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Abstract

The field of paper-based microfluidics has experienced rapid growth over the past decade. 

Microfluidic paper-based analytical devices (μPADs), originally developed for point-of-care 

medical diagnostics in resource-limited settings, are now being applied in new areas, such as 

environmental analyses. Low-cost paper sensors show great promise for on-site environmental 

analysis; the theme of ongoing research complements existing instrumental techniques by 

providing high spatial and temporal resolution for environmental monitoring. This review 

highlights recent applications of μPADs for environmental analysis along with technical advances 

that may enable μPADs to be more widely implemented in the field.
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Recent outbreaks of food- and water-borne illnesses and sudden releases of toxic compounds 

into surface waters offer reminders of the importance of environmental monitoring for public 

health protection. 1-3 Efforts to advance pollution monitoring have led to the development 

of many instrumented techniques capable of detecting parts per million (ppm) to parts 

per trillion (ppt) analyte concentrations in diverse sample matrices. To meet the needs 

of the monitoring community – namely, high sensitivity and low detection limits – most 

analytic methods rely on expensive equipment that require a high level of training to operate 

reliably. As a result, few methods have been developed that enable rapid, in-field detection. 

Furthermore, sampling and measurement costs associated with environmental monitoring 

often limit the sample size of the measurement, which in turn constrains our ability to define 

spatial and temporal patterns of contaminant release, transport, and fate. Ultimately, this 

lack of measurement resolution (due largely to cost, timeliness, and deployment limitations) 

hinders decision-making.

There is a growing need for low-cost technologies that can detect and monitor environmental 

contaminants concentrations quickly, easily, and in-field to provide timely data regarding 

the extent and magnitude of pollution. An enhanced understanding of the source, transport, 

and persistence of environmental contaminants could help prevent both human illness and 

ecosystem damage. Low-cost microfluidic paper-based analytical devices (μPADs) offer 

an opportunity to address this need by increasing the frequency and geographic coverage 

of environmental monitoring while also reducing analytic costs and complexity of the 

measurement.

1. The Rise of Lab on Paper

Various definitions of “microfluidic” exist throughout the literature; however, one common 

theme involves manipulating small volumes of fluids within micrometer-scale channels 

in engineered devices (e.g., not simple tubing).4 Microfluidic devices include those that 
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are considered micro total chemical analysis systems (μTAS), as well as more recent 

examples that range in capability from protein crystallization to point-of-care diagnostics.5-9 

Chemically patterned paper was re-introduced in the last decade as an alternative to 

traditional microfluidic substrates (e.g. glass, silicon, and polymers) as a simple, low-cost 

platform. Paper and related porous hydrophilic materials offer many unique advantages 

over traditional microfluidic technologies such as power-free fluid transport via capillary 

action, high surface area to volume ratios for chemical reactions and detection, lightweight 

designs (~10 mg cm−2), and the capacity for storing reagents in active form within the fiber 

network.10, 11

Paper has played a significant role in chemical analysis for many years; noted examples 

include litmus paper, home pregnancy tests, sample filtration, and chromatography.12-16 

As early as 23 to 79 A.D., paper saturated with extract from gallnuts was used to detect 

ferrous sulfate in verdigris, the blue-green patina that follows the oxidation of copper, 

brass, and bronze surfaces.17 In the twentieth century, paper sensors were developed for 

chromatographic and electrophoretic separations as well as metals detection.18, 19 In 2007, 

Martinez et al. reported the first μPAD for multiplexed chemical analysis.20 Such devices 

differ from traditional litmus paper or lateral-flow immunoassay methods in that chemical 

printing or cutting are used to define flow paths for conducting multiplexed analysis. For 

this review, we define a μPAD as a device in which microliter volumes of sample are 

manipulated through a fiberous network by capillary action and where flow paths are 

defined by impermeable barriers or where the paper has been cut to create flow channels. 

Although the earliest μPADs were developed for point-of-care clinical diagnostics, in recent 

years μPADs have been used in other fields including environmental science. One of the first 

reported applications of μPAD technology for an environmental sample was by Nie et al. in 

2010 for electrochemical detection of Pb(II) and Zn(II).21 Since then, new μPADs have been 

reported for a diverse range of contaminants in soil, water, air, and food.

Sensing devices made from paper have been featured in several reviews on microfluidics and 

advances in point-of-care diagnostics.4, 22-27 The general science of μPADs including theory, 

fabrication techniques, applications, and detection modes has been discussed in detail in a 

number of recent reviews dedicated specifically to μPAD research.28-38 Other reviews have 

focused on applications for point-of-care medical diagnostics,39-44 electrochemical detection 

on paper,45, 46 and on μPADs as micro total analysis systems.28, 47, 48 To date, however, 

no review has focused exclusively on environmental applications, and this review seeks to 

address this important gap. We showcase multiple environmental applications of μPADs, 

categorized by analyte class. Next, the discussion is broadened to include recent trends 

in μPAD technology toward field deployment and how these developments might impact 

environmental monitoring. Finally, we revisit some of the challenges of employing μPADs 

for environmental monitoring and include a perspective on future directions in the field.

2. Applications

Analytes for environmental μPADs can be roughly grouped into three classes – inorganic 

(metals, non-metals such as phosphate), organic (small molecules, pesticides, etc), and 

biological (bacteria, etc) – or by specific applications (explosives, oxidative reactivity, etc), 
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based on the literature published to date. For each analyte class or application presented 

below, a general overview is provided followed by an in-depth discussion of seminal works.

Analyte quantification with μPADs is commonly achieved using colorimetric (intensity/hue-, 

count-, distance-, or time-based), electrochemical, fluorescent, or electrochemiluminescent 

methods. Although colorimetric analysis is most common because of its simplicity, 

the method can suffer from low signal sensitivity and can be inadequate for point-of-

need environmental analysis without additional sample preparation steps (e.g. analyte 

preconcentration, matrix simplification, etc). Low-cost fabrication methods for more 

sensitive electrochemical techniques (employing carbon paste or metal micro-wire 

electrodes) have opened the door for this technology to become a viable alternative to 

colorimetric detection on paper sensors.46 The sensitivity and specificity of electrochemistry 

on paper can compete with traditional benchtop techniques like UV-Vis spectroscopy, 

liquid chromatography, and inductively coupled plasma-mass spectrometry. Developing 

multiplexed tests may be key for electrochemical systems to find success in future 

commercial markets. However, one drawback of electrochemical sensing is the need for 

potentiostats, however small they may be , which can lead to increased costs for analysis 

relative to colorimetric systems read by the naked eye.

2.1 Metals

Human exposure to metals has been established as a contributor to morbidity and mortality, 

especially in regions lacking strict regulations for metal contamination of water, soil, and/or 

air.49, 50 Redox active metals like Fe, Cu, Cr, and Co possess the ability to generate 

free radicals that can generate oxidative stress in organisms, 51 while metals like Pb 

and Cd are well known neurotoxins.52, 53 Human exposure to metals is associated with 

many diseases, but ongoing efforts to identify exposure sources are hindered by the cost 

of measurement; routine analysis often exceeds $100 per sample, resulting in limited 

measurement campaigns. The spatial and temporal distribution of measurement can also 

be important for understanding the source (or spread) of a pollutant and for tracking its 

impact on people, wildlife, and the environment. After three million gallons of polluted mine 

waste containing Co, As, Ni, and Cr from the Gold King Mine was accidently released into 

the Animas River in Colorado (2015), reliable information regarding pollution levels was 

scarce for many days. At the time of the spill, little was known about the concentrations of 

the metals in the river, which generated a significant public outcry.2

Since 2010, metal quantification with paper-based sensors has attracted attention because 

colored metal-ligand complexes are easily discernable with the unaided eye and/or can 

be quantified inexpensively with other optical motifs (e.g. scanner or camera-phone). 

Additionally, much of the complexation chemistry is well-characterized.54 One of the 

first examples of μPAD-based quantification of metals was a sensor comprised of four 

detection zones for simultaneously measuring Fe, Cu, and Ni from medical incineration 

ash.55 Detection limits for this type of particulate matter ranged from 1-1.5 μg (total mass 

on device) for each analyte. Colorimetric detection of total Cr and Cr(VI) from ash and 

welding fume samples has also been reported in devices with similar architecture.56, 57 Paper 

devices for measuring Zn, Cu, Ag, Cd, Pb, Ni, Hg, and Cr(VI) colorimetrically have been 
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developed with detection limits in the tens to hundreds of ppm using metal-to-ligand charge-

transfer chemistry.58-70 A fluorogenic method for measuring Hg and Cr(III) has also been 

reported.71 In the absence of sample preconcentration, however, many colorimetric methods 

are limited to ppm-level detection limits, which can be inadequate for some point-of-need 

scenarios requiring ppb-level detection limits. Electrochemical detection, on the other hand, 

has demonstrated the capability to quantify metals in water at sub-ppb levels.21, 72

Hybrid μPADs that combine detection motifs, such as colorimetry and electrochemistry, 

are potentially advantageous because environmental contaminants are often present at 

concentrations that differ by several orders of magnitude through space and time; a single 

technique may not be suitable for measuring all analytes in the same matrix. 72 In a 

recent publication, Rattanarat et al.73 created a three-dimensional μPAD (Figure 1A) that 

combined colorimetric and electrochemical detection on separate layers for quantifying 

Ni, Cu, Fe, Pb, Cr(VI), and Cd using a small punch (10 mm diameter) taken from an 

air sampling filter. The technique was developed for contaminants present in airborne 

particulate matter. Sample flowed laterally on the top layer of the device in four segregated 

channels enabling colorimetric determination of Cu, Ni, Fe, and total Cr. These metals were 

measured colorimetrically because they are often present at higher (ppm) concentrations 

in the environment. Sample also flowed vertically to a second layer where Pb and Cd 

were quantified electrochemically. Separating the detection modes via multiple layers was 

necessary to minimize cross-contamination; distinct reaction chemistry (e.g. agent masking, 

pH adjustments) also enhanced analyte selectivity and sensitivity. For example, interference 

from Cu during anodic stripping voltammetry of Cd and Pb was minimized by adding 

a Cu complexing agent, ferricyanide, to the electrochemical layer without impeding the 

colorimetric detection of Cu in the top layer. Detection limits as low as 0.75 μg (15 ppm) 

for Fe, Ni, and Cu, 0.12 μg (2.4 ppm) for Cr(VI) and 0.25 ng (50 ppb) for Cd and Pb were 

reported.

2.2 Non-Metals

Health concerns associated with exposure to many non-metal inorganic compounds 

have led to environmental regulations and policies for establishing permissible exposure 

concentrations. For example, excess nitrogen and phosphorus in surface and groundwater 

are precursors to algal blooms (cyanobacterial toxins)74, 75 and conditions such as 

Methaemoglobinaemia (blue baby syndrome).76, 77 These inorganic contaminants are 

released into the environment as combustion byproducts, in agricultural runoff, and in 

other sample matrices from animal production facilities. Chloride and fluoride, which are 

intentionally added to drinking water for health reasons, can negatively impact human 

health if ingested concentrations are too high.78, 79 Cyanide, which is extremely toxic, is 

released into the environment from natural deposits, mining operations, orchards, biomass 

combustion, and waste streams from glass and electronics production.80, 81

A number of low-cost assays, including μPADs, have been developed for measuring 

inorganic compounds in the environment. Numerous μPAD papers have described the 

colorimetric determination of phosphate,82 nitrate,83-89 nitrite,83-91 ammonia,92, 93 arsenic,94 

and cyanide.95 A paper device capable of performing an acid-base titration has been 
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applied to the measurement of water pH in an acidic hot spring.96 Electrochemical 

detection of iodide,97 bromide,97 chloride,97-100 potassium,100 and ammonium100 has been 

demonstrated on a μPAD using potentiometry, where the potential difference between a 

reference and indicator electrode was indicative of analyte concentration. The majority of 

these publications only focus on the development of novel μPAD designs and benchtop 

fabrication techniques; few publications have reported on method validation in the field (or 

with real-world samples analyzed in the lab).

Jayawardane et al. published a series of papers describing novel approaches for detecting 

reactive ammonia/ammonium cation,93 phosphate,82 and nitrite/nitrate89 in water using 

three-dimensional μPADs. Sodium hydroxide was used to convert ammonium cations to 

ammonia, and a hydrophobic microporous Teflon membrane separated ammonia from the 

remaining ammonium cations by gaseous diffusion (Figure 1B). The ammonia content 

was quantified using the acid-base indicators 3-nitrophenol and bromothymol blue giving 

detection limits of 0.8 and 1.8 mg N L−1, respectively. The phosphate μPAD (Figure 1C) 

used phosphoantimonylmolybdenum blue complex and had a working detection range of 

0.2–10 mg L∓1. Notable to this design was the inclusion of a PTFE or cellulose acetate sheet 

that was removed immediately prior to use for improving device shelf-life. The nitrate/nitrite 

μPAD (Figure 1D) was able to detect nitrite concentrations down to 1.0 μM using the Griess 

reaction. Total nitrate/nitrite levels were also quantifiable using zinc particles to reduce 

nitrate to nitrite. To their knowledge, this was the first application of solid-phase reagents in 

a modern μPAD. Each of these devices and their detection methodologies were tested with 

lab standards and environmental water and wastewater samples. The μPAD assays were also 

validated against traditional spectroscopic methods, ion chromatography, or flow injection 

analysis.

2.3 Organic Molecules

Exposure to environmentally persistent organic pollutants has numerous adverse health 

effects depending on the mechanism of action (e.g., xenoestrogenic, carcinogenic, 

mutagenic, etc.) or the impacted organs.101-103 Paper-based sensors have been reported 

for the detection of chemical warfare agents,104 recreational drugs,105 volatile organic 

compounds (VOCs),106-109 and phenolic compounds.110-113 Detection of chemical warfare 

agents and recreational drugs is more appropriately described as a forensic rather than 

an environmental application and will not be discussed here. Several μPAD procedures 

for the detection of VOCs have been published using both colorimetric106, 108, 109 and 

electrochemical detection.107 Notably, Soga et al. developed a colorimetric sensor capable of 

selectively discriminating volatile primary amines from other common VOCs.108

Although VOCs are environmentally important contaminants, μPADs for detecting these 

compounds are in the early stages of development. Phenolic compounds, on the other hand, 

have been more widely measured using both electrochemical111-113 and colorimetric113 

detection techniques. Due to their potential bioaccumulation in the environment and their 

wide-ranging human and ecological health impacts, phenolic compounds pose a significant 

risk.114-117 The first reported μPAD for the detection of environmental phenolic compounds 

was published by Alkasir et al (Figure 2A).110 Their device was constructed using layer-by-
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layer deposition of chitosan, tyrosinase, and sodium alginate onto filter paper. The alginate 

and chitosan layers electrostatically trapped tyrosinase. The immobilized enzyme oxidized 

the aromatic phenol to a corresponding ketone which, in turn, selectively bound to the amino 

functionality of the chitosan layer producing a color change. The device was applied to 

the detection of phenol, bisphenol-A (BPA), m-cresol, p-cresol, catechol, and dopamine. 

Most reagents were identified by the formation of a red-brown product; however, addition 

of BPA results in a blue-green color. The number of layers, pH, and reagent amounts were 

optimized resulting in a detection limit of 0.86 ±1 μg L−1 for the phenolic compounds tested. 

Cross-reactivity was not observed for ascorbic acid, uric acid, and phenyalanine. Devices 

were tested with BPA spiked tap and river water samples to evaluate their effectiveness in 

real matrices. Furthermore, the device showed room temperature stability over 260 days. A 

scaled-up manufacturing method was presented in which the layer-by-layer deposition was 

achieved using inkjet printing. In a subsequent work,118 the authors presented a portable 

device using the same sensor to conduct field measurements of BPA in indoor dust. The 

device consisted of an air-sampler interfaced with a test zone containing interchangeable 

paper sensors. The procedure was validated alongside traditional gas chromatography 

methods. The detection limit for the sensor was 0.28 μg g−1 which is similar to the 

established United States Environmental Protection Agency reference dose of 50 μg kg−1 

BW/day.118

2.4 Pesticides

Pesticides are well-known toxins found in air, water, soil, food, and feed products.119 

Exposure can occur via ingestion, inhalation, and dermal absorption and is associated 

with neurotoxicity, hepatotoxicity, renal toxicity, dermatitis, and cancer.120-122 Separation 

methods like gas and high-pressure liquid chromatography are commonly applied techniques 

for sensitive and selective determination of pesticides, but analysis is expensive and not well 

suited for on-site measurement, particularly in remote regions or for situations requiring 

rapid screening. Alternatively, μPADs offer a practical, cost-effective means of rapidly 

analyzing food products for pesticides.

Many μPAD-based efforts for identifying or detecting pesticides are based on the inhibition 

of acetylcholinesterase (AChE), an enzyme critical for controlling normal transmission 

of nerve impulses.123-125 Normally, acetylcholine is broken down by AChE into choline 

and acetic acid, but the presence of organophosphate, organophosphorus, and carbamate 

pesticides is inhibitory.126-128 Measuring AChE inhibition levels by pesticides has been 

accomplished using chemiluminescence,129, 130 electrochemistry,131 and colorimetry with 

immobilized organic molecules132-134 and semiconductor quantum dots.123, 135 Dichlorvos 

(2,2-dichlorovinyl dimethylphosphate), a highly toxic organophosphate pesticide widely 

used for crop protection, 136 has been measured with μPADs at levels as low as 0.8 

ppb.129, 137 In 2009, Hossain et al.138 developed a multiplexed sensor for rapidly (~5 min) 

measuring acutely toxic organophosphate insecticides like bendiocarb (0.2 ppb), carbaryl (2 

ppb), paraoxon (0.3 ppb), and malathion (3 ppb) based on AChE inhibition. The colorimetric 

reagent, indophenyl, produced a yellow to blue color shift in basic solution upon AChE-

catalyzed hydrolysis of indophenyl, forming the indophenoxide anion. Color intensity was 

inversely proportional to analyte concentration. Lateral-flow and dipstick formats were 
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developed where the analyte was measured with and without incubation. In the lateral-flow 

format, a pipette was used to deliver the analyte to the device. For the dipstick device, one 

end of the sensor was immersed in a container filled with the sample. Pesticide residues 

collected from apples and lettuce were in agreement with conventional analytical methods 

and matrix effects from spiked milk and juice were negligible.

2.5 Bacteria

The use of μPADs for the detection of bacterial contamination in environmental samples, 

notably food and water, is driven by the need for faster, simpler, lower cost methods in 

both developing and developed nations.139-143 Traditional measurements involve sending 

samples to a centralized laboratory for culture analysis or molecular detection (polymerase 

chain reaction, enzyme-linked immunosorbent assay), neither of which is suitable for 

routine monitoring due to the cost, analysis times, and need for highly trained personnel. 

A μPAD platform, on the other hand, offers low-cost, on-site, analysis with relatively 

rapid turnaround relative to traditional methods. Three main strains of bacteria have been 

investigated in environmental samples with μPADs: Escherichia coli,139-141, 143 Listeria 
monocytogenes,141, 142, 144 and Salmonella.141, 145 Frequently reported detection motifs 

use colored enzymatic assays on modified bioactive paper,139-143 light scattering,145 and 

chemilluminescence.139, 144

In 2012, Jokerst et al. developed a series of paper-based spot tests for the colorimetric 

enzymatic determination of E. coli, L. monocytogenes, and S. enterica in ready-to-eat meat 

(Figure 2B).141 In this report, enzymes produced by bacteria during growth in culture media 

reacted with compounds pre-deposited (and dried) on the μPAD. E. coli determination 

was based on the yellow to red color change produced between β-galactosidase and 

chlorophenol red β-galactopyranoside. L. monocytogenes detection was achieved by the 

reaction between phosphatidylinositol-specific phospholipase C and 5-bromo-4-chloro-3-

indolyl-myo-inositol phosphate, which was characterized by the appearance of a blue color. 

Finally, S. enterica was determined using the reaction between esterase and 5-bromo-6-

chloro-3-indolyl caprylate to produce a purple color. Limits of detection were on the order of 

10 colony forming units/cm2 (cfu cm−2) from a surface swab after 4-12 hours of enrichment 

which is significantly faster than standard culture techniques. The devices were optimized 

based on enzyme and substrate concentrations, total well volume, sonication time, and cross-

reactivity. Finally, the authors inoculated ready-to-eat meats141 and samples of irrigation 

water146 to demonstrate method applicability for food safety and environmental monitoring.

In another notable paper from the same year, Hossain et al. demonstrated a multiplexed 

device for the specific detection of non-pathogenic and pathogenic E. coli.140 Non-

pathogenic E. coli was detected from the reaction of 5-bromo-4-chloro-3-indolyl-β-D-

glucuronide sodium salt in the presence of β-glucuronidase, which produced the highly 

colored indolyl species and glucuronide. Total E. coli was indicated using the same β-

galactosidase chemistry described above. Moreover, the authors demonstrated the use of 

immunomagnetic nanoparticles to concentrate E. coli by means of a magnetic separation 

step without the need for external cell culturing. The influence of other components in the 

sample matrix was tested with artificially contaminated samples of orange juice and milk. 
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The specificity of the device was confirmed against the presence of Bacillus subtilis and S. 
enterica in the liquid test samples. The detection limits for pathogenic and non-pathogenic E. 
coli were 5 and 20 cfu mL−1, respectively.

2.6 Explosives

Pre- and post-detonation screening of explosives is interesting to environmental 

science because compounds in explosives have relatively slow decomposition in soil, 

which can lead to water contamination.147 Several articles have been published on 

explosives analysis with μPADs using fluorescence,147, 148 colorimetry,149-152 and surface-

enhanced Raman spectroscopy.153 Most μPADs for detecting explosives have focused on 

nitroaromatics;148, 149, 153 however, recent efforts have focused on the development of 

μPADs capable of simultaneous, multiplexed detection of a wide range of compounds 

including both inorganic and organic explosives.147, 150, 151

In 2013, Taudte et al. developed a μPAD for measuring compounds in explosives via 

fluorescence quenching of pyrene.147 The poor water solubility of pyrene coupled with the 

incompatibility of organic solvents and wax barriers were addressed by testing different 

waxes (e.g. colors) and barrier thicknesses along with mixed solvent systems. A 80:20 

methanol:water mixture was suitable for dissolving pyrene and showed minimal penetration 

of the wax barriers. Device performance was evaluated with 10 different compounds 

including nitrate esters, nitroaromatics, and nitro amines, all of which led to fluorescence 

quenching of pyrene. While not specific to a particular compound, the method was 

selective for explosive versus non-explosive samples such as water, milk, or coffee, based 

on differences in fluorescence quenching. The authors also developed a small, portable 

fluorescence detector for in-field use (Figure 2C). The prototype reader had comparable 

performance to the benchtop instrument used for method validation.

Peters et al. detailed simultaneous colorimetric detection of a series of inorganic and 

organic compounds found in improvised explosive devices.150 Previously reported μPADs 

focused on a subset of explosives; however, this was the first device capable of multiplexed 

detection of different explosive compounds. Two distinct μPADs were prepared (Figure 2D, 

E) – the first for detection of inorganic explosives (chlorate, nitrate, ammonium, nitrite, 

and perchlorate) and the second for detecting a mixture organic and inorganic explosive 

compounds (nitroamines, trinitroaromatics, urea nitrate, nitrate, and hydrogen peroxide). 

Several interferences were tested and no false positives or false negatives were observed. 

Additionally, black powder and fireworks were also tested to demonstrate the device 

performance on real samples.

2.7 Oxidative Activity

Oxidative stress in living organisms, a phenomenon that has been linked to aging and 

disease, can occur following exposure to reactive oxygen species (ROS).154-157 Common 

ROS are redox active metals, superoxides, hydroxide radicals, small organic molecules (e.g. 

quinone family), and enzymes. Some ROS are generated within living cells as product 

of natural metabolism, but more recent interest has focused on exposure to ROS from 

environmental sources as these compounds may overwhelm the body’s natural ability to 
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manage oxidative stress. Given the wide range of species that fall under the category of ROS 

it is necessary to find an assay that can serve as an approximate gauge of the total ROS 

activity found in environmental samples.

Mani et al. developed a field-deployable μPAD to detect oxidative DNA damage using 

Cytochrome P450 enzymes to metabolize environmental toxins into reactive metabolites.158 

The metabolites reacted with co-immobilized DNA causing it to partially unfold. The 

degree of unfolding was proportional to the toxin level. An electrochemiluminescent signal 

is generated when (bis-2,2′-bipyridyl) ruthenium polyvinylpyridine ([Ru(bpy)2(PVP)10]2+ 

polymer reacts with exposed guanines. The signal increases based on the extent of DNA 

damage, which is explained by the increased availability of guanines in DNA to react with 

the Ru(III). As is common with ROS studies, a suitable external standard was needed 

to compare the oxidative activity among heterogeneous samples. Mani et al found that 

benzo-[a]-pyrene was a suitable model oxidant and converted genotoxicity of their samples 

to a benzo-[a]-pyrene equivalent. The technique was demonstrated by analyzing smoke, 

water, and cooked food samples.

Dithiothreitol (DTT) oxidation is also used to gauge the oxidative reactivity of analytes 

in environmental samples.155, 159-162 In this assay, DTT is oxidized by ROS in samples 

(e.g. fluid extracts from air filter media) for a fixed period of time. After reacting with 

the sample, remaining (unconsumed) DTT is reacted with 5,5'-dithiobis-2-nitrobenzoic acid 

(Ellman’s Reagent) to yield the yellow 2-nitro-5-thiobenzoate dianion. The color intensity 

of this dianion is inversely related to the ROS activity of the sample. The DTT assay has 

been demonstrated on μPADs for air samples collected in close proximity to a wildfire, 

on a clear day, and from a commercial kitchen.162 Other colorimetric assays based on tris(2-

carboxyethyl)phosphine (TCEP) or the aggregation of silver nanoparticles in the presence of 

reduced glutathione have been reported. 163, 164

3. Current Limitations and Recent Trends

Despite the promises of low-cost, small sample and reagent volumes, portability, and 

rapid response time, μPADs, in their current state, must overcome several limitations that 

inhibit their widespread application in the field. Large-scale field demonstrations of μPAD 

capabilities have been limited; one of the few examples to date was a biomedical test for 

the detection of transaminase as an indicator of drug-induced liver injury.165 Although some 

studies using environmental μPADs have reported the analysis of real-world samples brought 

back to the lab, these were, for the most part, small-scale studies, and the devices have not 

yet reached the same state of field readiness as their biomedical counterparts. One notable 

exception is the recent work of Sicard et al.133 Their preliminary experiments coupled the 

detection of organophosphate pesticides on a paper sensor with analysis using a smartphone. 

After each analysis, the result, date, and location were uploaded to a central web server 

using the smartphone’s GPS system. The advantages afforded by this technique for 

collaborative mapping may be applied to long-term or large-scale environmental monitoring 

of contamination hotspots or as a means for early detection.
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On-site analysis is important for widespread deployment of a rapid response test. 

Perhaps the most straightforward (and inexpensive) method for target determination 

has been colorimetric detection. If performed entirely visually (i.e. without any optical 

instrumentation), differentiation of color intensity is semi-quantitative and has been shown 

to vary from person-to-person64, 166 Colorimetric detection aided by a scanner or camera for 

image acquisition can improve method accuracy (Figure 3A), but increases analysis costs 

and could limit field use. Recently, groups have reported semi-quantitative alternatives to 

intensity-based colorimetry such as count-, distance-, and time-based μPADs that eliminate 

the need for imaging. In count-based detection, concentration is determined by counting 

the number of bars, tabs, or spots that develop color (Figure 3B).167 Distance-based 

quantification is achieved by measuring the distance of continuous color development along 

a channel with an on- or off-device ruler (Figure 3C).68, 69 Time-based quantification 

correlates concentration to the time difference for color development between a test zone 

and control zone (Figure 3D).168, 169

Similarly, many μPAD-based electrochemical assays rely on expensive (>$10,000) desktop 

potentiostats for analysis. If the capabilities of μPADs are to be reached, the cost of 

electrochemical detectors will need to be reduced. Fortunately, in the last few years, several 

groups have reported new handheld units capable of measuring single ppb levels of analyte 

for a fraction of the price of traditional units.170-173 One example is the CheapStat, which is 

an inexpensive (<$80), open-source hardware and software potentiostat.170 On-going work 

will continue to drive down the cost of handheld sensors which will rapidly expand the 

utility and reach of μPAD-based electrochemical systems.

Worldwide distribution of smartphones and camera phones has significantly decreased 

the cost of sensor development because the phone becomes the detector and source 

of data transmission. For example, new software programs have been developed 

for conducting intensity-based colorimetric measurements in the field using a 

smartphone.88, 133, 166, 170, 174-182 Lopez-Ruiz et al. recently described a colorimetric 

μPAD for simultaneously evaluating pH and nitrite concentration in water (Figure 3E).88 A 

custom smartphone application was used to photograph the μPAD, and a software algorithm 

correlated hue-saturation-brightness indices with solution pH and nitrite concentration. Park 

et al. expanded this method by developing an application to indicate the optimal angle 

and distance from the user to the completed device.145 Smartphone analysis has also been 

applied to electrochemical measurements on μPADs. For example, Delaney et al. recently 

reported a procedure in which they used a smartphone as a potentiostat by controlling 

the amplitude and waveform of the audio output.175 Additionally, quick response (QR) 

codes have been implemented in some devices and could be used in the future to share 

vital diagnostic/identifier information about the sample without requiring user input. This 

sample identification would help automated and improve field data collection.111, 183 Future 

examples utilizing smartphone technology will continue to revolutionize μPAD application, 

enabling further field deployment.
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4. Conclusions

Although μPADs were originally developed as biomedical assays for point-of-care 

diagnostics,20 their use has expanded into environmental research. By comparison to the 

progress achieved in biomedical devices, environmental monitoring with μPADs is still 

a nascent field of research. Guidance for the development of new applications may be 

taken from environmental and public health concerns highlighted by the World Health 

Organization (WHO),184 the Environmental Protection Agency (EPA),185-187 and other 

similar organizations from around the world.

The research highlighted in this review demonstrates that μPADs can successfully detect 

environmental contaminants; however, there is still a need for further developments to 

improve sensitivity and for field validation. The field-readiness of existing μPAD assays 

can be assessed in terms of established regulatory limitations and standards. For example, 

the Occupational Safety and Health Administration (OSHA) limits personal exposure to Cu 

in air at 1.0 mg/m3.188 The corresponding EPA regulation for Cu in drinking water is 1.3 

mg/L (1.3 ppm).189 Rattanarat, et al.73 reported a LOD of 15 ppm for Cu by colorimetric 

methods indicating a need for improvement since method sensitivity falls above regulatory 

limits for drinking water. By contrast, the LOD for nitrite by Jayawardane, et al.89 of 1.0 

uM (0.046 ppm) is well within the EPA limit of 1 mg/L (1 ppm).189 Due to the diversity 

of μPAD techniques and variability in regulatory limits for a given analyte, which depend 

on the sample matrix and the regulating agency, the field-readiness of environmental μPADs 

needs to be considered on a case-by-case basis, which is beyond the scope of the present 

review.

In addition to meeting regulatory limits, the successful commercialization of μPAD 

technologies may require the design of devices capable of measuring multiple 

analytes.10, 69, 70, 73, 140 One particular challenge presented by environmental monitoring is 

that analyte concentrations can vary by orders of magnitude in space and time. Devices, such 

as the dual colorimetric-electrochemical μPAD designed by Rattanarat et al. for quantifying 

metals show promise for meeting this challenge.73 Multimodal detection strategies are useful 

because colorimetric analysis, can achieve ppm sensitivity whereas electrochemistry can 

detect analytes with ppb sensitivity. In certain situations, it may be more advantageous to 

utilize one detection motif over others. By integrating portable electrochemical analyzers 

(described above), hybrid-detection mode μPADs have the potential to become very 

powerful tools for in-field, long-term environmental monitoring.

Environmental μPADs are not likely to replace existing instrumented environmental 

monitoring techniques, rather they will likely serve as a facile means of complementing 

current methodology. The low cost and rapid detection time of μPADs have the potential 

for widespread routine monitoring over large geographic areas and for long time periods 

providing thousands of individual measurements. Moreover, the recent developments 

towards improving the distribution and usability of environmental μPADs may provide the 

growing field of citizen science with a new set of tools and more readily involve citizens in 

the protection and improvement of human and environmental health. These measurements 
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will ultimately provide better profiling of spatial and temporal variations in pollutants on a 

scale that has not been possible previously due to the lower cost of analysis.
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Figure 1: 
Examples of μPADs for inorganic species. (A) Three-dimensional hybrid colorimetric/

electrochemical μPAD for simulataneously determining Fe, Ni, Cu, Cr, Cd, and Pb. 

Reproduced with permission from Ref. 73. Copyright 2014 American Chemical Society. (B) 

Multilayer device for quantifying ammonia using pH indicators. Adapted with permission 

from Ref. 93. Copyright 2015 American Chemical Society. (C) μPAD for measuring reactive 

phosphate; a removable sheet was placed between paper layers to improve shelf life. 

Adapted from Ref. 82 with permission from Elsevier. (D) μPAD for measuring nitrate and 

nitrite. Adapted with permission from Ref. 89. Copyright 2014 American Chemical Society.
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Figure 2: 
Examples of μPADs for organic species, bacteria, and explosive compounds. (A) Tyrosinase-

based μPAD for detecting phenolic compounds. Reprinted with permission from Ref. 110. 

Copyright 2012 American Chemical Society. (B) Spot tests for three bacterial strains 

showing lack of interference. Reprinted with permission from Ref. 141. Copyright 2012 

American Chemical Society. (C) Schematic of a handheld fluorescence detector used to 

measure fluorescence quenching of pyrene by explosive compounds. Reproduced from Ref. 

147 with permission from The Royal Society of Chemistry. (D) Colorimetric μPAD for 

detecting inorganic explosives. Adapted from Ref. 150 with permission from The Royal 

Society of Chemistry. (E) Colorimetric μPAD for organic and high explosives. Adapted from 

Ref. 150 with permission from The Royal Society of Chemistry.
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Figure 3: 
Quantitative methods commonly used with colorimetric assays on μPADs. (A) Calibration 

curve for intensity-based analysis of a scanned device using ImageJ. Reprinted with 

permission from Ref. 55. Copyright 2012 American Chemical Society. (B) Count-based 

quantitation achieved by counting the number of colored tabs. Adapted from Ref. 167 

with permission from John Wiley and Sons. (C) Distance-based detection by measuring the 

length of color development along a channel. Reproduced from Ref. 68 with permission 

from The Royal Society of Chemistry. (D) Time-based quantification. Reproduced from Ref. 

169 with permission from The Royal Society of Chemistry. (E) Use of a smartphone to 

conduct intensity-based measurements. Reprinted with permission from Ref. 88. Copyright 

2014 American Chemical Society.

Meredith et al. Page 22

Analyst. Author manuscript; available in PMC 2022 August 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	The Rise of Lab on Paper
	Applications
	Metals
	Non-Metals
	Organic Molecules
	Pesticides
	Bacteria
	Explosives
	Oxidative Activity

	Current Limitations and Recent Trends
	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:

