provide an 

excellent path for effective electron transfer and an eco-friendly support for enzymes, this 

improves the enzyme efficiency and affinity between ZnO- or metal oxide-modified ZnO 

supports and enzymes. Additionally, improved electrocatalytic activities of biosensors are 
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dependent on the amount of enzymes/metal oxides immobilized/loaded on the NRs. 

Hence, biosensor fabrication using directly grown ZnO nanostructures can lead to the 

fabrication of highly efficient, stable, and reproducible biosensing electrodes. 

As part of further efforts to exploit the advantages of directly grown 

nanostructures, different nanostructured forms of other nanomaterials have been grown 

on electrode surfaces directly, which favors the improvement of biosensor performance 

[423-438]. For example, Cui et al. reported for the first time a facile hydrothermal 

approach for synthesizing porous hybrid nanoflake arrays of NiO/CeO2 on a Ni foam 

substrate and employed them in electrochemical biosensing of glucose [423]. The 

synergetic effects of NiO and CeO2 hybrids along with a large specific surface area were 

the key factors for the excellent electrochemical biosensing properties and superb 

platform, which had the potential to be extended to the fabrication of other biosensors. As 

previously mentioned, the porous structured nanomaterials were beneficial for improving 

sensing properties by offering a large surface area for mass electron transport during the 

electrochemical processes. Zhang et al. derived highly porous Ni@C nanosheets from Ni-

based metal organic frameworks followed by fixing them to a Ni foam substrate using 

hydrothermal treatment [424]. The uniform, porous, and freestanding Ni@C nanosheets 

on the Ni foam acted as a self-supporting electrode and were employed for nonenzymatic 

glucose sensing. The remarkable electrocatalytic activity of the electrode was caused by 

the hierarchical structure supported on 3D Ni foam, which offered a large surface area, 

electrical conductivity, and plentiful active sites over porous Ni@C nanosheets. In 

another study, a simple strategy was applied to design nitrogen-doped TiO2 NW arrays 

loaded with Ni NPs [425]. This robust electrode supported the outstanding 

electrocatalytic activity during glucose oxidation. Additionally, the ordered 

nanocomposite electrode design was crucial for stability and reproducibility.  

Recently, Dia et al. synthesized nanoporous NiO film structures directly onto an 

ITO electrode and decorated them with lead sulfide QDs to design a self-powered 

glucose detection system [426]. In another study, Dia et al. reported a nickel cobalt 

nitride (Ni3N-Co3N) hybrid NW array on a Ti plate to fabricate a nonenzymatic glucose 

sensor [427]. Padmanathan et al. demonstrated the fabrication of a nickel phosphate 

nano/microflake- based 3D electrode on Ni foam and applied it for nonenzymatic glucose 
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detection [428]. In these sensors’ architectures, the hybrid heterostructures possessed 

multifunctionality as excellent electrocatalysts that conducted the catalytic activity for 

glucose oxidation. Their high electrochemical sensing performance was attributed to the 

exposed active sites of directly grown catalysts on the electrode surface that worked as a 

current collector, caused strong adhesion between the nanomaterials and electrode, and 

provided a path for excellent electron transfer from the catalyst to electrode during 

catalytic activity.  

Compared with the abovementioned semiconductor nanomaterials, limited 

attempts have been made to directly grow other nanostructure nanomaterials on electrode 

surfaces [429-438]. Ibupoto et al. reported growing Co3O4 NWs and nanoflowers on an 

Au electrode using hydrothermal methods [429, 430]. These synthesized nanomaterials  

 

 

Fig. 25. (i) (a) Step-by-step schematic of CNT-based amperometric biosensor fabrication; 

(b) a Cr layer (150-nm-thick) sputtered on a glass substrate; (c) Co and Ti layers (10-nm-

thick) sputtered using a shadow mask; (d) directly grown CNTs on the substrate; (e) 

nitrogen/oxygen plasma treatment on the CNT layer; (f) GOx loading on the plasma 

treated CNT layer; and (g) covering of immobilized GOx with acetonitrile plasma-

polymerized film (reproduced with permission from ref. [432]; Copyright 2017 American 

Chemical Society). (ii) Schematic of enzyme immobilization steps on the vertically 

aligned CNT (reproduced with permission from ref. [433]; Copyright 2017 American 

Chemical Society) 

ACCEPTED M
ANUSCRIP

T



 68 

worked as an effective matrix for enzyme immobilization, which led to the fabrication of 

various biosensors (i.e., cholesterol and glucose) and sensing applications. In another 

report, Liu et al. synthesized NW arrays of cobalt phosphide on a Ti mesh and used them 

as an ideal electrode to detect glucose [431]. The electrode showed excellent catalytic 

activity toward glucose electro-oxidation and exhibited superior analytical performance. 

Few attempts have been made to grow CNT on electrodes [432-434]. CNTs offer a vast 

surface-to-volume ratio that favors higher enzyme immobilization, and due to their small 

size, they create more effective contact between the active site of an enzyme and the 

electrode, which is crucial for improving sensor performance. To overcome the poor 

reproducibility and electrical conductivity of powdered CNT materials, Muguruma et al. 

synthesized CNTs directly onto a patterned Co/Ti/Cr/glass substrate using microwave 

plasma-enhanced CVD [432]. To fabricate an amperometric glucose biosensor, they 

immobilized GOx over synthesized CNTs covered with plasma-polymerized film (PPF) 

(Fig. 25i). Later, they found that covering with PPF provided a biocompatible 

microenvironment for enzymes, isolated each CNT island, and worked as an antifouling 

coating. In another study, Gholizadeh et al. synthesized vertically aligned CNTs using 

plasma-enhanced CVD and attached glutamate dehydrogenase covalently with the CNT 

tips to fabricate electrochemical-based glutamate biosensors (Fig. 25ii) [433]. The 

microelectrode sensors could detect glutamate with superb sensitivity and a low detection 

limit down to 57 nM. In another study, functionalized multiwalled CNTs were grown on 

tantalum and sapphire substrates for the electrochemical sensing of H2O2 [434]. Although 

CNTs are promising nanomaterials for biosensor fabrication, they are synthesized at a 

higher temperature, which limits the choice of electrode during growth and also makes 

them difficult to reproduce with similar morphology. Several other nanomaterials, such 

as a Cu2+1O nanocubes/graphene nanosheet hybrid on Cu foam [435], cuprous sulfide 

(CuS) NRs on Cu foam [436], TiO2 NRs on graphite microfiber [437], and silver oxide 

(Ag2O) nanowalls on a Cu substrate [438], have been directly grown and successfully 

used to fabricate biosensors.  

 

5. Conclusions and outlook 

In sum, this review provided information about the methods used to deposit  
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Fig. 26. Graph showing the advantages of directly deposited nanomaterials over 

transferred nanomaterials. 

  

nanomaterials onto electrode surfaces during biosensor fabrication. All of the methods 

utilized for biosensor fabrication were introduced, highlighting the suitability of each 

method for obtaining efficient sensing performance. The main roles of nanomaterials on 

biosensor electrode surfaces are to provide a higher surface area for the immobilization of 

biomolecules and amplification of signals (as a mediator through catalytic reactions and 

deposition of electroactive species), as well as to act as signal-generating probes, 

enzymes, and enzyme mimics. However, nanomaterial deposition onto electrode surfaces 

in controlled surface architectures is crucial for the realization of fabricated biosensor 

devices’ performance, such as device stability, and reproducibility, as well as other 

sensing properties. We categorized all of the deposition methods into the following four 

strategies used for biosensor electrode fabrication: (i) coating, (ii) direct deposition, (iii) 

printing, and (iv) direct growth-based methods. All of the methods (except for vapor and 

direct growth methods) utilize separately synthesized nanomaterials/precursors for fixing 
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them onto electrode surfaces.  

To modify the electrode surface with nanomaterials during biosensor fabrication, a 

potential nanomaterial deposition technique was selected and optimized to obtain optimal 

biosensor performance. However, most of the studies were based on the use of separately 

synthesized nanomaterials for biosensor fabrication; therefore, such nanomaterials were 

usually fixed on the electrode surface using conventional methods (i.e., spin coating, drop 

casting, dip coating, blade coating, and screen printing). These methods require 

conductive binders to fix the nanomaterials onto the electrode surface. In addition, other 

factors such as the ratio of nanomaterials and binders, the type of binder, the amount of 

slurry, and the thickness of the nanomaterial film, were explored to precisely control the 

properties of the deposited nanomaterials. The major challenges of conventional methods 

are not limited to the stability and reproducibility of fabricated electrodes; they also affect 

devices’ performance. Generally, conventional methods are easy to perform but face 

several challenges during biosensor fabrication and application. Therefore, precise 

control of deposited nanomaterials films solves some of the problems, but further 

improvements are required to overcome the use of conductive binders. Although vapor 

deposition methods allow control of some of these factors, the surface area of such films 

is limited for biomolecule immobilization and catalytic reactions. 

Sensing performance, such as sensitivity, wide linear range, and LOD, could be 

controlled using suitable nanomaterials and device designs. However, other factors such 

as stability, reproducibility, and repeatability greatly depend on deposition methods, 

wherein heterogeneity, poor attachment, and variable thickness and morphology of the 

deposited nanomaterials films should be further controlled and optimized. Nevertheless, 

for the long-term stability of biosensors, the stability of the nanomaterials on electrode 

surfaces must be addressed.  

To date, several methods have been successfully applied to directly deposit/grow 

nanomaterials onto electrode surfaces, and they have been widely used in various 

applications, including biosensor fabrication. These methods have achieved success 

because they have eliminated most of the problems faced in conventional methods. 

Additionally, they have improved sensing performance, stability, and reproducibility 

because they hold several advantages when compared with other nanomaterial deposition 
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methods (Fig. 2). Seamlessly connecting nanomaterials with electrode surfaces enhances 

the speed of electron transfer. Furthermore, direct deposit/growth-based methods help to 

retain nanomaterials’ morphology in their engineered forms with large surface areas for 

biomolecule immobilization or nonenzymatic catalytic reactions. In addition, these 

advanced methods offer an excellent platform for the modification of other metals/metal 

oxides to further improve the properties of nanomaterials. This review will help 

researchers to select a suitable and low-cost method for fabricating biosensor devices; 

furthermore, it will help them to overcome the poor mechanical stability and fabrication 

reproducibility of electrodes.  
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