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Abstract

Electrochemistry combined with economical and sustainable platforms (such as paper)
provides portable, affordable, robust, and user-friendly devices. In general, techniques
such as photolithography and sputtering are excellent alternatives for producing these
platforms. However, due to the requirement of expensive and sophisticated
instrumentation as well as cleanroom facilities, these techniques have limited access.
Thus, the search for easy to use and produce approaches have been reported, employing
consumables, including adhesives, carbon ink, graphite, pencil, office paper, paperboard,
among others. In this sense, in this mini-review, we discuss various strategies explored to
fabricate low-cost electrochemical sensors, including its main applications. Different
manufacturing methods, such as screen and stencil printing, laser-scribing, and pencil
drawing, will be discussed here, emphasizing the performance of the obtained devices, in

addition to their advantages and disadvantages.
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Introduction

Disposable electrochemical sensors manufactured on low-cost and eco-friendly
platforms (such as nylon, silk, or even paper) provide the possibility to develop portable
analytical systems which are more accessible to the academic community, contributing
to the design of new analytical tools for sensing a variety of compounds, and enabling the
development of new point-of-care devices. The extensive use of paper for the
development of electrochemical sensors, after the creation of Henry et al. 12 years ago
[1], shows how important and attractive the use of cheap and readily available materials
is for the fabrication of portable, miniaturized, susceptible, and costless analytical systems
[2]. Although paper is a cheap raw material, its use is very employed coupled with
expensive and sophisticated instrumentation, such as photolithography or sputtering
techniques, to manufacture analytical platforms, restricting access to low-budget
laboratories [3,4].

Therefore, the development of homemade disposable sensors based on techniques
that do not require elaborated steps and expensive equipment, such as screen- and stencil
printing, pencil drawing, laser-scribing, among others, is desirable. Many applications
can be found in literature, including areas such as medical, pharmaceutical (drug quality
control), industrial (waste monitoring), energy, and environmental (monitoring of
potentially harmful substances) [5-11].

These techniques consist of the fabrication of conductive tracks with minimal
instrumentation in inert surfaces for electrochemical transduction and allow the use of
cheap materials, including pencils, inks, papers, and adhesives, allowing the production
of devices with free designs for all kinds of applications [4]. However, some points in the
manufacturing of sensors using these techniques have to be highlighted since they can

strongly influence the performance of the final device, thus producing sensors with low



reproducibility, conductivity, and sensitivity. Scheme 1 presents the main characteristics

of these techniques, highlighting their advantages and disadvantages.
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Scheme 1. Representative scheme presenting the advantages and disadvantages, and the

materials employed for each approach.

Now, we present a brief overview regarding different approaches for the
production of low-cost electrochemical sensors using easy-to-find consumables such as

adhesives, carbon inks, graphite, pencil, office paper, paperboard, among others,
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including pencil drawing, laser-scribing, and screen-printing techniques. A brief
description of the fabrication protocols including the required materials will be presented
along with recent applications, highlighting the characteristics for each method,
advantages, and disadvantages, and the advances considered significant in the

development of this area.

Manufacturing and Materials

Recent scientific literature presents many alternatives for disposable device
production, some aiming for large-scale, others tend towards slower-paced and detailed
approaches, with freedom of design and raw materials [12—15]. Among these, screen- and
stencil-printing, pencil drawing, and laser-scribing techniques bring an exciting balance

of the characteristics mentioned above.

Screen and stencil-printing

The screen-printing technique focused on electrochemical devices consists of
applying a conductive ink over an inert surface through a mesh screen that delimitates the
electrode design. Commonly, these screens are composed of nylon, silk, or even paper
[16-18]. Stencil-printing is a very similar approach, involving a less expensive screen,
usually made of cheaper polymers, while also not requiring the coupled equipment for
ink immobilization [19,20]. A representative scheme for the fabrication of

electrochemical devices using those techniques is summarized in Figure 1.



Figure 1. Fabrication scheme of electrochemical systems using a screen or stencil
printing. Over the surface of a substrate (A), the screen is placed (B). The electrodes are
painted with conductive ink (C), and after the removal of the screen (D), the device is

ready to use (E).

The relatively lower cost, scalability, and design freedom are attractive qualities
of these procedures [21,22]. Still, it is essential to highlight that some waste is generated
and the electrodes may need time to cure, depending on the polymeric vehicle and
additives used. While developing conductive inks for such methods, it is essential to pay
attention to a few questions: for screen-printing, almost any ink composition could be
used, but the stencil-based operation needs more viscous ink compositions to avoid mask
leaking and excessive adhesion; the polymeric matrix must be carefully chosen, aiming
for higher conductive particle dispersibility, without significant viscosity change. As the
final composition must maintain electrical conductivity and still be liquid, the addition of

conductive particles must be done carefully. It is common to think that higher amounts of



these particles would result in better electrochemical performance (higher peak current,
lower peak-to-peak separation, and overall device sensibility). However, after a material
threshold, the ink may lose its liquid aspect, or the final device may present a high surface
charge, changing the electrochemical behavior. Another essential aspect to consider is the
use of ink additive agents, such as stabilizers and solvents. These can be used to avoid
composition problems, such as nanoparticle agglomeration or lower or slower material
interaction,. Especially the addition of solvents must be considered with care, as small
quantities may be sufficient for a considerable fast cure process, cracking the surface of
the electrode, making them unusable. Also, the device substrate used must not interfere
with the electrochemical processes, but its choice may affect the ink adhesion. Higher
exposed functional groups interaction moments between substrate-ink, while lower
interaction moments between ink-mask and substrate-mask are preferable [21,22].

The use of ink-based devices brings two main possibilities to the electroanalytical
chemistry: the high versatility of the ink composition, as numerous problems could be
solved by the addition of a new component in the formulation; and the still possibility of
electrode surface modification, now with a substrate of a relatively low-cost.

Screen and stencil-printed electrodes could be modified to perform specific and
controlled biological processes [5-7]. In this regard, Orzari et al.[23] reported a self-
adhesive electrode preparation. The graphite ink is applied on an adhesive paper sheet,
which is cut into a series of electrodes with a cutting printer. After 40 min of drying,
electrodes were modified by casting a glucose oxidase dispersion. Succeeding, the
modified devices were employed to detect glucose in saline solution and synthetic saliva
samples. Also, Srisomwat and collaborators [6] for example, proposed the first pop-up
DNA device as an alternative 3D microfluidic paper-based analytical device platform for

label-free HBV DNA detection using cellulose paper. The electrodes were manufactured



using an in-house screen-printing technique. The pop-up design was devised to allow the
control of a fluid path, incubation time, and electrical connectivity by simple folding. In
addition, the architecture has allowed the accessible introduction of samples, avoiding

contamination and minimizing the exposure of biofluids.

Pencil drawing

Pencil drawing protocol is a faster way to transfer graphite flakes to substrates
since it does not require additional liquid binder to incorporate the carbon-based particles
and more steps involving heating to evaporate solvents [24,25]. Thus, using graphite
pencils and a good area determining the material, drawing any 2D electrode structure of
interest over a suitable substrate is possible. The well-known porous analytical platforms
successfully deposited conductive graphite particles, including cellulose fiber and
polymeric plastics [24-26]. However, it is noteworthy that the pencil grade is crucial, as
the quantity of graphite dispensed by friction must be significant for better results. It is of
note that a pencil grade of 6B or higher (softer pencils) is preferable [27,28].

When successfully transferred to porous substrates via mechanical friction
between the pencil tool and target substrate, the pencil graphite enables the creation of
well-defined graphite regions with adequate electrical conductivity. The layers formed or
times drawn are also essential factors. Since the process is handmade, it is subject to the
strength and pressure applied, thus, providing devices with different electrochemical
performances with non-homogeneous graphite distribution. Therefore, it is recommended
to re-draw the same device around 10 times, as Foster et al.[26] the painting process of
the RE with Ag ink or Ag/AgCl ink can also guarantee a more stable pseudo-reference
electrode (p-RE) [28,29]. The delimitation of the geometric area from the obtained

devices is the key to fabrication success. Also, higher electrical conductivity can be



obtained in sandpaper platforms because this abrasive structure contributes to depositing
more graphite flakes and consequently increases the thickness film dimensions [29]. This
free-binder fabrication offers a material surface with similar electrical resistivity values
(60 to 700 © cm) to conventional materials constructed via protocols based on laser
scribing, stencil, inject, and screen-printing technologies. One of the most common
substrates employed in pencil-drawn devices is cellulose-based ones, such as paper [22]
and fiberboard [14]. The attractive features of electrochemical paper-based devices
(ePADs), like relatively low-cost, disposability, recyclability, and effective wide potential
window are very attractive as well as the creation of flexible and biocompatible devices,
with easy integration of the electrochemical system to others, such as microfluidics [13]
and several on-skin electronics [30].

The pioneering study involving the manufacturing of pencil-drawn electrodes was
proposed by Dossi et al.[31]. A full system was successfully deposited upon cellulose
fiber substrate with a geometric area delimited by wax ink in their report, as summarized
in Figure 2A. Santhiago et al.[32] manufactured flexible and higher conductively
graphite-based films upon cellulose structures (Figure 2B). The reported pencil-drawn
electrodes (PDEs) were treated via electrochemical oxidation/reduction to remove excess
non-conductive materials impregnated on the surface and to increase sensing
performance. Kanaparthi and collaborators [33] reported a wearable device combining
pencil graphite, cellulose fiber, and textile mask (Figure 2C) with a cost of ca. US$ 0.03.
Koga et al.[8] constructed ZnO nanowires incorporated with PDEs, as illustrated in Figure
2D. The reported results revealed a hybrid surface efficiently bridged network structures
with satisfactory capacitive performance of NO2 gas with detectable levels ranging from

3.9 t0 98 ppm.



Other paper substrates, such as filter paper [31], chromatographic paper [25],
vegetal paper [9], corrugated fiberboard (CFB) [14], office paper [28] and sandpaper [29]
can also be found in the literature as emerging and affordable materials to direct deposited
graphite flakes [22,31]. In this sense, Orzari et al.[14] manufactured PDEs upon CFB
platform (Figure 2E). Ataide et al.[28] constructed PDEs on office paper and exposed the
surface to a CO> laser (Figure 2F). This pre-treatment step improved the electrodes'
performance and revealed satisfactory LOD values. Rocha et al.[29] reported a
combination of PDEs and a 3D-printed holder (Figure 2G) with a cost ca. US$ 0.45. This
strategy promoted a reusable delimitation of the geometric area from the ePAD, avoiding

problems associated with sampling evaporation.
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Figure 2. Schematic representation of the pencil drawing process. (A) electrodes
fabricated upon cellulose and glass slide reproduced from [31] with permission. (B)
steps involving the manufacturing of flexible graphite-based electrodes reproduced
from [32] with permission. (C) pencil drawing electrodes integrated on a textile mask
reproduced from [33] with permission. (D) nanomaterials of ZnO combined with pencil
drawing electrodes reproduced from [8] with permission. (E) multiples electrodes
development upon CBF substrate reproduced from [14] with permission. (F)
fabrication and pre-treatment steps of the electrodes reproduced from [28] with
permission. (G) combination of the electrochemical cell and 3D printing reproduced

from [29] with permission.

Laser-scribing

The laser-scribing technique consists of controlled carbonization, using a laser
(generally CO>) to produce a conductive path in materials with insulating characteristics
(non-conductive carbon, polymers, cellulose, and biopolymers). This conversion is
possible since the pyrolysis of organic compounds, such as cellulose generates carbon-
based materials. In this sense, the non-conductive material is turned into graphite-like
structures under high temperatures (up to 2000 °C). The precursor material influences the
physical and chemical characteristics of the obtained structures [34].

The laser parameters (such as power, focal distance, pulse density, among others)
and carbonization conditions play an essential role in the material's morphological,
chemical, and physical characteristics [35]. Furthermore, laser-scribing physical and
chemical properties can be modulated according to the atmosphere where the substrate

carbonization is carried out [36] or even using treated/modified platform surfaces [37].
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Precisely because these parameters are critical for the final obtained materials, their
fabrication reproducibility is still challenging.

Nonetheless, this technique has been widely studied and enables sensors and
biosensors for the most varied purposes, from pharmaceutical and biological to energy
storage, environmental analysis, among others [10]. Nayak et al.[38] fabricated electrodes
using direct laser writing on polyimide under ambient conditions (Figure 3A).
Furthermore, these developed sensors can be modified to improve sensitivity,
detectability, specificity, and other characteristics. In this sense, different materials can
be employed, including nanoparticles, polymers, and biological recognition materials
(enzymes, antibodies, nucleic acids) [37,39,40].

In 2017, Araujo et al.[3], reported a simple, fast, single-step laser-scribing, green
method for scalable fabrication electrochemical sensors on a paperboard platform for the
first time. Their material presented randomly oriented porous structures and graphene
sheets (Figure 3B). Other precursor materials can also be used to obtain graphene from
the laser-scribing technique. In this regard, Zhang and collaborators [41] fabricated for
the first time electrochemical devices using phenolic resin as precursor material and an
inexpensive 405 nm laser under ambient conditions to fabricate an electrochemical
glucose biosensor after the modification of the obtained electrode with Ferroce formic
acid (Figure 3C). Also, Beduk and co-workers [11] used polyimide as a precursor
material. They combined it with molecularly imprinted polymer to form a biorecognition
layer for the sensitive and selective electrochemical detection of Bisphenol A for

environmental monitoring waters and plastic samples (Figure 3D).
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Figure 3. Schematic representations of the manufacturing processes of carbon-based
electrochemical devices on different substrates using the laser-scribing technique. (A)
Fabrication of electrodes using laser on a polyimide (PI). Reproduced with permission
from [38]. (B) Laser-scribing electrochemical paper-based devices (LS-ePADS) from a
cardboard substrate using a CO. laser. Reproduced with permission from [3]. (C)
Fabrication procedures of the graphene-like electrodes and the electrochemical detection

of glucose. Adapted with permission from [41]. (D) Fabrication steps of LIG devices
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modified with molecularly imprinted polymer (MIP). Reproduced with permission from

[11].

As can be seen, the aforementioned techniques are very interesting alternatives
for the manufacturing of low-cost electrochemical sensors. The ease obtention of the
employed materials makes these approaches very desirable for creating new platforms.
However, some disadvantages of each method have to be considered. The need for
specialized equipment, required for laser scribing, increases the cost for this technique,
nevertheless, the presence of the laser brings as advantage the possibility of a scalable
production. Stencil and screen printing techniques also allow a scalable production,
simply and with design free, however, the use of masks is required and, in opposition to
laser scribing, there is a wasting generation from the ink residues employed. The pencil
drawing approach involves the handmade production, thus, the scalable production of
pencil-drawn sensors is not possible. Nevertheless, this technique is very simple, there is
no waste generation, and no equipment is required for their preparation.

The reproducibility of the obtained sensors in all cases can be a problem, however,
the possibility of creating several devices in a fast way, and the disposability of the
obtained devices allow the easy replacement of the devices with poor performance.

The use of the aforementioned approaches, though already very explored in the
literature, opens up space for new perspectives. The use of different (nano)materials can
be explored, as well as the immobilization of different biological materials, increasing the
range of application of the obtained sensors. Furthermore, the validation of the obtained
sensors, and their application in real samples is of great importance, focusing on the
commercialization of these devices, which are a great basis for the production of low-cost

point-of-care devices.
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Conclusions

The techniques presented here have demonstrated great importance for the
advancement in the manufacture of low-cost disposable electrochemical sensors for the
possibility of using consumables as a base material for their construction, providing
attractive characteristics such as simplicity, sustainability, and applicability in a single
device. Therefore, these approaches contribute significantly to reaching simple,
inexpensive, robust, and quick analytical systems for on-site application monitoring of
compounds potentially harmful to human health and the environment, rapid tests for
pathogens, forensic compounds, industrial or food quality control, among others.
However, it is worth mentioning that even presenting several qualities as mentioned
above, these techniques have disadvantages that require special care, such as
reproducibility of the analytical devices, and consequently, systematic errors in the
desired applications can be present. Nevertheless, it is possible to circumvent such
disadvantages by creating several devices in a row. The techniques allow the manufacture
of various devices quickly, easily, and with low consumption of raw materials relatively
cheap. Thus, a poor-quality device can easily be replaced and provide satisfactory and
reproducible results. Finally, such techniques allow a significant advance in the area of
sensors, allowing various academic research groups to have access to alternative means
of homemade manufacture electrochemical sensors and biosensors, spreading the access
of scientific research to academic/research groups worldwide, thus, producing a

significant number of works with relevance.
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