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Abstract: Paper-based sensors are a new possible technology for fabricating easy, economical,
portable, and expendable analytical devices for various application fields counting, diagnosis clinically,
control of the quality of the food, and environmental monitoring. The distinctive characteristics of paper
that enable the transport of the passive liquid and the affinity with chemicals/biochemical is the principal
lead of employing paper as a sensing platform. Even if paper-based sensors are extremely favorable,
they are quite abided due to undeniable constraints, namely, accuracy and sensitivity. Nevertheless, it
is forecasted that in the coming times, with improvisation in the fabrication and analytical techniques,
that there will be adding new and novel evolution in paper-based sensors. These sensors can meet the
present-day intentions of being a cost-efficient and portable device besides contributing high sensitivity
and selectivity and multiple analytes biasing. The present work is a review of paper-based sensors for
sensing carbon dioxide.
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1. Introduction

In recent times, the call for the safety and quality of the packed foods according to the
proclivity of the buyer has awakened the technology to progress new, original, and interestingly
inventive techniques in food packaging [1]. Among the different techniques, and based on the
ideal condition of the shelf life, the intelligent or smart technology has evolved to be cost-
efficient, versatile, and quick compared with the age-old analytical procedures employed in the
food control section [2]. This technique ensures the food quality by continuous monitoring with
the transmission of the details through the critical points all along the distribution chain [3].

Production of the byproducts can also be a clear indication for food spoilage, and
possibly these can be adapted to detect the quality of the food product. Because of the
production and accumulation of the byproducts, under normal atmospheric conditions, the
packed food is spoilt [4]. Apart from the byproducts [5], it might also occur due to the acid [6],
heat [7] and pressure [8] that is produced within the package. Interestingly, the detector to
detect the food spoilage in the packed food should be the one, which can be used for many food
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products without any requirement of the extra advancement in the technology or being
dependent upon the type of the food [9]. The heat factor is practically not possible as the amount
of heat varies in the stage of deterioration, pH is not the sign as it varies with different foods,
and detection of pressure is also impossible to come into action. Thus the levels of carbon
dioxide can be the prime indicator. The carbon dioxide levels are maintained at optimal levels
during Modified Atmospheric Packing (MAP) [10]. And therefore, the carbon dioxide sensors
employed in the packed foods can directly help detect the food's quality from packing until it
reaches the consumer [11]. Though there are plenty of advancements in developing the carbon
dioxide sensors, it has been a fall down in the food packaging industry due to huge energy
requirement, bulkiness, expensiveness, and may also be related to certain safety concerns [12].
It can be summed up as the carbon dioxide sensors are not versatile in the food packing industry
[13]. Thus an efficient sensor that can sense the gas levels appropriately can come as a
successful invention, barring all the limitations of the existing sensors [14]. These carbon
dioxide sensors are ruling over the recent times in the food and agricultural industry as a
channelized way for assessing food safety because assessing the levels of carbon dioxide in
stored or packed foods is a clear indication of the quality of the food [15]. The development of
an inexpensive sensor for carbon dioxide of great potential for reliable results is trolling over
as the buyer is in the era driven for food safety and quality [16]. The collection of data is
important to design and develop a process. This has demanded a dependency on sensor
technology. It plays a pivotal role in decision-making at real times for being reliable. It has to
take up the challenge of being unique and good on par with the traditional industrial sensors in
terms of different parameters and the working environment. They should be borne with the
capacity of handling the versatility over variable foods. The interpretation of the data computed
by the sensor should have easy predictability from the users. Since carbon dioxide is being used
in MAP to a wide range, the decrease in its levels can prove the safety and quality of the packed
foods. Hence, this shows the extreme necessity of carbon dioxide sensors for various sectors
in the food industry [17].

2. The Passing Trends

In the current review, advancements in the growth of various types of CO2 sensors,
namely optical sensors, polymer opal films, polymer hydrogels, paper-based, etc., which can
be promptly relevant in applications such as food packaging, have been considered.

The advancement in various fields has initiated paper-based assay technology. A wide
recognition has been there for the PADs or paper-based sensors in the research industry. It is
also correlated with academics. It also accounts for a low-cost product which is of great interest.
It is added with advantages [18] as it has simple fabrication [19] and high speed [20] of analysis.
The easy adaptability [21] and their versatility [22] have made them more popular and also
have been recognized as an easy analytical tool [23]. This has paved the way for the assessment
of small and large productions [24] characterized for a screening technique [25] that is portable
[26] and also accountable with the point of care (POC) [27]. A copious source that is available
as weightless, [28] of various thickness, [29] biodegradable [30] proving the environmental
compatibility [31] are the properties accorded with paper [32]. It has been a good platform in
a natural way to incorporate the channels with micro fluids [33] as it can be easily coated,
printed, and also be infused by biomolecules and chemical reagents [34] and thus can be
transformed as a cost-effective diagnostic portable tool [35] due to its hydrophilic nature and

porous behavior.
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There is a rise in the new era of analytical chemistry in engineering paper sensors.
Microfluidic paper-based analytical devices (uWPADs) (Figure 1) efficiently diagnose the POC
with high sensitivity and is multi-functional. There is an increase in the fabrication of these
uPADs as per the market needs.
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Figure 1. Schematic representation of uPAD used for CO, analysis.

Yet, an integrated gadget is demanded, which can constitute all the relevant stages of
analysis. The gradual increase in the production of the uPADs depends on the global needs, the
area to which it has to be applied, the design trends, technology that can be newly invented. It
IS necessary to comprehend the possibilities that can improve the versatility and its necessity
to produce more in the case of uPAD technology. And, thus enhancing the manufacture and
marketing of uPADs [36].

A sensor is developed for easy handling incorporated with high reliability to show
stability at various working environments with different atmospheric pressure levels. The inter-
connected transducers are coated with amino group-functionalized silica nanoparticles that
react with the carbon dioxide backing an acid-base reaction in Ormocer sensing material
(Figure 2). These sensors exhibit reproducibility and fine selectivity in monitoring carbon
dioxide. The reaction between amino-functionalized silica nanoparticles and carbon dioxide is
reversible and a fast reaction. Thus the sensor is advantageous in taking quick results. This kind
of sensor can detect carbon dioxide levels from 400 to 2000ppm at a temperature of about 60°C
through amine-functionalized nanoparticles. These sensors are not sensitive to other gases,
namely acetone [37].
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Figure 2. Schematic representation of CO; sensing by NH3-functionalized silica nanoparticles.
Polyaniline COz2 sensors (Figure 3) are studied as a polymer film in the sensor, which
adsorbs carbon dioxide and water. It plays a major role in polyaniline CO2 sensors. It is a sensor

https://biointerfaceresearch.com/ 2355



https://doi.org/10.33263/BRIAC122.23532360
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC122.23532360

that works at fixed temperatures, and pressure has been noted. The loading number can be
increased by increasing the polymer-analyte interaction. The working range is around 10%,10*
ppm, making it applicable for carbon dioxide sensing in the agricultural industry. Thus sodium
polyaniline salt (NaSPANI) has been proved to be an efficient candidate in sensing carbon
dioxide levels in the agricultural field [38].
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Figure 3. Schematic representation of CO- sensing by NaSPANI film sensor.

An easy and efficient way of a paper-based sensor using a hydrophobic silicone water
repellent spray (Figure 4). This paper-based sensing can be applied for both biological and
chemical sensing. The sensing is discussed for carbon dioxide. The performance is selective
based on the sensing of dissolved carbon dioxide at different levels of its concentration. This
paper-based platform is restricted to only RGB read out from the scanned images, which
MATLAB will analyze. Images for carbon dioxide and ammonia will be differentiated by
applying the principal component analysis. This paper sensor that has used less expensive
readouts driving from the electronic gadgets used by the consumers and with normal lab
facilities has been proved to have great potential to work in the real world by showing its
applications [39].
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Figure 4. Schematic representation of CO; sensing by hydrophobic Si-water repellent spray.

A simple fluorescence paper with P4VB infused results in a sensor (Figure 5) which is
of low cost and has a response time of about 1 minute. It is more efficient when compared to
the other fluorescent paper-based sensors, which also work with the multi-component of the
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atmosphere gases only if there are no acidic gases present in the mixture. It provides a universal
design as it can be used wherever there is a requirement for continuous carbon dioxide
monitoring in the background, but at the same time, there are limitations for its provisions
under uncontrolled atmospheric conditions [40].
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Figure 5. Schematic representation of miniature spectrometer used for real-time CO; analysis.

A film in which a copolymer is associated with luminescence pH-sensitive dye and is
bonded covalently in the presence of tetraocylammonium hydroxide (Figure 6) is presented.
This film recognizes the percentage of carbon dioxide in lower levels in both gases and aqueous
phases. The advantages added are, firstly, it is not affected by the degree of concentrations of
oxygen and carbon monoxide, and secondly, it also exhibits minimum aggregation, and there
IS no evidence of the leaching of the optical dye. The only disadvantage that has been noted is
that any concentration of nitrogen dioxide which is higher than 1 ppm can interfere in the
determination of carbon dioxide. Because of this applicability, an optical sensor has been
developed, which shows a good range of detection in the gaseous phase [41].
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Figure 6. Schematic representation of CO; sensing by luminescence pH-sensitive dye.

Following the above reviews on paper-based sensors, it can be highly said that there is
a huge progress observed in the last few years and it is these works have led to the smarter
paper-based sensors. This has also been evident that the future of these smarter paper-based
sensors will be a growing field in the area of research. The amalgamation of functional
materials over the surface related to being fabrication techniques has to be considered to
overrule the limitations that the scripted over, for the generation of a new better and as well as
stable devices that can be able to measure many of the analytes at a single sign producing
sensitivity at high levels. It is highly relevant to retain the benefits of the paper-based sensors
to achieve the necessities of these devices under all conditions, keeping it simple and cost-
efficient [42].

3. The Future Perspective

Before these paper-based sensors are commercialized or marketing it is important to

address the limitations of the paper-based sensors. There is always a question that is post
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regarding the sensitivity of the analytes [43] and the accuracy that has been reduced because
of paper-based sensors, and by removing these drawbacks, the stated sensors can also be
counted for precise prognosis in the medical field. Before producing these paper-based sensors
in mass, the devices should be compiled for the efficiency of their production, as many of these
devices in today's date require a more tough manufacturing procedure [44] which has to be
simplified before they get into the market. The price of the devices mentioned above has to be
efficiently economical as that it may cause an influence on the usage of the environmental
resources.

The point of care devices, which has been inexpensive though with many limitations,
does not only serve to be important in the area, namely monitoring the quality of the food or in
giving new approaches in the agricultural industry but also have become a key technology in
the biomedical research [45] arena involving micro fluids. These portable devices have been
very helpful in detecting and diagnosing the biomarkers related to several disorders that of the
liver, kidney, and that which is related to diabetes. This paper-based sensor has again proved
itself to be an efficient tool in monitoring the toxins and the heavy metals present in many of
the contaminated environmental samples.

4. Conclusions

The paper-based sensors have proved to be economically viable but have no pieces of
evidence of their irreversibility, showing their detection capacity both in closed and open doors.
If advanced, the fabrication techniques may end up in a chemistry route by developing visual
color-changing sensors based on paper at all ranges of temperature and other atmospheric
conditions showing a rapid response on par with that of the available commercially available
electrical sensors.
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