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ABSTRACT

High demand for the development of very simple, low-cost, portable, environmental friendly and user-friendly
detection approaches, particularly in developing countries and remote areas with a lack of sufficient infrastruc-
ture, professional experts, and appropriate environmental treatment. Microfluidic paper-based analytical devic-
es (u-PADs) have a tremendous potential to fill this gap since such devices are simple, low-cost, rapid, portable
and are highly demanded in developing countries. This review recaps the recent progress of paper-based analyt-
ical devices and discusses the advantages of paper substrates. Some of the important device fabrication and de-
tection methods also relevant theories regarding environmental monitoring issues are described with examples
in detail. Efforts have been made to explore the role of nanostructured materials to enhance the performance of
paper-based microfluidic devices. We have analyzed the recent reports on the development of these devices for
recognition of environmental issues employing different methods. Further, the future development and trend in
this field are discussed.

Keywords: Microfluidic; Paper-Based Devices; Fabrication; Environmental Monitoring

Abbreviations: GC: Gas Chromatography; HPLC: High-Performance Liquid Chromatography; EDXRF: Electro-
chemical Methods, Energy Dispersive X-Ray Fluorescence; ICP-AES/OES: Inductively Coupled Plasma-Atomic/
Optical Emission Spectrometry; FAAS: Flame Atomic Absorption Spectrometry; EC: Electrochemical; ECL: Elec-
tro Chemiluminescence; PEC: Photo Electrochemistry; SERS: Raman Scattering; HCG: Human Chorionic Gonad-
otropin; TMDs: Transition Metal Dichalcogenides

Introduction

Continuous industrialization and technological development

frameworks. A vicious cycle of “pollute now, clean up later” can result
from policies designed to maximise economic gains. The apparent
conundrum of creating sound environmental regulations but not en-

have significantly contaminated the air, land, and water in many parts
of the world. These pollutants frequently include elements like nitro-
gen, phosphorus, and carbon along with a variety of other contami-
nants like organic pollutants, heavy metals, drugs, herbicides, insecti-
cides, disinfectants, and industrial byproducts. This pollution not only
endangers the environment and its surrounding ecosystems but also
puts human health and economic progress at serious risk (Kung, et al.
2019). For sustainable development, pollution is a persistent and se-
rious problem in many Sub-Saharan African nations. Pollution abate-
ment may be neglected in the face of investor pressure to support in-
dustrial activities, even in the presence of environmental regulatory

forcing them runs the risk of making industrial growth unsustainable
(Sikder, et al. (2013)). In addition, a lot of industrial technologies are
fairly outdated, and in an effort to comply with environmental regula-
tions while facing mounting economic pressure, there is a propensity
to import less expensive technologies.

The environmental Kuznets curve indicates that until technology
reaches the scrapping age, operational costs will not be able to cover
the market value for environmental quality (Bertinelli, et al. [1]). At
that point, the ratio of socioeconomic development to pollution may
rise. A list of specifications for the development of point-of-care di-
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agnostic devices in low-resource settings has been developed by the
World Health Organization. The acronym “ASSURED” refers to these
specifications, which include being robust, sensitive, fast, accurate,
and user-friendly. For all these purposes, a rapidly emerging tech-
nology called microfluidics can be employed. Fluids with volumes
ranging from microlitres to femtolitres are the subject of microfluid-
ics, which deals with objects or systems with dimensions less than
a millimetre (Banerjee [2]). The development of point-of-care (POC)
testing platforms to supplement traditional (bio)chemical assays is
highly pursued, as it provides new opportunities for rapid, portable,
low-cost, and real-time investigations. POC platforms also make on-
site testing possible and do away with the need for big, costly bench-
top instruments, which usually call for skilled operators.

This makes monitoring water, food, and environmental safety, as
well as healthcare, accessible and affordable for nations with limited
resources (Rahbar [3]). These days, “uPADs were very popular due
to their low expenditure, simplicity, adaptability, and disposability,”
assert De Oliveira, et al. (2017). An analytical device can react to a
patient test sample in a timely and financially advantageous manner.
uPADs can be made with a simple, compact, handheld, and portable
tool (Nurul, et al. 2019). According to (Whitesides, 2006) in his article
published in Nature in 2006, microfluidics is the science and technol-
ogy of systems that handle and manipulate small volumes of fluid us-
ing fluidic channels with dimensions ranging from tens to hundreds
of micrometres. Microfluidics has grown quickly and had a noticeable
impact on the analytical chemistry community because of a number
of capabilities, such as the ability to perform separation and detection
with high sensitivity and resolution at low cost and speed, using small
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amounts of samples and reagents, and more. Early works on the de-
velopment of microfluidic devices discussed the use of polymers such
as poly (dimethylsiloxane) (PDMS), glass, and silicon as substrates.

Even though these devices reduce the size of traditional tech-
niques for distinct target separation and detection Mentele, et al.
(2012) state that paper’s abundance, low cost, disposable nature,
ease of use, portability, and storage, along with its large visual sur-
face area and chemical changeability, make it a desirable substrate
for microfluidic devices. Paper has generated a lot of interest in the
microfluidic device for the following reasons:

1) Itisa cheap, easily accessible cellulosic material.

2) Itisideally suited for numerous chemical, biochemical, and
medical applications; and

3) Ittransports liquids using capillary forces without the need
for outside forces. Liquid flow can be controlled by creating mi-
crofluidic channels on paper because the flow is contained within
the channels (Li, et al. [4]). (Figure 1) illustrates a typical setup for
an analytical device based on microfluidic paper. This is a typical
configuration for a microfluidic analytical device based on paper:

a) Unmade Whatman filter paper.

b) A pPAD with clearly defined hydrophobic barriers and hy-
drophilic zones.

c¢) Reacting reagents pre-loaded.
d) Sample loaded onto the uPAD; and

e)  Colour development.

U Detection by:colorimetery
Sfluorimeter

|

g

Figure 1: An Example of Microfluidic paper based analytical device.
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The properties mentioned above are present in microfluidic pa-
per-based analytical devices (LPADs), which are acknowledged as a
potentially potent analytical platform. For analytical purposes, paper
offers a number of benefits. Specifically, it can be easily designed into
distinct hydrophilic and hydrophobic zones using current printing or
cutting techniques, and it is cheap and widely available. It can wick
fluids through capillary action as well, eliminating the need for out-
side power sources. It is lightweight, disposable, and biodegradable.
Determining the toxins or heavy metals responsible for soil and water
pollution is the main objective of environmental monitoring. To detect
mercury (II) ions, gold nanoparticles immobilized with single-strand-
ed DNA (ssDNA) on the surface are spread on paper microfluidics. If
mercury (II) ions are present in the sample, the ssDNA forms Thy-
mine-Hg2+ Thymine bonds and loses its affinity for the nanoparticle
surfaces. At the moment, aggregation occurs between nanoparticles
on the surface that lack ssDNA, and the color changes depending on
the degree of aggregation. The concentration of mercury (II) ions is
calculated by examining the degree of color change. This review is
briefing the significance of the uPADs on the environmental monitor-
ing. Also, we described microfluidic paper-based analytical devices
and different fabrication and detection techniques.

We have also covered the environmental applications of pPADs
with examples from previously reported works, the role of nanoma-
terial in the microfluidic paper-based analytical devices and various
breakthroughs in this field (Chen, et al. [5]). However much of the re-
search up to now has been on the biomedical advantages of uPADs.
there has been little discussion about environmental applications of
UPADs. this review critically examines an account of analyzing litera-
tures conducted on environmental applications of pPADs. The review
also provided an important opportunity to advance the understand-
ing of uPADs environmental applications and it aims to conduct to this
growing area of research by exploring literatures.

Fundamentals of Paper-based Microfluidic Analytical
Devices

Hydrophobic boundaries offer a physical barrier that keeps sam-
ples from dispersing in hydrophilic zones. "PADs function in this way.
Each pPAD is built with multiple detection zones coated with the ap-
propriate organic sensors in order to identify the target hazardous
ions. For multiple simultaneous analyses, the solutions travel in a
passive capillary manner through a pattern of filter sheets to reach
the zone of detection. Because the analyte interacts with an organ-
ic receptor at the detecting zone to cause a rapid colour change, the
device is flexible. As a result of the reaction with preloaded reagents,

the yellow colour dye in pPADs functions as a capillary and rapidly
changes colour in the detecting zone (Sriram, et al. [6]).

General Aspects of nPADs

(Arya, 2014) states that the manipulation of fluids at the micro-
scopic level is the main focus of the field of microfluidics. Sackmann, et
al. (2014) claim that because turbulent flows allow for more efficient
transport phenomena, conventional macro-scaled operations are
commonly carried out in these conditions. The forces of gravity and
fluid inertia are overcome by narrowing the channel diameters. Busa,
etal. (2016) and Lin, et al. (2016) state that surface tension, viscosity,
and fluid density become important considerations. The hydrophilic
fibres have excellent contact with aqueous samples, which means a
low energetic cost when compared to plastic materials because cap-
illarity can be used as a driving force for fluids and pumps or other
devices are not always necessary (Cate, et al. [7]). Thanks to develop-
ments in microtechnology, “labs-on-a-chip,” or laboratories placed on
a micro-device, are now feasible (M Dou, et al,, 2014). Portability is
one of the most important features of pPADs. Eliminating the need to
transport samples to the lab lowers the risk of contamination or dete-
rioration and eliminates the need for sample preservation. According
to Almeida, et al. [8], on-site analysis therefore enables a quicker turn-
around time for results at a lower cost of analysis.

Applications of p-PADs

PADs have been acknowledged as a significant advancement in
portable and reasonably priced POCT diagnostics. Over the past ten
years, these devices have changed because fewer analytical steps are
now required, and they are flexible paper-based devices that provide
fast results. This promising replacement for conventional microfluid-
ic devices has made possible a wide range of fluidic applications, such
as drug diagnosis, environmental monitoring and pH monitoring,
food safety and water analysis, heavy metal ion detection, cancer di-
agnosis, toxic and poisonous materials detection, and explosives anal-
ysis (Selvakumar, et al. [9]). According to (Barocio, et al. [10]), these
microsystems have the following benefits over traditional laboratory
equipment: smaller sample requirements, faster reaction times, and
portability. There are many possible applications for these kinds of
microsystems, ranging from environmental to medical. Microfluidic
devices can identify and measure a wide range of contaminants when
they are used in conjunction with suitable assays and extremely sen-
sitive detection methods. (Figure 2) is a schematic design that illus-
trates the benefits and drawbacks of paper-based analytical tools as
well as potential ways to increase sensitivity.
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Figure 2: Applications of pPADs in different analysis.

Advantages of pnPADs Compared to Conventional Methods
for Expanding Environmental Monitoring

Conventional Approaches: Numerous traditional methods are
available for the detection of hazardous chemicals in environmental
assessments, including pesticides, heavy metals, microbes, nutrients,
and organic pollutants. The methods used in these investigations
include gas chromatography (GC), high-performance liquid chroma-
tography (HPLC), electrochemical methods, energy dispersive X-ray
fluorescence (EDXRF), energy dispersive plasma mass spectrometry
(ICP-MS), inductively coupled plasma-atomic/optical emission spec-
trometry (ICP-AES/OES), and flame atomic absorption spectrometry
(FAAS). But it takes a lot of time to operate, expensive, heavy equip-
ment, and skilled labour. Because of this, scientists have been work-
ing to develop detection technologies that are inexpensive, straight-
forward, sensitive, exact, accurate, user-friendly, and environmentally
safe. uPADs are among the most promising solutions (Lin, etal,, 2016).

Microfluidics for Environmental Remediation: Growing econ-
omies are putting the environment at risk because of the excessive
release of hazardous industrial byproducts into the environment. It
gets harder and harder to manage the enormous amounts of waste
that are released into the atmosphere and water bodies as a result of
industrialisation and urbanisation, which increases the demand for
clean resources. Alternatives that are more economical and efficient
are highly sought after since traditional cleanup techniques fall short
of regulatory effluent limitations. Numerous factors, such as waste
type and concentration, the amount of cleanup required, and post-
processing technology, influence the choice of treatment technique
for both water and air discharge (Jiang, et al. [11]). In general, these

techniques have outstanding precision, strong specificity, and high
sensitivity. Surface enhancement, fluorescence, and colorimetry In
addition to electrochemical (EC) methods like amperometry, potenti-
ometry, voltammetry, electrochemical impedance spectroscopy (EIS),
electro chemiluminescence (ECL), and photo electrochemistry (PEC),
Raman scattering (SERS) and other optical techniques are used to de-
tect uPADs (Fu, et al. [12]).

The most straightforward and useful of these detection meth-
ods is colorimetry, which was the main method used in pPADs un-
til 2009. The main advantage of paper-based colorimetric devices is
that they don’t require expensive or complex equipment to quickly
and easily detect the presence of a specific analyte based on a colour
shift. However, a number of intrinsic limitations of the colorimetric
method, such as a limited dynamic range, low sensitivity, easy inter-
ference from ambient light, and subjective bias from users, limit it to
qualitative yes/no detections and/or semi-quantitative analysis. In
general, electrochemical paper-based analytical devices, or ePADs,
perform better in terms of sensitivity and accuracy than paper-based
colorimetric analytical devices. Regretfully, complex matrices have
the potential to significantly impair ePADs’ analytical performance,
especially their selectivity. EC detection and optical detection are cur-
rently the two main methods used to detect uPADs (Ding, et al. 2021)
(as shown in Figure 3). In order to overcome these limitations, nano-
materials were utilised to provide sensitive and selective detection
signals on uPADs, given that they and their composites exhibit unique
physical and chemical properties (Quesada-Gonzalez, et al. 2015).
For example, gold nanoparticles (AuNPs) and magnetic nanoparticles
(MNPs) have been used extensively as signal indicators for colorimet-
ric analytical instruments that are based on paper (Patel, et al. [13]).

Copyright@ : Tewodros Mulu and Dessie Tibebe | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009288.

51494


https://dx.doi.org/10.26717/BJSTR.2024.59.009288

Volume 59- Issue 2

DOI: 10.26717/BJSTR.2024.59.009288

(@) 300+

200

G- ‘

Numbers of publications
g

804
40
ﬂ..

015 2016 2017 2018 2019 2020 2021

Year

G

)lﬂl-« o),
4] [k}

100+

50+

Numbers of publications

2015

2016 2017 2018 2019 2020 2021

Year

Figure 3: Annual publication numbers on PADs from 1 January 2015 to 30 October 2021.
a) (1) paper-based analytical devices (2) electrochemical (3) colorimetric (4) fluorescence (5) raman and
b) (1) paper-based analytical devices plus nano- particle/nanoparticles and paper-based analytical devices plus nanoparticle or nanomaterial

plus (2) electrochemical, (3) colorimetric, (4) fluorescence (5) Raman.

Several AuNPs labelled lateral-flow test-strip (LFTS) immuno-
sensors, such as the colloidal gold immunoassay strips for hepatitis
B surface antigen (HBsAg) and human chorionic gonadotropin (HCG),
have been clinically approved for rapid testing. Transition metal di-
chalcogenides (TMDs) and carbon nanomaterials, like graphene and
carbon nanotubes, can be used as functional materials on electrode
surfaces to improve the sensitivities of ePADs by increasing actual
electrode area and accelerating electron transfer (Solhi, et al. [14]).
The phenomenon further improves the ‘PAD’s sensing capabilities.
Consequently, the incorporation of nanomaterials into PADs expands
their applicability and improves their quantitative capabilities (Pang,
et al. [15]). At the moment, a lot of work is being done to employ

novel materials, specifically nanomaterials and their composites, to
increase the WPADs’ capacity for detection (Solhi, et al. [14]). Solhi
[14] discusses the use of electrochemical (EC) techniques such as am-
perometry, potentiometry, voltammetry, electrochemical impedance
spectroscopy (EIS), and photo electrochemistry (PEC) in addition to
colorimetry, surface enhancement Raman scattering (SERS), fluores-
cence, and other optical techniques to detect PADs. Up until 2009, col-
orimetry was one of the main detection methods in pPADs. It is one
of these simple and useful detection methods. Table 1 compares and
summarises the benefits and drawbacks of the four primary pPADs
detection methods (EC, Colorimetric, Fluorometric, and SERS pPADs).

Table 1: The comparison of four representative detection methods of pPADs.

Disadvantages

Limit of Detection

Equipment- dependent, compli-
cated operation, easy interfered
with complex matrices

1 pg mL™ level for AuNPs,

Poor sensitivity, limited to
qualitative or semi- quantitative
analysis

10 pg m L™ level for func-
tionalized AuNDPs,

Reader- dependent

10 pg m L™ level for MOF

Detection Methods The Main Nanomaterials Advantages
AuNPs, graphene, MOF, mul- High sensitivity, rapid
EC pPADs tiple metallic NPs composites | response and easy minia-
and functionalized NPs turization
. . Functionalized AuNPs and simplicity, case of use,
Colorimetric AeNPs. enzvme-like nanoma- naked-eye reading, speed,
uPADs & 4 i,erials affordability, and little
sample consumption
Fluorometric .
WPADs NC, QD, CD, MOF Low cost, easy operation
On-site label-free detection,
SERS pPADs AuNPs and AgNPs offered fingerprint signa-
tures, high sensitivity

Equipment dependent

1 pg m L™ level for AuNPs
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uPADs Environmental Applications in Different
Areas

Paper-based methods are attractive because they enable quick,
low-cost, on-site detection of contaminants and can also be used as
preventive measures for antioxidants, heavy metals, food additives,
air, soil, and water contamination, explosives, quality control issues,
pathogens, and insecticides. Environmental pollution has gained in-
ternational attention as a result of the increase in human activity. In-
dustrialisation has contributed significantly to economic growth, but
the trade-off between environmental conservation and the release
of pollutants and toxic wastes into ecosystems has had unfavourable
effects. From straightforward separation methods to sophisticated re-
mediation technologies, a variety of detection, monitoring, and clean-
up technologies have since been developed. According to Jokerst, et al.
(2012), there are still significant obstacles in the form of the detection
limit and cost of currently available technologies, even though cer-
tain pollutants can be readily captured and retained after established
work on a macro- or industrial scale. Beyond laboratory-on-a-chip
and natural and biological science applications, microfluidic systems
have advanced. The use of microfluidic technologies for environmen-
tal detection is becoming more popular due to their cutting-edge ac-
curacy, promptness, and affordability. Yew and colleagues, 2019.

Microdevices for Monitoring and Detection of Pollutants

Portable sampling devices are emerging in the form of miniatur-
ised analytical equipment and microdevices with fluidic channels.
The development of portable electrochemical instruments A portion
of pollutant sampling has been done using sensors and biosensors.
overcome challenges with laboratory-based analyses, like lengthy
preparation times and sample quality changes beforehand, while
LOC sensors integrated multiple traditional procedures into a single
system. One of the smaller characteristics of microfluidic systems is
rapid response, which has several advantages. Low sample and re-
agent demand, real-time characterisation, and analysis In addition, a
portable microdevice might have sample flow channels, an on-chip
pretreatment section, and a miniature detector that can be connected
to the analytical unit of a full-fledged laboratory (Walker, et al. [16]).

Water Quality: Ensuring safe health through water quality mon-
itoring is of utmost importance. MEMS-based microfluidic devices
are employed in environmental monitoring. Examples of common
sensors are a resistive temperature sensor, a piezoelectric pressure
sensor for depth measurement, and a conductivity cell based on lig-
uid crystalline polymer (LCP). When assessing the quality of water
in a harsh environment, MEMS-based microfluidic devices filled with
polystyrene and epoxy are particularly helpful. Nevertheless, the rel-
ative error is less than 8% in comparison to the reference biosensor
after five days. Ensuring safe health through water quality monitoring
is of utmost importance. MEMS-based microfluidic devices are em-
ployed in environmental monitoring. Examples of common sensors

are a resistive temperature sensor, a piezoelectric pressure sensor for
depth measurement, and a conductivity cell based on liquid crystal-
line polymer (LCP). Polystyrene and epoxy-filled MEMS-based micro-
fluidic devices are helpful for assessing the quality of water in chal-
lenging conditions (Saxenaa [17]).

Nevertheless, the relative error is less than 8% in comparison to
the reference biosensor after five days. Ensuring safe health through
water quality monitoring is of utmost importance. MEMS-based mi-
crofluidic devices are employed in environmental monitoring. Exam-
ples of common sensors are a resistive temperature sensor, a piezo-
electric pressure sensor for depth measurement, and a conductivity
cell based on liquid crystalline polymer (LCP). Centrifugal microfluid-
ics are another kind of colorimetric microfluidic device that is used;
they are capable of simultaneously detecting nitrite, nitrate, ammo-
nium, orthophosphate, and silicate in water samples. It is a revolving
disc-shaped device that needs only 10-30 L of reagent and 500 L of
sample. The ferrowax-based microvalves in this device are exposed
to laser radiation, which regulates the fluid transfer. A laser diode is
used to program the time as the sample and reagents are pumped into
the rotating discs in liquid form (Hwang, et al. [18]). An integrated mi-
crofluidic device called a Microchip Capillary Electrophoresis (MCE)
system can identify perchlorate concentrations in drinking water as
low as 15 parts per billion (ppb). This system’s advantages include
the assay’s sensitivity and quick detection. It’s a portable instrument
that doesn’t need much sample preparation. Nhexadecyl-N,Ndimeth-
yl-3-ammonio-1-propane sulfonate (HDAPS) and N-tetradecyl-N,Ndi-
methyl-3-ammonio-1-propane sulfonate (TDAPS), two zwitter ionic,
sulfobetaine surfactants, are responsible for this device’s high resolu-
tion (Gertsch, et al. [19]).

For Detection of Heavy Metals in Water Samples: It is currently
established that human exposure to metals increases the risk of dis-
ease and death, especially in regions with weak regulations pertain-
ing to water pollution by metals. Even though exposure to metals is
associated with a number of diseases, determining the precise source
of metal exposure is challenging due to the expense of measurement.
Since 2010, coloured metal-ligand complexes have brought attention
to metal quantification with paper-based sensors by being observable
with the unaided eye and/or being reasonably quantifiable with other
optical modalities, like a scanner or camera-phone (Meredith, et al.
[20]). (Shi, et al. [21]) used square wave anodic stripping voltamme-
try (SWASV) to develop an electrochemical uPAD for Pb (II) and Cd (II)
detection. The development of a microfluidic device for the detection
of Pb (II) and Cd (II) in aqueous samples made use of screen-printed
carbon electrodes (SPCE) and filter paper strips. Several analytes in
contaminated aqueous samples were directly measured for Pb (II)
and Cd (II) using a portable microfluidic system (with direct electro-
chemical detection). Commercial salty soda water and dirty ground
water were used as model samples for Pb (II) and Cd (II) detection
in the study.
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The Square Wave Anodic Stripping Voltammetric (SWASV) signal
has been shown to have good analytical performance for Pb (II) and
Cd (II) detection (from 0 to 100 ppb), with low limits of detection
of 2.0 and 2.3 ppb, respectively, according to Jianjun Shi’s analysis.
The selectivity and stability of these devices were also demonstrated
when they were utilised to analyse real samples of gas-dissolved salty
soda water, physically contaminated ground water, and electrochem-
ical uPADs devices. The tool is easy to make, portable, affordable, and
basic in design. Exposure to mercury can have detrimental effects on
human health as well as the environment due to its extreme danger.
Mercury pollution in the environment can be caused by a variety of
factors, including metal mining, industrial waste, bleach manufactur-
ing, agricultural pesticides, and volcanic activity. Because mercury (II)
is soluble in water, it can contaminate vast amounts of water, mak-
ing it one of the most common and stable forms of mercury pollution
(UNEP, 2002). Hg (II) buildup in these vital organs via the food chain
can cause major harm to the brain, neurological system, kidneys,
heart, and endocrine system (Gu, et al. 2011). Thus, it is essential to
continuously check the Hg (II) ion levels in the environment. Because
mercury is so toxic, the US Environmental Protection Agency (USEPA)
limits its presence in drinking water to 0.002 mg/L (Smeenk [22]).

Two real water samples were used to evaluate the AgNPIs/Cu (II)
device that was proposed in a paper by Apilux, et al. [23]. One sam-
ple came from commercially bottled drinking water, and the other
from tap water at home. AgNPIs was utilised to develop a colorimetric
method for Hg (II) ion concentration measurement. The hue transi-
tioned from pinkish violet to pinkish yellow upon the identification
of the Hg (II) ion. The observed phenomenon can be accounted for
by a change in the surface plasmon resonance of AgNPIs, which is
related to the AgNP!’s apparent hue and colour. As one can see with
their own eyes, the colour of the AgNPls begins to fade when Hg (II)
concentrations rise above 25 ppm. However, the system’s quantitative
performance was improved with the aid of digital imaging and soft-
ware processing, and effective applications to real sample analyses
of tap and drinking water revealed a detection limit of 0.12 ppm. The
analytical recoveries for the tap and bottled water, respectively, were
within acceptable ranges of 90-113% and 96-103% when these water
samples were spiked with different concentrations of Hg(II).

The precisions (% RSD) revealed ranges of 3.3-8.6% and 3.2-
4.9%, respectively (Table 2). The two water samples’ Hg(1I) levels are
most likely less than 2 ppb, and the agreement between the detect-
ed and predicted values suggests that their matrices haven’t masked
them. These findings validate the employed detection method and
demonstrate the effectiveness of the method developed here for the
detection of Hg (II) in real water samples. Compared to the other met-
al ions examined, paper-AgNPIs/Cu (II) more favourably selects for
Hg(II). The findings also show that the analytical signal for Hg (II) is

greatly increased when Cu (II) is added to the Ag Nanoplates at the
test zone. When digital camera imaging and software processing are
used, the linear detection range is 5-75 ppm Hg (II) with a limit of
detection of 0.12 ppm, which is demonstrated to greatly increase the
quantitative capabilities of this technology. Using a pre-concentration
method (based on multiple 2 mL administrations of the test Hg (II)
solution over the same test zone), the limit of detection is lowered to
2 ppb. The technology used in this work provides a rapid, sensitive,
and targeted approach for detecting aqueous Hg (II) samples, and is
especially well-suited for remote field and environmental analysis.

Table 2: Determination of Hg (II) levels in real water samples.

Sample Sl % Recovery % RSD
Added Found
0 ND - -
1 1.0370.24 103 4.94
Drinking 5 4.7870.27 96 3.57
water
10 9.6070.32 96 3.2
25 24.7170.33 99 3.24
0 ND - -
1 0.8970.40 90 8.53
Tap water 5 4.5770.29 91 51
10 9.2070.37 92 5.95
25 28.3570.36 113 3.35

Paper-Based Analytical Devices for Detection of Water Con-
tamination: The growing demand for food and water supplies is
placing increasing pressure on the quality and quantity of ground and
surface water. One environmental concern that has grown in impor-
tance in both industrialised and developing countries is the contami-
nation of surface and ground water by nitrate and nitrite. Groundwa-
ter is the main source of drinking water for many people worldwide,
especially in rural areas. It could become contaminated by human
activity or by nature. While nitrate is generally considered safe for
human consumption, it can be poisonous and cause various illnesses,
such as cancer and blue baby syndrome, when it is transformed into
nitrite by denitrifying bacteria in the upper gastrointestinal tract (Mi-
kuska, et al. [24]). The analysis of nitrite and nitrate ions in spiked tap
water was performed using the manufactured uPADs and compared
with a UV-Visible spectrophotometer. Table 1 shows that, when using
uPADs and UV-visible spectrophotometry, respectively, the percent-
age recovery for a nitrite is 95-99% and 98-100%. Similarly, a nitrate
percentage recovery in the range of 96-99% and 96-99 has been ob-
served using uPADs and UV-Visible spectrophotometry, respectively,
as shown in (Table 3).
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Table 3: Nitrite and nitrate analysis in spiked tap water samples using uPADs and UV-Vis spectrometry method.

Nitrite analysis in Tap water Nitrate analysis in Tap water
Amount Percentage Recovery Percentage Recovery Amount Percentage Recovery using Percentage Recovery
spiked(ppm) Using pPADs analysis using UV-Vis analysis | spiked (ppm) PPADs analysis using UV-Vis analysis

0 - - 0 - -

0.5 97.38 100 4 96.19 96.2

0.6 95.39 98 6 97.54 98.27
1 98.74 99.01 8 98.14 98.7

1.2 98.81 100 10 99.03 99.67

This demonstrates the very good agreement between the uPADs
approach and UV-visible spectrophotometry, suggesting that it could
be used to analyse nitrite and nitrate without the need for an expen-
sive benchtop analytical device in resource-constrained areas (Tilaye
T, etal. [25]). (Tilaye T, et al. [25]) claims that they at last suggest a Ni-
trite and nitrate contamination in water samples was measured using
the colorimetric p-PAD made by screen printing method; the results
were compared and confirmed using UV-Vis spectrophotometric anal-
ysis. The u-PAD and UV-Vis spectrophotometry results showed excel-
lent agreement in the nitrite and nitrate analysis of spiked tap-water
and ground water.

For Determination of Orthophosphate in Tap Water: An inorgan-
ic chemical called phosphate is widely used in the manufacturing of
paints and coatings, fertilisers, dispersants, flame-retardants for pa-
per, textiles, plastics, coatings, and other materials, as well as in the
process of preparing potable (drinking) water. Phosphorus is the lim-
iting nutrient in the majority of freshwater systems, and an excess of
it can accelerate eutrophication. The consequences of eutrophication
include algal blooms, aquatic plant growth, problems with taste and
odour, and oxygen depletion in the water column (Kao, et al. 2022).
Because phosphate has a negative impact on the environment, the
WHO set a standard allowable limit of 0.1 mg L-1 for phosphate in
drinking water (Herschy [26]). Phosphorus is the limiting nutrient in
the majority of freshwater systems, and an excess of it can accelerate
eutrophication. The consequences of eutrophication include reduced
oxygen levels in the water column, algal blooms, aquatic plant growth,
and problems with taste and odour. Most detection techniques are ex-
pensive, labour-intensive, and dependent on large quantities of chem-
icals and samples (Esuneh [27]).

According to reports (Esuneh [27]), the amount of reactive phos-
phate in water samples could be determined quickly, easily, and af-
fordably by creating microfluidic paper-based analytical devices
(uPADs) and employing the wax screen-printing technique. Ascorbic
acid and the molybdate/antimony reagent are used in the molybde-
num blue method to determine phosphate. The molybdenum blue
method of measuring phosphate involves the use of ascorbic acid
and the molybdate/antimony reagent. Phosphorus molybdenum blue
complex was produced by adding molybdate/antimony reagent to

the paper’s hydrophilic circle zone prior to spotting the sample and
reducing agent. The complex of colours that resulted was measured
with Image] software. Numerous parameters influencing the phos-
phate determination were optimised with RSM’s Minitab 19.1.2 pro-
gram. The UV-Visible spectrophotometry method and the pPAD meth-
od demonstrated excellent agreement as shown in a Table 4.

Table 4: Reactive phosphate analysis in spiked tap water samples us-

ing p-PADs and UV-Visible spectrophotometry method.

Orthophosphate analysis using UV-Visible
Concentration in Found Concentration
Spiked solution (mg/L) UV Spectrometer UPAD method
method (ppm)
10 10.04 9.85
12.5 12.7 12.1
15 15.06 15.07

For Determination of Iron in Water Samples: A paper-based mi-
crofluidic analytical tool for iron assay that uses photolithography
and a photomask made with a 3D printer to print hydrophilic and
hydrophobic zones on the paper. For patterning paper-based mi-
crofluidic analytical devices, a 3D printer can produce a wide range
of customised photomasks fast, easily, and reasonably (Asano, et al.
[28]). Finally, a colorimetric method for image processing and quanti-
fication based on an iron phenanthroline test that exhibits a colourful
reaction with increasing iron concentration was used in Asano, etal’’s
investigation of iron in water samples (Table 5). Copper (Cu) is an
essential trace element for humans that is involved in numerous bi-
ological processes. AgNP, or silver nanoparticles, self-assembles with
aminothiol compounds on pPADs to deliver Cu. On the other hand,
excessive absorption of Cu would lead to several neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s, and Wilson’s. The Chinese
Standards for Drinking Water Quality and the World Health Organisa-
tion (WHO) set limits of 1 mg/L (15 M) and 1.3 mg/L (20 M) for the
amount of copper ion (Cu**) in drinking water, respectively. Conse-
quently, developing effective methods for monitoring the concentra-
tion of Cu? in drinking water is crucial. Numerous analytical methods,
including atomic absorption spectrometry, electrochemistry, fluores-
cence, and others, have been developed for the sensitive detection of
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Cu*. However, the extent to which these procedures can be performed
is limited by the cost of the sophisticated, high-tech equipment and
the lengthy treatments involved. Thus, the development of a novel,
simple, and useful method for measuring Cu?* is essential. Colorimet-
ric verification was performed on the “Copper Detection” application
of this sensor, which was utilised to measure Cu?* in drinking water
through a traditional addition method (Cao, et al. 2019).

Table 5: Recovery studies of iron added water samples.

Water Concentration of Fe/mM
samples Added Present method Found AAS Found
0 14.23 13.9
River water 9 241 23.8
18 33.2 31.7
0 5.51 5.46
Tap water 9 14.4 14.3
18 23.5 23.3

For Monitoring Organic Molecules in Waste Water Samples: Wa-
ter pollution is a serious environmental problem that affects millions
of people and necessitates routine water quality monitoring. Finding
analytical platforms that combine outstanding sensitivity, selectivity,
and accuracy with portability, affordability, and user-friendliness is
still a challenge. Microfluidic paper-based analytical devices (LPADs)
are recognised as a powerful analytical platform capable of fulfilling
these requirements. According to (Almeida, et al. [8]), organic chem-
icals are being used excessively in daily activities (such as household
and cosmetic items, agricultural) and have become a significant en-
vironmental hazard because they persist in the aquatic environment
and have negative long-term impacts on aquatic biota. Pesticides and
polycyclic aromatic hydrocarbons (PAHs) are organic pollutants that
can have an adverse effect on aquatic ecosystem health. PAHs are
present in home and industrial wastewater, agricultural waste, and
urban runoff. While chromatographic methods (GC-MS and LC-MS)
are widely used to monitor a range of organic contaminants, there is
an increasing need for portable and user-friendly sensors. In this re-
gard, Sun, et al. (2014) developed paper-based devices for pentachlo-
rophenol monitoring for water matrices. By evaluating PCP in sam-
ples that were tampered with, or made with pure drinking water and
river water, researchers were able to evaluate the PEC immunoassay’s
analytical validity as well as its practical applicability. Table illustrates
how well the results obtained with the pPADs approach agreed with
the results obtained with GC-MS. The recoveries 0f0.1,0.5,1.0,10.0,
and 50.0 ng mL-1 of PCP were computed using traditional addition
techniques. Additional PCP recoveries can be measured, and t-tests
showed that the efficiency of the recoveries, which was 100% at a
95% confidence level, did not differ significantly. PCP was tested in
spiked samples with various pollutants to assess the analytical reli-
ability and applicability of the PEC immunoassay.

Detection of Environmental Contaminant & Air Samples

At the point-of-care, microfluidic devices built on Low Tem-
perature Co-fired Ceramic (LTCC) are utilised as protein biosensors,
whole cell-based biosensors, and micro reactors to identify toxins
and environmental contaminants. Sensing the environment is essen-
tial to personalised health.Numerous microorganisms present in air
samples can be identified by resilient and timely disease prevention
and control systems. This apparatus works on the Dielectrophoresis
(DEP) principle, which involves using unique curved electrodes that
attract microorganisms while repelling dust particles to separate an
air sample containing pathogenic microorganisms before detection.
According to Moon, et al. [29], the fundamental mechanism involves
charge-neutral matter travelling at low voltage in an uneven electric
field. By measuring colorimetric changes in dosage-dependent fish
living cells, a sensitive cell biosensor can identify toxins from Salmo-
nella enteritis, Vibrio parahaemolyticus, and Bacillus cereus as well
as other unknown pathogens in water. LEDs are illuminated by chro-
mophores in response to toxins or pathogens, resulting in a change
in colorimetric response (Plant, et al. 2004). They can be employed
in genetically modified forms or as naturally occurring biolumines-
cent bacteria (Girotti, et al. [30]). For microbial detection and other
bio-analysis, microelectromechanical systems technology in micro-
fluidics is employed; however, the most successful method has been
found using a polymerase chain reaction (PCR) microchip or mi-
crodevice with thermocycling detection. There are also devices that
use DNA microarray hybridisation and capillary electrophoresis (CE)
(Zhang, et al. 2006). Prior to now, it was impossible to identify bacte-
ria that were aerosolised and far away. On the other hand, a fibre optic
biosensor for environmental analysis can function as a remotely con-
trolled system and run immunoassays in tandem with an automated
fluidics unit (Saxenaa, 2014).

Measurement of Different Gases: In order to measure gaseous
species for environmental analysis, new microsystems and microde-
vices could be used to monitor various gases (Ohira and Toda, 2008).
Fluorescent cellulosic materials and in situ fluorescent oxygen sens-
ing techniques are used to measure carbon cycling involving cellulo-
lytic respiring microorganisms. These systems will be able to calcu-
late the atmospheric concentration of CO, (Saxenaa, 2014).Moreover,
global , level detection in the atmosphere is made possible by pore
network microfluidic structures that imitate porous media (Grate, et
al. [31]).

For Detection of Particulate Matters: Hydrogen sulphide is a
combustible gas that smells like rotten eggs and is heavier than air.
When its concentration in the air surpasses the olfactory perception
threshold (300 ppb), it may be harmful to human health and cause
symptoms like headaches, nausea, lung irritation, and even death. Ac-
cording to Zhou, et al. [32], hydrogen sulphide is toxic and corrosive,
harming electronic components, metallic surfaces, and concrete. Ac-
cording to AS Petruci, et al. [33], measuring hydrogen sulphide (H2S)
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in air required the creation of a detection system that comprised mer-
cury acetate (FMA), a 470 nm wavelength spectrometer, a light-emit-
ting diode (LED), and a paper substrate infused with fluorescein. With
a LOD of roughly 3 ppb, the apparatus’s reaction time was demon-
strated to be less than 60 s.

Measurement of Polycyclic Aromatic Hydrocarbons (PAHs)

For the purpose of analysing organic compounds like polycyclic
aromatic hydrocarbons (PAHs), another microfluidic device has been
developed. This is a four-layered microchip that offers sensitive and
independent analysis when paired with a microfluidic analyser. The
capillary electrophoresis (CE) phenomenon serves as the foundation
for the Multichannel Mass Organic Analyser (McMOA). This appara-
tus detects benzo[a]pyrene and perylene in samples using a fluores-
cence-based assay. According to Benhabib, et al. [34], it might also be
applied to the analysis of organic compounds for space exploration
and research.

Heavy Metals

A solid-phase bioactive lab-on-paper sensor is a microfluidic de-
vice based on paper that employs the sol-gel method to entrap re-
agents using inkjet printers. In environmental samples like tap water
or lake water, they offer a colorimetric enzymatic assay for -galacto-
sidase (B-GAL) that allows for the simultaneous detection of multiple
heavy metals. Nonetheless, the methodology remains unaffected by
the existence of potassium or sodium ions in water samples (Hossain,
et al. [35]). Mentele, et al. (2012) describe the use of microlitres of
sample for colorimetric detection of Fe, Cu, and Ni in a microfluidic
paper-based device for occupational exposure to metal-containing
aerosols. The multilamination technique was used to create another
microfluidic device. Lead concentrations in environmental samples
can be measured with this instrument (Punjiya, et al. [36]) (Tables
6&7).

Table 6: Determination of total in spiked soil samples with PADs and UV-Viibile spectrometry.

Amount determined before
. Amount found addition
Method Amount s];lnked/ Recovelry Recovery (%)
Hg g Mean image Concentration/ | Mean image | Concentration/ (ks 87)
intensity pg g’ intensity ngg?
p-PADs 360 132.0+1.3 1208 + 57 844+ 810 +126 397 110
UV-Vis Spectropho- 360 1055 735 + 53 320 89
tometry
Table 7: Results of the standard addition of Cu?* in drinking water.
Spiked (pM) Found (pM) Recovery (%) Relative standard deviation (%)

4 4.38 109.5 8.3

10 10.32 103.2 3.9

15 159 106 29

20 20.04 100.2 2.1

For Determination of Total Chromium in Soil Samples: De-
spite their persistence and lack of biodegradability, heavy metals are
a major global health and environmental threat (Arora, et al. 2008).
Human health may be at risk from excessive exposure to trace ele-
ments through the food chain, skin contact, or ingestion of soil-borne
trace elements (Hooda [37]). For the first time, colorimetric-based
uPADs developed by (Muhammed, et al. [38]) in Ethiopia were used
to determine the total Cr in soil collected from an industrial region in
Kombolcha town. They concluded that the total Cr values in all of the
soil samples were higher than permitted. Furthermore, the soils were

found to be moderately to substantially contaminated with Cr when
the geo-accumulation index was used to determine the level of Cr con-
tamination. Table 8 reports the percentage recoveries from the UV-Vis
and pPAD spectrophotometry measurements, which were 89% and
110%, respectively. The two recoveries fall inside the allowed ranges.
The technique based on pPAD was verified through the use of ultravi-
olet-visible (UV-Vis) spectrophotometry. The results of the study have
enormous potential for putting the WHO’s ASSURED policy into prac-
tice, particularly in resource-poor nations like Ethiopia.
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Table 8: Paper based sensors for H2S determination.

Detection Method Response time LOD Sensor
Electrochemical 20 min 15 ppm Polyaniline
Electrochemical 20 min 10 ppm Copper acetate
Optical 15 min 2 ppb Palladium-based
Visual 30 min 30 ppb Bismuth-based
Optical 10s 50 ppb Lead acetate
Optical 2.5 min - Methyl green
Optical 60s 3 ppb Paper-based sensors (WPAD)
Current uPADs System for Environmental time-based pPADs. In count-based detection, the number of bars,
Applications tabs, or spots that turn colour is counted to determine the concen-

Even with their low cost, small sample and reagent volumes, por-
tability, and quick response times, pPADs still have a few obstacles to
overcome before they can be widely used in the field. There have been
few large-scale field demonstrations of pPAD capabilities; one exam-
ple that comes to mind is a biomedical test for transaminase detection
as a marker of drug-induced liver injury. While some research studies
utilising environmental PADIs have documented the examination of
real-world samples returned to the laboratory, these were primarily
small-scale investigations, and the devices are still not as field-ready
as their biomedical equivalents. Sicard, et al.'s recent work is one note-
worthy exception. In their initial trials, they combined smartphone
analysis with paper sensor detection of organophosphate pesticides.
Using the GPS on the smartphone, the outcome, time, and location
of each analysis were uploaded to a central web server. The benefits
that this collaborative mapping technique offers can be used for early
detection or for large-scale, long-term environmental monitoring of
hotspots for contamination.

Widespread implementation of a rapid response test requires
on-site analysis. Colorimetric detection has proven to be one of the
easiest (and least expensive) techniques for determining the target.
Differentiating colour intensity visually (i.e., without the use of optical
instruments) is semi-quantitative and has been demonstrated to dif-
fer between individuals. While colorimetric detection with the aid of
a scanner or camera for image acquisition can increase method accu-
racy, it can also limit field use and increase analysis costs. Some have
recently reported semi-quantitative alternatives to intensity-based
colorimetry that do not require imaging, like count-, distance-, and

tration. Using an on- or off-device ruler, one can measure the distance
of continuous colour development along a channel to accomplish
distance-based quantification. By using a time-based quantification
method, the concentration of a test zone and a control zone is cor-
related with the time difference for colour development.

Since smartphones and camera phones are now widely available,
the cost of developing new sensors has dramatically dropped because
the phone serves as both a data transmission source and a detector.
For instance, new software has been created to use a smartphone to
perform intensity-based colorimetric measurements in the field. A
colorimetric pPAD for assessing water’s pH and nitrite content simul-
taneously was recently described by Lopez-Ruiz et al. (Figures 4 &
5). The pPAD was photographed using a specialised smartphone ap-
plication, and the hue-saturation-brightness indices were correlated
with the pH and nitrite concentration of the solution using a software
algorithm. By creating an application to show the ideal angle and dis-
tance between the user and the finished device, Park et al. extended
this technique. Electrochemical measurements on uPADs have also
been conducted using smartphone analysis protocols. For instance,
Delaney et al. recently described a method in which they adjusted
the audio output’s waveform and amplitude using a smartphone as
a potentiostat. Furthermore, some devices have implemented quick
response (QR) codes, which may be used in the future to communi-
cate essential diagnostic or identifying information about the sample
without requiring user input. The identification of samples would fa-
cilitate automated and enhanced collection of field data. Subsequent
instances employing smartphone technology will persist in trans-
forming PAD application, permitting additional field implementation.
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Figure 4: Outline of nanomaterial-based paper based analytical devises.
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Figure 5: Use of a smartphone to conduct intensity-based measurements.

In bench research, the nanomaterial-based PADs have achieved
remarkable success in sensing a wide range of targets, including ions,
small molecules, nucleic acids, proteins, and pathogens. Nevertheless,
only a small number of proof-of-principle analytical devices have
been turned into commercial goods (Pang, et al. 2022).

In order to improve the longevity, robustness, and reliability of
real-time monitoring, more efforts should be made to develop novel
strategies. These strategies primarily depend on the synthesis of ad-

. Smartphone
- ———
.’-
: -
4

Image-processing
Foandraial + Chaow(

vanced nanomaterials, the introduction of multiple detection modes
and a new sensing mechanism, the development of a trustworthy mi-
crofabricating methodology/standard, and the simplification of de-
tection procedures. The next generation of PADs will be multiplexed,
easy to use, and affordable. They will be capable of on-site qualitative
and quantitative analysis using portable devices like wearable elec-
tronics and smartphones, as well as by using the naked eye (Table 9)
[39-80].
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Table 9: Determination of total Cr in spiked soil samples with uPADs and UV-Vis spectrometry.

Amount determined before
. Amount found addition
Method Amount s?lked Recov_elry Recovery%
ug g Mean image Concentration | Mean image | Concentration Lg s
intensity ug gt intensity ug g™t
pu-PADs 360 132.0+1.3 1208 + 57 84.4 810 £126 397 110
UV-Vis Spectrophotometry 360 - 1055 - 735+53 320 89

Conclusion and Future Perspectives

Paper-based assays have been widely used in chemical research
since their first applications, beginning with litmus filter substrate.
Developing analytical devices using filter paper as a resource for
investigation was initially slow. Since 2007, this field of study has
exploded. The newest generation of lab-on-a-chip technologies, mi-
crofluidic paper-based analytical devices (LPADs), have achieved con-
siderable advancements in both our comprehension of fundamental
behavior and performance characteristics and the development of
their applications. Microfluidic paper-based instruments for detect-
ing various antioxidants, heavy metals, food additives, contaminants
in the air, soil, and water, explosives, quality-control problems, diseas-
es, analyses, pesticides, and insecticides that have been documented
to date in light of the a for ementioned issues and analysis, p{PADs
are a developing technology that, especially in situations with limit-
ed resources, offers quick, affordable, and simple-to-use advantages.
Although the area of microfluidic paper-based sensors has grown
quickly, there are still many problems to be solved pPADs’ analytical
performance, including sensitivity, selectivity, repeatability, stability,
and multiplexed analysis, can be enhanced by using nanomaterials
and nanotechnology.

Microfluidic devices have the advantages of being simple to use,
inexpensive to produce, and simple to dispose of after use. Traditional
instruments such as atomic absorption spectroscopy (AAS), atomic
emission spectroscopy (AES), and inductively coupled plasma spec-
troscopy (ICP-MS) are overcome by this technology. Because these
instruments are costly and difficult to obtain, the advancement of
microfluidics will soon overcome all disadvantages. The disadvan-
tage of microscale detection is that microfluidic channels can become
clogged by fine particulate matter or bubble formation; however,
using fine filters at the sampling point can reduce clogging but is an
expensive approach. The molecular mechanism of the microfluidic
electrolytic cell (MEC) is unknown. Because on-line sample prepara-
tion on the PCR microfluidics takes longer, several improvements for
automated rapid detection are still required. The demand for more ef-
ficient technologies to restore ecosystems appears to have increased
interest in the research and development of microfluidic technologies
for environmental applications.

While traditional applications of microfluidics have focused on
detection and analysis, droplet-based microfluidics has recently fo-

cused on the development of functional microparticles for environ-
mental remediation. However, the greatest challenge for the use of
microfluidic systems in the effective treatment of water and air pol-
lutants remains the technical and economic barriers to industrializ-
ing microsystems or micro technologies so that they can be employed
or retrofitted into currently available industrial technologies. The
majority of microsystems today are generally limited to a “one-de-
sign-one-application” basis, which means that more customization
work is required to expand the functionality for other applications
due to highly functionalized design for each system. Without a doubt,
microfluidic technology is still in its infancy and is an emerging area
of technological development with enormous potential, particularly
in the field of environmental care. Microfluidics academic research is
required for the development of new nanomaterials, processes, and
functionalities. Standardization, automation, and high throughput
should be the focus of the research.

Declaration
Ethics Approval and Consent to Participate
“Not Applicable (NA)".
Consent for Publication
“Not Applicable (NA)".
Availability of Data and Materials
Not Available.
Competing Interests
The authors declare that there is no competing interest.
Funding
Funding is not applicable for this review.
Authors’ Contributions

The author compiled the manuscript and edited the manuscript.
All authors read and approved the final manuscript.

Acknowledgements

The authors gratefully acknowledged Chemistry Department,
College of Natural and Computational Sciences, University of Gondar,
for its support.

Copyright@ : Tewodros Mulu and Dessie Tibebe | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009288.

51503


https://dx.doi.org/10.26717/BJSTR.2024.59.009288

Volume 59- Issue 2

DOI: 10.26717/BJSTR.2024.59.009288

Authors’ Contributions

Tewodros and Dessie contributed to the conception of the study.

Tewodros organized conducted the literature search, interpreted the
data and prepared the manuscript. Dessie and Yezbie, the supervisors

of the review paper took part in interpreting the data, Dessie, Agmas,

Marye and Zerubabel provided guidance on the review of the litera-
ture and the direction of the work, and made critical revisions that

substantially improved the manuscript. The author(s) read and ap-
proved the final manuscript.

References

1.

10.

11.

12.

13.

14.

Bertinelli L, Strobl E,Zou B (2011) Sustainable Economic Development
and the Environment: Theory and Evidence. SSRN Electronic Journal.

Banerjee I (2019) Point of care microfluidic tool development for resource
limited settings Indradumna Banerjee.

Rahbar M (2019) Distance-Based Microfluidic Paper Analytical Devices
for Portable, Low-Cost, and Rapid Analyses.

Xu Li, David R Ballerini, Wei Shen (2012) A perspective on paper-based
microfluidics: Current status and future trends. Biomicrofluidics 6(1):
11301-1130113.

Guan-Hua Chen, Wei-Yu Chen, Yu-Chun Yen, Chia-Wei Wang, Huan-Tsung
Chang, et al. (2014) Detection of mercury (II) ions using colorimetric gold
nanoparticles on paper-based analytical devices. Analytical Chemistry
86(14): 6843-6849.

Ganesan Sriram, Mahesh P Bhat, Pravin Patil, Uluvangada T Uthappa, Ho-
Young Jung, et al. (2017) Paper-based microfluidic analytical devices for
colorimetric detection of toxic ions: A review. TrAC - Trends in Analytical
Chemistry 93: 212-227.

David M Cate, Jaclyn A Adkins, Jaruwan Mettakoonpitak, Charles S Henry
(2014) Recent Developments in Paper-Based Microfluidic Devices Recent
Developments in Paper-Based Microfluidic Devices. Anal Chem 87(1): 19-
41.

M Inés G S Almeida, B Manori Jayawardane, Spas D Kolev, lan D McKel-
vie (2018) Developments of microfluidic paper-based analytical devices
(HPADs) for water analysis: A review. Talanta 177: 176-190.

Selvakumar B, Kathiravan A (2021) Sensory materials for microfluidic pa-
per based analytical devices - A review. Talanta 235: 122733.

Mario E Barocio, Enrique Hidalgo-Vazquez, Yuna Kim, Laura Isabel Ro-
das-Zuluaga, Wei-Ning Chen, et al. (2021) Portable microfluidic devices
for in-field detection of pharmaceutical residues in water: Recent out-
comes and current technological situation - A short review. Case Studies
in Chemical and Environmental Engineering.

Jiang W, Li M, Chen Z, Leong KW (2017) Cell-laden Microfluidic Microgels
for Tissue Regeneration. 16(23): 4482-4506.

Fu LM, Wang YN (2018) Detection methods and applications of microflu-
idic paper-based analytical devices. TrAC - Trends in Analytical Chemistry
107:196-211.

Patel S, Jamunkar R, Sinha D, Monisha Patle, TK, Kant T, et al. (2021) Re-
cent development in nanomaterials fabricated paper-based colorimetric
and fluorescent sensors: A review. Trends in Environmental Analytical
Chemistry, p. e00136.

Solhi E, Hasanzadeh M, Babaie P (2020) Electrochemical paper-based ana-
lytical devices (ePADs) toward biosensing: Recent advances and challeng-
es in bioanalysis. Analytical Methods 12(11): 1398-1414.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Pang R, Zhu Q, Wei ], Meng X, Wang Z (2022) Enhancement of the Detec-
tion Performance of Paper-Based Analytical Devices by Nanomaterials.
Molecules 27(2): 1-31.

Walker JM, Rasooly A, Herold KE (2020) Biosensors and Biodetection.

Saxenaa K (2014) Applications of Integrated Microfluidic Devices in Envi-
ronmental Monitoring: A Review 128: 521-530.

Hyundoo Hwang, Yubin Kim, Juhye Cho, Ji-yoon Lee, Man-Sik Choi, et al.
(2013) Lab-on-a-Disc for Simultaneous Determination of Nutrients in Wa-
ter. Anal Chem 85(5): 2954-2960.

Jana C Gertsch, Scott D Noblitt, Donald M Cropek, Charles S Henry (2010)
Rapid Analysis of Perchlorate in Drinking Water at Electrophoresis. Let-
ters to Analytical Chemistry 82(9): 3426-3429.

Meredith NA, Quinn C, Cate DM, Reilly TH, Volckens ], et al. (2016) Pa-
per-based analytical devices for environmental analysis. Analyst 141(6):
1874-1887.

Shi ], Tang F, Xing H, Zheng H, Bi L, et al. (2012) Electrochemical Detection
of Pb and Cd in Paper-Based Microfluidic Devices 23(6): 1124-1130.

Smeenk JGMM (1983) Drinking water contaminants [2]. Environmental
Science and Technology 17(9): 21-23.

Apilux A, Siangproh W, Praphairaksit N, Chailapakul O (2012) Talanta Sim-
ple and rapid colorimetric detection of Hg (II) by a paper-based device
using silver nanoplates. Talanta 97: 388-394.

Mikuska P, Vecera Z (2003) Simultaneous determination of nitrite and
nitrate in water by chemiluminescent flow-injection analysis. Analytica
Chimica Acta 495(1-2): 225-232.

Tilaye T (2020) Development of Microfluidic Paper-Based Analytical
Device (LPAD) for the Determination of Nitrite and Nitrate lon in Water
Samples. Thesis Submitted to Center for Environmental Science in Partial
Fulfillment of the Requirement for the Degree of Master of Science in En-
vironmental Science.

Herschy RW (2012) Water quality for drinking: WHO guidelines. Encyclo-
pedia of Earth Sciences Series, pp. 876-883.

Esuneh Y (2021) Development of a Low- Cost, Simple and Rapid Micro-
fluidic Paper- Based Analytical Device (LPAD) for the Determination of
Orthophosphate in Water.

Asano H, Shiraishi Y (2015) Development of paper-based microfluidic
analytical device for iron assay using photomask printed with 3D printer
for fabrication of hydrophilic and hydrophobic zones on paper by photoli-
thography. Analytica Chimica Acta 883: 55-60.

Moon HS, Nam YW, Jae CP, Jung H 11 (2009) Dielectrophoretic separation
of airborne microbes and dust particles using a microfluidic channel for
real-time bioaerosol monitoring. Environmental Science and Technology
43(15): 5857-5863.

Girotti S, Ferri EN, Fumo MG, Maiolini E (2008) Monitoring of environmen-
tal pollutants by bioluminescent bacteria. Analytica Chimica Acta 608(1):
2-29.

Grate JW, Zhang C, Wilkins M, Warner MG, Anheier NC, et al. (2013) Chem-
ical sensing and imaging in microfluidic pore network structures relevant
to natural carbon cycling and industrial carbon sequestration. Micro- and
Nanotechnology Sensors, Systems, and Applications V 8725: 872522.

Zhou X, Lee S, Xu Z, Yoon ] (2015) Recent Progress on the Development of
Chemosensors for Gases. Chemical Reviews 115(15): 7944-8000.

Petruci JFDS, Cardoso AA (2016) Portable and Disposable Paper-Based
Fluorescent Sensor for in Situ Gaseous Hydrogen Sulfide Determination in
Near Real-Time. Analytical Chemistry 88(23): 11714-11719.

Copyright@ : Tewodros Mulu and Dessie Tibebe | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009288.

51504


https://dx.doi.org/10.26717/BJSTR.2024.59.009288
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=926523
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=926523
https://pubmed.ncbi.nlm.nih.gov/22662067/
https://pubmed.ncbi.nlm.nih.gov/22662067/
https://pubmed.ncbi.nlm.nih.gov/22662067/
https://pubmed.ncbi.nlm.nih.gov/24932699/
https://pubmed.ncbi.nlm.nih.gov/24932699/
https://pubmed.ncbi.nlm.nih.gov/24932699/
https://pubmed.ncbi.nlm.nih.gov/24932699/
https://www.sciencedirect.com/science/article/abs/pii/S016599361730105X
https://www.sciencedirect.com/science/article/abs/pii/S016599361730105X
https://www.sciencedirect.com/science/article/abs/pii/S016599361730105X
https://www.sciencedirect.com/science/article/abs/pii/S016599361730105X
https://pubmed.ncbi.nlm.nih.gov/25375292/
https://pubmed.ncbi.nlm.nih.gov/25375292/
https://pubmed.ncbi.nlm.nih.gov/25375292/
https://pubmed.ncbi.nlm.nih.gov/25375292/
https://pubmed.ncbi.nlm.nih.gov/29108573/
https://pubmed.ncbi.nlm.nih.gov/29108573/
https://pubmed.ncbi.nlm.nih.gov/29108573/
https://pubmed.ncbi.nlm.nih.gov/34517601/
https://pubmed.ncbi.nlm.nih.gov/34517601/
https://www.sciencedirect.com/science/article/pii/S2666016420300670
https://www.sciencedirect.com/science/article/pii/S2666016420300670
https://www.sciencedirect.com/science/article/pii/S2666016420300670
https://www.sciencedirect.com/science/article/pii/S2666016420300670
https://www.sciencedirect.com/science/article/pii/S2666016420300670
https://pmc.ncbi.nlm.nih.gov/articles/PMC5110393/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5110393/
https://www.researchgate.net/publication/327355610_Detection_Methods_and_Applications_of_Microfluidic_Paper-Based_Analytical_Devices
https://www.researchgate.net/publication/327355610_Detection_Methods_and_Applications_of_Microfluidic_Paper-Based_Analytical_Devices
https://www.researchgate.net/publication/327355610_Detection_Methods_and_Applications_of_Microfluidic_Paper-Based_Analytical_Devices
https://ui.adsabs.harvard.edu/abs/2021TEAC...3100136P/abstract
https://ui.adsabs.harvard.edu/abs/2021TEAC...3100136P/abstract
https://ui.adsabs.harvard.edu/abs/2021TEAC...3100136P/abstract
https://ui.adsabs.harvard.edu/abs/2021TEAC...3100136P/abstract
https://pubs.rsc.org/en/content/articlelanding/2020/ay/d0ay00117a
https://pubs.rsc.org/en/content/articlelanding/2020/ay/d0ay00117a
https://pubs.rsc.org/en/content/articlelanding/2020/ay/d0ay00117a
https://www.researchgate.net/publication/357881137_Enhancement_of_the_Detection_Performance_of_Paper-Based_Analytical_Devices_by_Nanomaterials
https://www.researchgate.net/publication/357881137_Enhancement_of_the_Detection_Performance_of_Paper-Based_Analytical_Devices_by_Nanomaterials
https://www.researchgate.net/publication/357881137_Enhancement_of_the_Detection_Performance_of_Paper-Based_Analytical_Devices_by_Nanomaterials
https://pubmed.ncbi.nlm.nih.gov/23320485/
https://pubmed.ncbi.nlm.nih.gov/23320485/
https://pubmed.ncbi.nlm.nih.gov/23320485/
https://pubmed.ncbi.nlm.nih.gov/20334437/
https://pubmed.ncbi.nlm.nih.gov/20334437/
https://pubmed.ncbi.nlm.nih.gov/20334437/
https://pubs.rsc.org/en/content/articlelanding/2016/an/c5an02572a
https://pubs.rsc.org/en/content/articlelanding/2016/an/c5an02572a
https://pubs.rsc.org/en/content/articlelanding/2016/an/c5an02572a
https://www.researchgate.net/publication/262650701_Electrochemical_Detection_of_Pb_and_Cd_in_Paper-Based_Microfluidic_Devices
https://www.researchgate.net/publication/262650701_Electrochemical_Detection_of_Pb_and_Cd_in_Paper-Based_Microfluidic_Devices
https://www.researchgate.net/publication/222070559_Simultaneous_determination_of_nitrite_and_nitrate_in_water_by_chemiluminescent_flow-injection_analysis
https://www.researchgate.net/publication/222070559_Simultaneous_determination_of_nitrite_and_nitrate_in_water_by_chemiluminescent_flow-injection_analysis
https://www.researchgate.net/publication/222070559_Simultaneous_determination_of_nitrite_and_nitrate_in_water_by_chemiluminescent_flow-injection_analysis
https://link.springer.com/referenceworkentry/10.1007/978-1-4020-4410-6_184
https://link.springer.com/referenceworkentry/10.1007/978-1-4020-4410-6_184
https://pubmed.ncbi.nlm.nih.gov/26088776/
https://pubmed.ncbi.nlm.nih.gov/26088776/
https://pubmed.ncbi.nlm.nih.gov/26088776/
https://pubmed.ncbi.nlm.nih.gov/26088776/
https://pubmed.ncbi.nlm.nih.gov/19731688/
https://pubmed.ncbi.nlm.nih.gov/19731688/
https://pubmed.ncbi.nlm.nih.gov/19731688/
https://pubmed.ncbi.nlm.nih.gov/19731688/
https://pubmed.ncbi.nlm.nih.gov/18206990/
https://pubmed.ncbi.nlm.nih.gov/18206990/
https://pubmed.ncbi.nlm.nih.gov/18206990/
https://pubmed.ncbi.nlm.nih.gov/25651137/
https://pubmed.ncbi.nlm.nih.gov/25651137/
https://pubmed.ncbi.nlm.nih.gov/27807968/
https://pubmed.ncbi.nlm.nih.gov/27807968/
https://pubmed.ncbi.nlm.nih.gov/27807968/

Volume 59- Issue 2

DOI: 10.26717/BJSTR.2024.59.009288

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Benhabib M, Chiesl TN, Stockton AM, Seherer JR, Mathies RA (2010) Mul-
tichannel capillary electrophoresis microdevice and instrumentation for
in situ planetary analysis of organic molecules and biomarkers. Analytical
Chemistry 82(6): 2372-2379.

Hossain SMZ, Brennan JD (2011) B-Galactosidase-based colorimetric
paper sensor for determination of heavy metals. Analytical Chemistry
83(22): 8772-8778.

Punjiya M, Moon CH, Chen Y, Sonkusale S (2016) Origami microfluidic pa-
per-analytical-devices (omPAD) for sensing and diagnostics. Proceedings
of the Annual International Conference of the IEEE Engineering in Medi-
cine and Biology Society, EMBS, pp. 307-310.

Hooda PS (2010) Introduction. Trace Elements in Soils. Trace Elements
in Soils, p. 1-8.

Muhammed A, Hussen A, Redi M, Kaneta T (2021) Remote Investigation of
Total Chromium Determination in Environmental Samples of the Kombol-
cha Industrial Zone, Ethiopia, Using Microfluidic Paper-based Analytical
Devices. Analytical Sciences 37(4): 585-592.

Agah H, Leermakers M, Elskens M, Fatemi SMR, Baeyens W (2009) Accu-
mulation of trace metals in the muscle and liver tissues of five fish species
from the Persian Gulf. Environmental Monitoring and Assessment 157(1-
4): 499-514.

Frederic Bedin, Laurent Boulet, Elodie Voilin, Gerald Theillet, Agnes
Rubens, et al. (2017) Paper-based point-of-care testing for cost-effective
diagnosis of acute flavivirus infections. Journal of Medical Virology 89(9):
1520-1527.

Blainski A, Lopes GC, De Mello JCP (2013) Application and analysis of the
folin ciocalteu method for the determination of the total phenolic content
from limonium brasiliense L. Molecules 18(6): 6852-6865.

Broder TL, Silvester DS, Aldous L, Hardacre C, Compton RG (2007) Elec-
trochemical oxidation of nitrite and the oxidation and reduction of NO2
in the room temperature ionic liquid [C2mim][NTf 2]. Journal of Physical
Chemistry B 111(27): 7778-7785.

Cai L, Xu C, Lin SH, Luo J, Wu M, et al. (2014) A simple paper-based sensor
fabricated by selective wet etching of silanized filter paper using a paper
mask. Biomicrofluidics 8(5): 2-10.

Carrilho E, Martinez AW, Whitesides GM (2009) Understanding Wax
Printing: A Simple Micropatterning Process for Paper-Based Microfluidics
81(16): 7091-7095.

Chowdhary S, Bhattacharyya R, Banerjee D (2014) Acute organophospho-
rus poisoning. Clinica Chimica Acta 431: 66-76.

Curto VF, Lopez-Ruiz N, Capitan-Vallvey LF, Palma A], Benito-Lopez F, et al.
(2013) Fast prototyping of paper-based microfluidic devices by contact
stamping using indelible ink. RSC Advances 3(41): 18811-18816.

Das S, Bhatia R (2022) Paper - based micro fluidic devices: Fabrication,
detection, and significant applications in various fields, pp. 112-136.

Ding R, Cheong YH, Ahamed A, Lisak G (2021) Heavy Metals Detection
with Paper-Based Electrochemical Sensors. Analytical Chemistry 93(4):
1880-1888.

Fang (2016) Structure, Function, and Evolution of Coronavirus Spike Pro-
teins. Annual Review of Virology, pp. 237-261.

Fortunato FM, Catelani TA, Pomares-Alfonso MS, Pereira-Filho ER (2019)
Application of multi-energy calibration for determination of chromium
and nickel in nickeliferous ores by laser-induced breakdown spectrosco-
py. Analytical Sciences 35(2): 165-168.

Ghosh R, Gopalakrishnan S, Savitha R, Renganathan T, Pushpavanam S

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

(2019) Fabrication of laser printed microfluidic paper-based analytical
devices (LP-uPADs) for point-of-care applications. Scientific Reports 9(1):
1-11.

Hauge SJ, Nesbakken T, Skjerve E, Dommarsnes K, @stensvik @ (2010)
Evaluation of the SimPlate method for enumeration of Escherichia coli in
swab samples from beef and lamb carcasses. International Journal of Food
Microbiology 142(1-2): 229-233.

Jokerst JC, Emory JM, Henry CS (2012) Advances in microfluidics for envi-
ronmental analysis. Analyst 137(1): 24-34.

Kar S, Maiti TK, Chakraborty S (2015) Capillarity-driven blood plasma
separation on paper-based devices. Analyst 140(19): 6473-6476.

Koczula KM, Gallotta A (2016) Lateral flow assays. Essays in Biochemistry
60(1): 111-120.

Lamas-Ardisana PJ, Martinez-Paredes G, Afiorga L, Grande HJ (2018) Glu-
cose biosensor based on disposable electrochemical paper-based trans-
ducers fully fabricated by screen-printing. Biosensors and Bioelectronics
109: 8-12.

Lan W, Zou XU, Hamedi MM, Hu J, Parolo C, et al. (2014) Paper-Based Po-
tentiometric Ion Sensing.

Lee CG, Fletcher TD, Sun G (2009) Nitrogen removal in constructed wet-
land systems. Engineering in Life Sciences 9(1): 11-22.

Li X, Tian ], Garnier G, Shen W (2010) Colloids and Surfaces B: Biointer-
faces Fabrication of paper-based microfluidic sensors by printing 76: 564-
570.

Liu W, Kou J, Xing H, Li B (2014) Biosensors and Bioelectronics Pa-
per-based chromatographic chemiluminescence chip for the detection of
dichlorvos in vegetables. Biosensors and Bioelectronic 52: 76-81.

Loo (2019) Integrated Printed Microfluidic Biosensors.

Ma S, Tang Y, Liu ], Wu ] (2014) Visible paper chip immunoassay for rapid
determination of bacteria in water distribution system. Talanta 120: 135-
140.

Maattianen A, Fors D, Wang S, Valtakari D, Ihalainen P, et al. (2011) Pa-
per-based planar reaction arrays for printed diagnostics. Sensors and Ac-
tuators, B: Chemical 160(1): 1404-1412.

Mao X, Huang T] (2012) Microfluidic diagnostics for the developing world.
Lab on a Chip 12(8): 1412-1416.

Martinez AW, Phillips ST, Butte MJ, Whitesides GM (2007) Patterned paper
as a platform for inexpensive, low-volume, portable bioassays. Angewand-
te Chemie - International Edition 46(8): 1318-1320.

Martinez AW, Phillips ST, Whitesides GM (2010) Diagnostics for the Devel-
oping World Microfluidic. 82(1): 3-10.

Nahavandi S, Baratchi S, Soffe R, Tang SY, Nahavandi S, et al. (2014) Micro-
fluidic platforms for biomarker analysis. Lab on a Chip 14(9): 1496-1514.

Nishat S, Jafry AT, Martinez AW, Awan FR (2021) Paper-based microfluid-
ics: Simplified fabrication and assay methods. Sensors and Actuators, B:
Chemical, pp. 336.

Nuchtavorn N, Macka M (2016) A novel highly flexible, simple, rapid and
low-cost fabrication tool for paper-based microfluidic devices (LPADs)
using technical drawing pens and in-house formulated aqueous inks. An-
alytica Chimica Acta.

Priyadarsini (2017) Development of Microfluidic Paper Based Analtyical
Device (M -Pad) Using 3D Printing for Wound Fluid Analysis Master of
Technology, Clinical Engineering.

Copyright@ : Tewodros Mulu and Dessie Tibebe | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009288.

51505


https://dx.doi.org/10.26717/BJSTR.2024.59.009288
https://pubmed.ncbi.nlm.nih.gov/20151682/
https://pubmed.ncbi.nlm.nih.gov/20151682/
https://pubmed.ncbi.nlm.nih.gov/20151682/
https://pubmed.ncbi.nlm.nih.gov/20151682/
https://pubs.acs.org/doi/10.1021/ac202290d
https://pubs.acs.org/doi/10.1021/ac202290d
https://pubs.acs.org/doi/10.1021/ac202290d
https://pubmed.ncbi.nlm.nih.gov/33041309/
https://pubmed.ncbi.nlm.nih.gov/33041309/
https://pubmed.ncbi.nlm.nih.gov/33041309/
https://pubmed.ncbi.nlm.nih.gov/33041309/
https://pubmed.ncbi.nlm.nih.gov/18850288/
https://pubmed.ncbi.nlm.nih.gov/18850288/
https://pubmed.ncbi.nlm.nih.gov/18850288/
https://pubmed.ncbi.nlm.nih.gov/18850288/
https://pubmed.ncbi.nlm.nih.gov/28295400/
https://pubmed.ncbi.nlm.nih.gov/28295400/
https://pubmed.ncbi.nlm.nih.gov/28295400/
https://pubmed.ncbi.nlm.nih.gov/28295400/
https://pubmed.ncbi.nlm.nih.gov/23752469/
https://pubmed.ncbi.nlm.nih.gov/23752469/
https://pubmed.ncbi.nlm.nih.gov/23752469/
https://pubmed.ncbi.nlm.nih.gov/17571880/
https://pubmed.ncbi.nlm.nih.gov/17571880/
https://pubmed.ncbi.nlm.nih.gov/17571880/
https://pubmed.ncbi.nlm.nih.gov/17571880/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4290572/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4290572/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4290572/
https://pubmed.ncbi.nlm.nih.gov/20337388/
https://pubmed.ncbi.nlm.nih.gov/20337388/
https://pubmed.ncbi.nlm.nih.gov/20337388/
https://pubmed.ncbi.nlm.nih.gov/24508992/
https://pubmed.ncbi.nlm.nih.gov/24508992/
https://pubs.rsc.org/en/content/articlelanding/2013/ra/c3ra43825b
https://pubs.rsc.org/en/content/articlelanding/2013/ra/c3ra43825b
https://pubs.rsc.org/en/content/articlelanding/2013/ra/c3ra43825b
https://link.springer.com/article/10.2116/analsci.18P286
https://link.springer.com/article/10.2116/analsci.18P286
https://link.springer.com/article/10.2116/analsci.18P286
https://link.springer.com/article/10.2116/analsci.18P286
https://pubmed.ncbi.nlm.nih.gov/31133720/
https://pubmed.ncbi.nlm.nih.gov/31133720/
https://pubmed.ncbi.nlm.nih.gov/31133720/
https://pubmed.ncbi.nlm.nih.gov/31133720/
https://pubmed.ncbi.nlm.nih.gov/20659776/
https://pubmed.ncbi.nlm.nih.gov/20659776/
https://pubmed.ncbi.nlm.nih.gov/20659776/
https://pubmed.ncbi.nlm.nih.gov/20659776/
https://pubs.rsc.org/en/content/articlelanding/2012/an/c1an15368d
https://pubs.rsc.org/en/content/articlelanding/2012/an/c1an15368d
https://pubmed.ncbi.nlm.nih.gov/26270006/
https://pubmed.ncbi.nlm.nih.gov/26270006/
https://pubmed.ncbi.nlm.nih.gov/27365041/
https://pubmed.ncbi.nlm.nih.gov/27365041/
https://www.sciencedirect.com/science/article/abs/pii/S0956566318301623
https://www.sciencedirect.com/science/article/abs/pii/S0956566318301623
https://www.sciencedirect.com/science/article/abs/pii/S0956566318301623
https://www.sciencedirect.com/science/article/abs/pii/S0956566318301623
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/elsc.200800049
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/elsc.200800049
https://pubmed.ncbi.nlm.nih.gov/20097546/
https://pubmed.ncbi.nlm.nih.gov/20097546/
https://pubmed.ncbi.nlm.nih.gov/20097546/
https://pubmed.ncbi.nlm.nih.gov/24021659/
https://pubmed.ncbi.nlm.nih.gov/24021659/
https://pubmed.ncbi.nlm.nih.gov/24021659/
https://pubmed.ncbi.nlm.nih.gov/24468352/
https://pubmed.ncbi.nlm.nih.gov/24468352/
https://pubmed.ncbi.nlm.nih.gov/24468352/
https://www.researchgate.net/publication/235346476_Paper-based_planar_reaction_arrays_for_printed_diagnostics
https://www.researchgate.net/publication/235346476_Paper-based_planar_reaction_arrays_for_printed_diagnostics
https://www.researchgate.net/publication/235346476_Paper-based_planar_reaction_arrays_for_printed_diagnostics
https://pubs.rsc.org/en/content/articlelanding/2012/lc/c2lc90022j
https://pubs.rsc.org/en/content/articlelanding/2012/lc/c2lc90022j
https://pubmed.ncbi.nlm.nih.gov/24663505/
https://pubmed.ncbi.nlm.nih.gov/24663505/

Volume 59- Issue 2

DOI: 10.26717/BJSTR.2024.59.009288

71.

72.

73.

74.

75.

Ruecha N, Chailapakul O, Suzuki K, Citterio D (2017) Fully Inkjet-Printed
Paper-Based Potentiometric Ion-Sensing Devices. Analytical Chemistry
89(19): 10608-10616.

Shayne L, Busa A, Mohammadi S, Maeki M, Ishida A (2016) Advances in
Microfluidic Paper-Based Analytical Devices for Food and Water Advances
in Microfluidic Paper-Based Analytical Devices for Food and Water Anal-
ysis.

Shin W, Park T (2019) Paper and paper microfluidics for analytical devices
and sensors. Palpu Chongi Gisul/Journal of Korea Technical Association of
the Pulp and Paper Industry 51(3): 77-89.

Steinhard ], Krijn J,Leidy JG (1971) Differences between Bovine and Hu-
man Serum Albumins: Binding Isotherms, Optical Rotatory Dispersion,
Viscosity, Hydrogen lon Titration, and Fluorescence Effects. Biochemistry
10(22): 4005-4015.

Wang (2017) Development of a paper-based, inexpensive, and disposable
electrochemical sensing platform for nitrite detection. Electrochemistry
Communications.

ISSN: 2574-1241

DOI: 10.26717/BJSTR.2024.59.009288
Tewodros Mulu and Dessie Tibebe. Biomed ] Sci & Tech Res

@ @ This work is licensed under Creative
Commons Attribution 4.0 License

Submission Link: https://biomedres.us/submit-manuscript.php

76. Xu N, Jin S, Wang L (2020) Metal nanoparticles-based nanoplatforms for
colorimetric sensing: A review. Reviews in Analytical Chemistry 40(1):
1-11.

77. Yamada (2017) Toward practical application of paper-based microfluidics
for medical diagnostics: state-of-the-art and challenges. Analytical Chem-
istry 89(1): 71-91.

78. Yamada K, Henares TG, Suzuki K, Citterio D (2015) Paper-based ink-
jet-printed microfluidic analytical devices. Angewandte Chemie - Interna-
tional Edition 54(18): 5294-5310.

79. Yew M, Ren Y, Koh KS, Sun C, Snape C (2019) A Review of State-of-the-Art
Microfluidic Technologies for Environmental Applications: Detection and
Remediation. Global Challenges 3(1): 1800060.

80. Zhang Y, Ou Z, Yu Z (2020) Task-oriented dialog systems that consider
multiple appropriate responses under the same context. AAAI 2020 - 34th
AAAI Conference on Artificial Intelligence, pp. 9604-9611.

Assets of Publishing with us

BIOMEDICAL
RESEARCHES ¢ Global archiving of articles

A ¢ Immediate, unrestricted online access

‘'8 @ % e Rigorous Peer Review Process

* Pl
- [

e Authors Retain Copyrights
,7’ ] ¢ Unique DOI for all articles

ISSN: 2574-1241

https://biomedres.us/

Copyright@ : Tewodros Mulu and Dessie Tibebe | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009288. 51506


https://dx.doi.org/10.26717/BJSTR.2024.59.009288
https://dx.doi.org/10.26717/BJSTR.2024.59.009288
https://pubmed.ncbi.nlm.nih.gov/28849646/
https://pubmed.ncbi.nlm.nih.gov/28849646/
https://pubmed.ncbi.nlm.nih.gov/28849646/
https://www.researchgate.net/publication/334516148_Paper_and_Paper_Microfluidics_for_Analytical_Devices_and_Sensors
https://www.researchgate.net/publication/334516148_Paper_and_Paper_Microfluidics_for_Analytical_Devices_and_Sensors
https://www.researchgate.net/publication/334516148_Paper_and_Paper_Microfluidics_for_Analytical_Devices_and_Sensors
https://pubmed.ncbi.nlm.nih.gov/5168610/
https://pubmed.ncbi.nlm.nih.gov/5168610/
https://pubmed.ncbi.nlm.nih.gov/5168610/
https://pubmed.ncbi.nlm.nih.gov/5168610/
https://www.degruyter.com/document/doi/10.1515/revac-2021-0122/html?lang=en
https://www.degruyter.com/document/doi/10.1515/revac-2021-0122/html?lang=en
https://www.degruyter.com/document/doi/10.1515/revac-2021-0122/html?lang=en
https://pubmed.ncbi.nlm.nih.gov/28251200/
https://pubmed.ncbi.nlm.nih.gov/28251200/
https://pubmed.ncbi.nlm.nih.gov/28251200/
https://pubmed.ncbi.nlm.nih.gov/25864471/
https://pubmed.ncbi.nlm.nih.gov/25864471/
https://pubmed.ncbi.nlm.nih.gov/25864471/
https://pubmed.ncbi.nlm.nih.gov/31565355/
https://pubmed.ncbi.nlm.nih.gov/31565355/
https://pubmed.ncbi.nlm.nih.gov/31565355/
https://ojs.aaai.org/index.php/AAAI/article/view/6507
https://ojs.aaai.org/index.php/AAAI/article/view/6507
https://ojs.aaai.org/index.php/AAAI/article/view/6507

