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CRITICAL REVIEW

Detection of trace arsenic in drinking water: challenges and
opportunities for microfluidics

Nevetha Yogarajah? and Scott S. H. Tsai*?

Cite this: DOI: 10.1039/x0xx00000x Arsenic contamination of drinking water is a major global problem, with contamination in Bangladesh deemed most
serious. Although the current World Health Organisation (WHO) maximum contamination limit (MCL) for arsenic in
drinking water is 10 pg/L, due to practical and economic constraints, the standard limit in Bangladesh and many other
developing nations is 50 pg/L. We propose that an ideal arsenic sensor, designed for routine monitoring, will have five

Received 00th January 2012, essential qualities: sensitivity and selectivity for arsenic; speed and reliability; portability and robustness; reduced

Accepted 00th January 2012 health and environmental risks; and affordability and ease of use for local technicians. It is our opinion that many of

DOI: 10.1039/x0xx00000x these characteristics can be accentuated by microfluidic systems. We describe candidate colorimetric, electrochemical,
biological, electrophoretic, surface-sensing, and spectroscopic methods for arsenic detection; and comment on their

www.rsc.org/ potential for portable microfluidic adaptation. We also describe existing developments in the literature towards the
ultimate creation of microfluidic total analysis systems (uTASs) for arsenic detection. The fundamental purpose of this
review is to highlight the need for better portable arsenic contamination detection, and describe how microfluidic

technology may be developed to address this need.
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1. Introduction to the Global Arsenic Problem
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Fig. 1: Map depicting global arsenic occurrence; as indicated in the legend, arsenic-affected aquifers are highlighted in red, areas with arsenic related to mining are
indicated by red dots, and geothermal waters are indicated by green dots. (Colour online.) Reprinted from Smedley and Kinniburgh; with permission from Elsevier.17°
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Arsenic contamination affects regions in all corners of the
world. Among others, contaminated areas include Argentina,
Bangladesh, China, India, Mexico, Myanmar, Nepal, Pakistan,
Vietnam, and parts of the USA (Fig. 1).12 Specifically,
contamination of aquifers in Bangladesh is deemed most serious;
consequently, a great deal of research efforts and field studies
concerning arsenic contamination and mitigation have been
focused on this region.

An estimated 35-77 million Bangladeshi people, or 28-62%
of the nation’s population, are at risk of exposure to arsenic
contaminated water.® The arsenic epidemic in Bangladesh is
described as “the largest mass poisoning of a population in
history.”3# A prospective cohort study following almost 12,000
Bangladeshis over the course of 10 years, from 2000-2009,
reported that nearly 20% of all deaths in the nation are due to
arsenic. In some parts of Bangladesh, arsenic levels in water are
up to 2,500 pg/L; the source of this contamination is attributed
to a naturally high percent composition of the element within
ground sediments.167

Arsenic poisoning incurred from chronic exposure to high
levels of arsenic is referred to as arsenicosis. Symptoms of this
condition include skin lesions and hard patches on the palms of
hands and soles of feet; skin and internal organ cancers; diseases
of blood vessels in the legs; and also diabetes, high blood
pressure, and reproductive disorders.>%8-15 Arsenicosis severity
is highly dependent on the dose and number of years of exposure
to arsenic.>1011.13.14.16-20 The current World Health Organisation
(WHO) maximum contamination limit (MCL) for arsenic in
drinking water, defined in 1993, is 10 pg/L.%! This limit is based
on the projected health effects of lifetime exposure to arsenic.?
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Fig. 2: Arsenic species that may be generated or encountered in water analyses;
in order of decreasing toxicity (from left to right): arsine gas, arsenite oxoanion,
arsenate oxoanion, monomethylarsonic acid (MMA), dimethylarsinic acid (DMA),
and other organoarsenic species.

In solution, arsenic is readily converted from one species to
another via chemical and biological redox pathways. Since
arsenic speciation determines both its bioavailability and its
potency as a toxin, there is much interest in the literature for
speciation studies of arsenic. Generally speaking, these studies
are difficult and expensive to carry out, and so they are not ‘first
response measures’. Arsenic speciation will not be extensively
explored in this review. For the current status of the field, we
direct you to a recent review by Chen et al.?2 We find the As(l11)
and As(V) arsenic species to be of greatest interest for primary
analyte detection because they are the most common forms of
arsenic in water, and pose high toxicity to humans (Fig. 2).23

An estimated 6-11 million tube-wells in Bangladesh need to
be monitored for arsenic contamination.?* As with most of the
developing world, the current arsenic standard in Bangladesh, for
drinking water, is 50 pg/L.%?® Given the magnitude of
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contamination, it is not feasible for Bangladesh to adhere to the
provisional WHO standard of 10 pg/L. Furthermore, Bangladesh
and India have adopted a system of painting arsenic-tested wells
either green or red, to indicate ‘safe’ and ‘unsafe’ water sources
respectively. Since, for arsenic, the primary mode of entry into
the body is through ingestion and inhalation rather than
absorption, ‘unsafe” wells can still be used for non-consumption
purposes such as washing clothes.®

Established laboratory techniques such as hydride generation
atomic absorption spectroscopy (HG AAS), inductively coupled
plasma mass spectrometry (ICP MS), and atomic fluorescence
spectroscopy (AFS) can easily measure arsenic levels below 10
pg/L.25-30 While highly sensitive, these techniques are bulky,
expensive, and require highly trained personnel for their
maintenance and operation. As an additional drawback,
laboratory detection also involves labelling and shipping of
samples to a central facility. Developing nations do not have the
infrastructure to perform these procedures reliably and with high
throughput.

In light of these issues, the WHO, the United Nations
International Children's Emergency Fund (UNICEF), and other
organisations use portable test kits for arsenic analysis. Over one
million tube-wells in Bangladesh and India have been tested and
labelled using portable arsenic test kits.3! Most kits on the market
are based on the Gutzeit reaction, known since at least 1907.32
Here, colorimetric detection is based on the reaction of arsine gas
with mercuric bromide embedded on a paper strip; both of these
reactants are toxic and hazardous to the user. Independent studies
have shown that these kits have a high rate of false negative and
false positive results, and are unreliable for the determination of
arsenic levels below 70 pg/L.?431333% Ag a result, many people
continue to drink contaminated waters from ‘clean’ sources.
Furthermore, many people in these regions are still waiting for
the drinkability of their water sources to be tested. The
Bangladesh Arsenic Mitigation and Water Supply Program
(BAMWSP), which conducted arsenic blanket testing between
the years 2000-2005, is the most recent national campaign to test
tube-wells for arsenic contamination.3®

It is expected that 1 out of 100 people who consume water in
excess of 50 pg/L of arsenic, will die specifically due to an
arsenic-related cancer.® The development of an arsenic sensor
with the detection power of a laboratory method, and cost and
convenience of a portable Kit, is vital to control the number of
people exposed to this pollutant. Many groups, including our
own, are working on the advancement of alternate analytical
methods for arsenic detection; however, a comprehensive
solution is yet to be developed. To be successfully used in
developing nations, we propose that a new arsenic sensor should
be: sensitive and selective for arsenic, quick and reliable,
portable and robust, health and environmental risk free,
affordable and easy to use for local technicians.

Microfluidics is an emerging field which focuses on the
development of miniaturized, integrated lab-on-a-chip (LOC)
devices. In the past 25 years, there has been a surge of interest in
the field as researchers miniaturize traditional macro-scale
processes to micro-dimensions, and explore new aspects of
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science previously unseen from a macro-scale vantage point.
This technology has been used by studies in a range of
applications, from clinical medicine and microbiology, to
electronics and the oil industry.36-3° In comparison to their
macro-scale counterparts, microfluidic processes have the
following advantages: faster reaction times and better process-
control; reduced waste generation and reagent consumption;
system compactness and parallelization; and reduced cost and
disposability.

Several groups are now exploring the use of microfluidics for
arsenic and other heavy metal detection. The inherent portability
of microfluidics, coupled with the successful employment of
LOC devices in other fields, readily lends this technology for the
development of practical arsenic sensors. Here, we review the
potential use of microfluidics with new and emerging analytical
techniques for portable arsenic detection. While there are many
reviews of existing arsenic detection techniques, to the best of
our knowledge, this is the first review to present an analysis of
microfluidic technology in arsenic detection,33:40-43

We first discuss existing laboratory and field methods for
arsenic detection; and the challenges they face. Next, we describe
what we postulate are characteristics of an ideal, routine arsenic
sensor; we also give the advantages of using a microfluidic
platform to effect these qualities. Then, we describe alternate
emerging techniques for arsenic detection, and the role, or
potential role, of microfluidics in their development. In closing,
we paint a description of advancements in microfluidic
technology towards the feasibility of a micro total analytical
system (UTAS) for arsenic detection.

2. Current Methods for Arsenic Detection
2.1 Laboratory Methods

Table 1 General comparison of the performance attributes of atomic absorption
spectroscopy (AAS), inductively-coupled plasma mass spectrometry (ICP MS) and
atomic fluorescence spectroscopy (AFS) for trace arsenic detection in water samples.
The limit of detection, reproducibility (% relative standard deviation), required sample
size, analysis time, basic instrument cost, necessary skill for instrument operation, and
type of data generated are tabulated for each method.

Detection Technique

AAS ICP MS AFS
1. Limit of Detection (ug/L) 0.0009 - 1 0.0003 - 1 0.0003 - 10
2. Reproducibility (% RSD) <10 <10 <10
3. Sample Size (uL) >1,000 2-200 20 - 200
4. Time Required ~ 30 minutes ~ 30 seconds ~10
minutes
5. Cost (USD) ~ $60,000 ~ $200,000 ~ $60,000
6. Skill Requirement Easy to use for Difficult Easy to use
a trained initial method for a trained
technician development technician
even for a
trained
technician
7. Data Type Ground state Mass-charge Ground state
and resonance peak spectra, transition
transition simpler than optical
optical spectra  optical spectra spectra
8. ReferenCeS 24,26,28,29,31,44,45 27,29,30,42,45-47 29,44-48
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As cited by Bose et al., laboratory techniques that can be used
for arsenic analysis include: atomic spectroscopy, mass
spectrometry, neutron activated analysis, electrophoresis,
chromatography, potentiometry, and voltammetry.*® Most
accepted laboratory methods have a limit of detection (LOD) for
arsenic on the order of 1 pg/L or 1 part per billion (ppb).2® All of
these listed techniques can accurately perform high throughput
sample analyses with good reproducibility. However, this
remarkable detection power is accompanied by an upfront cost
upwards of $30,000 USD; not to mention the cost of
maintenance, consumables, and highly trained technicians.?®

AAS

— Requires more sample
pre-treatment
— Generally interfaced with HG

Relatively
cheaper

Optical line
spectra

‘Gold
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— LOD<1
ug/L of As
— Bulky

MS

— Better for

— Simpler spectra hyphenated
to analyze — Smaller techniques

—  Very high cost sample size — Has many of

— Nosample Speciation the advantages
workup capability of AAS and ICP

MS

Fig. 3: Venn diagram comparing the utility of atomic absorption spectroscopy
(AAS), inductively-coupled plasma mass spectrometry (ICP MS), and atomic
fluorescence spectroscopy (AFS). All three of these analytical techniques can
detect arsenic with very high sensitivity and selectivity; and HG AAS and ICP MS
are analytical ‘gold standards’ for arsenic detection. AAS is a relatively cheaper
technique than ICP MS; but involves difficult sample preparation procedures,
requires larger sample volumes, and produces more complex spectra. Conversely,
ICP MS is a much more expensive technique; but involves very little sample
preparation, can be interfaced with upstream speciation, and produces easily
read spectra. AFS detection enjoys many of the individual advantages of both AAS
and ICP MS; namely relatively lower cost, and speciation ability. (Colour online.)

Specifically, atomic absorption spectroscopy (AAS), mass
spectrometry (MS), and atomic fluorescence spectroscopy (AFS)
are the favoured techniques of choice used in the literature for
calibration and validation of alternate arsenic detection
methods.?+314850 Table 1 compares some general performance
attributes of these chosen methods. Although these are powerful
analytical tools, the high cost and maintenance associated with
laboratory methods renders them unsuitable for routine arsenic
monitoring in developing regions (Fig. 3).

2.2 Portable Methods

In the 1990’s, an epidemic of arsenic poisoning emerged in
Bangladesh as a result of widespread use of arsenic contaminated
tube-wells. Tube-wells had been used in Bangladesh since the
1940’s, but their widespread use did not begin until the 1970’s.
Over one million additional wells were added to the region to
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Table 2: General comparison of the performance attributes of various portable arsenic test kits based on the Gutzeit reaction. The theoretical and practical limits of detection (LODs),
reliability, cost and time requirement per single analysis, necessary skill requirement, and type of data generated are tabulated for each method. Blank fields are representative of a

lack of data in the literature.

Portable Arsenic Test Kits Based on the Gutzeit Reaction

NIPSOM Merck GPL AAIH&PH AAN Quick As Hach EZ Arsenator
1. Theoretical LOD (pg/L) 10 10 10 50 10 5 10 05-2
2. Practical LOD (ug/L) >20 > 50 > 50 >20
3. Reliability Unreliable Unreliable Unreliable Unreliable Unreliable Can identify Can identify Found to be
<70 ug/L. <70 pg/L. <70 pg/L. <70 pg/L. <70 pg/L. samples with samples with correct 85% of
Very poor over 15 pg/L over 15 pg/L the time.
correlation of arsenic as of arsenic as More reliable
with labs. being over being over at lower
WHO limit. WHO limit. concentrations.
4. Cost per sample (USD) $0.40, $2.00* $0.50 - 1.00, $0.40, $2.00* $0.40, $2.00* $0.40, $2.00* $1.00 — 2.00 <$1.00 — 2.00 $1.00, $9.00**
$2.00*
5. Time per sample (min) 5 30 20 30 20-40 20
6. Skills required by Colour Colour Colour Colour Colour Colour Colour Ability to make
technician sensitivity to sensitivity to sensitivity to sensitivity to sensitivity to sensitivity to sensitivity to accurate
yellow; yellow; yellow; yellow; yellow; yellow; yellow; dilutions.
working working working working working working working
quickly. quickly. quickly. quickly. quickly. quickly. quickly.
7. Data type Colour change  Colour change  Colour change  Colour change  Colour change  Colour change  Colour change Digital readout
(range) (range) (range) (binary) (range) (range) (range)
8. References 31,51 31,33,34,51 31 31,51 31,34,51 48 34,48 34,50,52

address the emergence of diarrheal disease caused by bacterial
colonization of surface waters.?

It was later discovered that many of these tube-wells
contained arsenic contaminated water. Organisations such as the
WHO, UNICEF and the World Bank unanimously decided to
combat the problem. Millions of US dollars have since been
invested in the development of cheap and portable field Kits for
arsenic detection. Many of the introduced arsenic tests were
designed to comply with the Bangladeshi arsenic MCL of 50
png/L. Table 2 organizes different arsenic field test kits and
compares selected performance attributes pertaining to their
suitability as a routine test.

To date, over one million tube-wells have been tested using
these arsenic field kits. Upon testing, wells with arsenic levels
below 50 pg/L were painted green and the water was deemed
‘safe’ for consumption. Wells with arsenic levels above this limit
were painted red and deemed ‘unsafe’; the majority of the wells
tested were labelled as unsafe.3!

(1) Zn(0) —>  Zn**+2e

(2)  2H*+2e —> H,

(3)  As(lll) + 3¢’ —>  As(0)

(4)  As(0)+3e +3H" —>  AsH,

(5) AsHz+3HgBr, —>  As(HgBr); + 3HBr

Fig. 4: General scheme of the modified Gutzeit reaction used by arsenic test strips;
(1-4) generation of arsine gas, (5) generation of coloured As(HgBr);.172

All test kits employed in these original initiatives are based
on a one-hundred-year-old method known as the Gutzeit
reaction.32 The kits proceed by first reducing all arsenic in
solution to the highly toxic arsine gas, and then reacting the
evolved gas with mercuric bromide embedded paper to induce a
colour change (Fig. 4). Upon reaction, depending on the number
of —AsH2 groups that are bound to the mercury, the paper strip
becomes a yellowish colour of varied intensity.
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2.2.1 Field Kit Evaluations

Due to the overwhelming number of tube-wells that remain
to be tested for arsenic contamination, it is almost certain that
most wells will be tested only once. Therefore, the reliability of
that single determination is of utmost importance. During the late
2000’s, several independent groups set out to evaluate the merit
of the different available test kits. The results of these studies are
quite alarming.

Reported findings indicate that the original test kits yield
high frequencies of well mislabelling as either false positive or
false negative; that several of the original field kits are unreliable
for the detection of arsenic concentrations below 70 pg/L; and
that visual perception of “yellowness” varies greatly from person
to person.3! It has even been suggested that well samples around
the 50 pg/L threshold should be routinely re-analysed for
verification of the determination.?* Others have also pointed out
that during analysis, nearly 50% of the evolved arsine gas
escapes to the environment before detection.3® Arsine gas is more
toxic than arsenic in solution; and technician exposure to this
compound is of great concern.

Studies of newer generation test kits have generally been
none the more favourable. It has been concluded that none can
be used to determine arsenic levels of 10 pg/L; and that the
lowest detectable arsenic concentration is 20 ug/L.5%%% In some
cases, improved accuracy has been cited with increased reaction
times.>* In other cases, it has been further sought to improve the
accuracy of the methods via even longer reaction times and
imaging of the test strips using a flatbed scanner.%® A study from
Nebraska, USA looking at the Quick Arsenic and Hach EZ kits
has concluded favourably with regards to their routine use.*®
Evaluating against the US Environmental Protection Agency
(US EPA) standard of 10 ug/L of arsenic in solution, the authors
have found that, largely, water samples containing 15 ug/L or
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more of arsenic were correctly identified as exceeding the MCL.
Consequently, the authors suggest that these particular field kits
are reliable for use in arsenic detection and remediation
initiatives. We note that this is a minority point of view, as most
evaluations of Gutzeit method-based field test kits conclude that
the kits are unreliable for testing near the 10 pg/L arsenic toxicity
concentration threshold.

2.2.2 Issues with Existing Field Kits

Below we highlight some problems associated with the Gutzeit

method of arsenic detection, as presented by Kinniburgh et al.3*

(i) The human eye is not very sensitive to the colour yellow.
There is a large person to person variability in the detection
of the degree of yellow-ness developed; this subsequently
leads to discrepancies in sample classifications.

(ii) The evolved yellow colour fades with time.
Determinations must be made quickly; and, in order to be
comparable to one another, must all be taken after a
uniform time lapse.

(iii) Mercuric halide test strips are sensitive to hydrogen
sulphide (H2S) interference.
H2S produces a black stain when bound to mercury, and
thereby renders the test strip useless. Some newer methods,
address this by including additional reagents to remove the
sulphur interference.5®

(iv) There are difficulties in working with zinc.

Zinc serves as a reducing agent in the reaction. Zinc ores
naturally contain high levels of arsenic, so this may
introduce error in the determination. In some cases, this
issue is addressed via reduction by sodium borohydride
instead.%¢
The usefulness of a test derives from the information it
produces.®*So., if arsenic field kits cannot reliably classify a
water source as either ‘safe’ or ‘unsafe’, then they do not serve
the purpose for which they are were designed.

2.2.3 Digital Interpretation of Field Kits

An approach to overcome some of these problems is through
digital detection of the colour change.

Electronic kits such as the Wagtech Arsenator drastically
increase the precision of field test measurements. While one
study has found Arsenator determinations to be correct 85% of
the time, a separate set of researchers believe the internal
calibration of the Arsenator to be poor and have developed a
correction algorithm addressing this problem.5%52 The nominal
working range of the Arsenator spans from 5 to 100 ug/L, but
there is poor precision above 20 pg/L.

In recent times, there has also been a shift in the direction of
research toward signal quantification by use of regular, day-to-
day image producers. For example, Kearns et al. have used
flatbed scanners to obtain digital images of the Hach EZ test kit;
they then quantify the amount of arsenic detected by analysing
the image using the computer software Colours.5® In this method,
the image is deconstructed into its component RGB colour values
and a calibration is developed between arsenic concentration and
colour intensity. The authors report that the generation of their
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own arsenic calibration and the elimination of human colour
subjectivity allows greater precision and reduces the frequency
of false positive and false negative determinations. Similarly,
Salman et al. have also used flatbed scanning to develop another
arsenic detection method.5” Rather than working with an existing
test kit, these authors have developed a Gutzeit method inspired
spot test; they then analyse the colour intensity of the scanned
image using a Visual Basic application. The method is reported
to have a linear range of 2-20 pg/L of arsenic

On-going efforts in our own group aim to develop a
MATLAB-based code for the calibration of arsenic
determinations using the Hach EZ field kit. We believe that
increased portability can be afforded to the system by use of a
digital camera, rather than a scanner, for the imaging of the test
strip. We note that despite the ability of digital signal processing
to increase precision of arsenic determinations, the analytical
ability of the method continues to remain a function of the quality
of the test kit itself. For example, manufacturing variability
between individual test strips can have a significant effect on the
reproducibility of field kit measurements.

3. Towards Better Arsenic Detection in Water

3.1 The Ideal Arsenic Sensor

While extensive research has been invested towards portable
arsenic detection, current field techniques lack the robustness
and reliability required to accurately declare a water source as
being ‘safe’ or ‘unsafe’. We assert that to be successfully used
for mass monitoring of water drinkability, an ideal arsenic sensor
must meet five essential criteria:

(i) The arsenic sensor must be sensitive and selective.
Although the provisional MCL in most developing nations
is 50 pg/L, we want to have the ability to measure down to
the WHO limit of 10 pg/L. It would be desirable to
quantitatively measure a range of arsenic concentrations to
determine the extent of contamination. Moreover, since
arsenic is a trace contaminant of water, most other
potentially interfering species would be present in high
excess. Therefore, we need to ensure that the sensor is
selective to arsenic. Also, it is desirable to be able to
differentiate the various species of arsenic, as the form in
which it is present dictates its bioavailability and toxicity.

(ii) The arsenic assay must proceed quickly and vyield

reproducible results.

Millions of tube-wells need to be tested in regions such as

Bangladesh; achieving this in practice requires an assay

that can be performed in high throughput. Because most

wells will be tested only once before being painted green
or red, it is imperative that all sensors produce reliable and
reproducible results.

The arsenic kit must be fully portable and robust enough

for field use.

Preferably, the entire assay should be physically performed

at the source location. Not only will this eliminate the need

for complex sample labelling and handling, but more

(iii)
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Table 3: General comparison of the performance attributes of alternate candidate methods for arsenic detection against the criteria for an ideal arsenic sensor, as outlined in
Section 3.1. Methods are evaluated on the basis of sensitivity and selectivity; speed and reproducibility; portability and robustness; possession of health and environmental risks;

and affordability and ease of implementation.

Characteristics of an Ideal Arsenic Sensor

Sensitive and Selective Quick and Portable and Low Health and Affordable and Easy References
Reproducible Robust Environmental Risks
Colorimetric Methods
Molybdenum Blue (PFI) -LOD: 1-15 pg/L -Detection time: -Not portable; -Toxic AsHs gas generated -Expensive 56-60
-Selective over P, Si >30 min bulky instrument -Requires some
-Good reproducibility specialized skills
Molybdenum Blue (pKa Effects) -LOD: 4-8 pg/L. -Detection time: -Potentially portable -Yes; As always remains in -Yes 6162
-Only 20% accuracy at low 7-10 min solution
concentrations
-Selective over P
Molybdenum Blue (Ethyl -LOD: 10-25 pg/L -Detection time: -Potentially portable -Yes; As always remains in -Yes 6364
Violet) -Interference from P, Si, F ~30 min solution
Methylene Dye -LOD: 10-100 ug/L -Detection time: -Potentially portable -Generation of toxic AsHs -Yes 65-67
~ 6 min (micelle gas; but always remains in
mediated) solution
Sulfanilic Acid - NEDA -LOD: 18 pg/L -Detection time: -Portable -Yes; As always remains in -Yes 68
-Selective over P ~30 min -Must prevent solution
exposure to air
Paper Based -LOD: 1pg/L -Yes -Yes -Yes -Yes 69
-Selective over P
Electrochemical Methods
ASV (Traditional) -Sensitivity on the order of -Require sample -Not robust; -Yes; As always remains -Expensive to fabricate 43.70-72
ng/L pre-dilution and electrodes are fragile in solution electrodes
-Interference from Cu electrode surface -Require very small -Relatively simple
regeneration volumes of sample procedure
ASV (Enzyme-Modified) -Sensitivity on the order of -Detection time function -Not robust; -Yes; As always remains -Expensive to fabricate 715
Hg/L of enzyme metabolic electrodes are fragile in solution electrodes
-Tolerant of Cu rate -Require very small -Relatively simple
-Detection of volumes of sample procedure
bioavailable As
SPE -Sensitivity on the order of -Detection time function -Yes -Yes; As always remains -Yes .1
Hg/L of enzyme metabolic in solution
-Tolerant of Cu rates -Require very small
-Detection of volumes of sample
bioavailable As
Biological Methods
Strip Based -Sensitivity on the order of -Detection time function -Strips are portable -Yes; As always remains -Yes 7681
g/L of enzyme metabolic -Sensitive to ambient in solution
-Very selective for As rates conditions -Require very small
-Detection of volumes of sample
bioavailable As
Continuous Flow Microfluidics -Sensitivity on the order of -Detection of -Potentially portable -Yes; As always remains -Disposable 7882-85

ng/L
-Very selective for As

bioavailable As
-Must normalize amount
of bacteria present

-Require pumps,
microscopes,
refrigeration, etc.
-Sensitive to ambient
conditions

in solution
-Require very small
volumes of sample

-Requires some
specialized skills

Electrophoretic Methods

ITP

-Sensitivity on the order of

mg/L (Conductivity detection)

-Selective over Se
-Interference from NOs',
COs%, PO*

-Detection time:
<10 min

-Potentially portable
-Require pumps,
microscopes, etc.

-Yes; As always remains
in solution
-Require very small
volumes of sample

-Requires some
specialized skills

86,87

CE -Sensitivity on the order of -Detection time: -Require pumps, etc. -Yes; As always remains -Expensive 88
Hg/L (AFS detection) <1min -AFS is not portable in solution -Requires some
-As(111)/As(V) resolution -Require very small specialized skills
volumes of sample
Surface Sensing Methods
SPR -LOD: 1-15 pg/L. -Yes -Potentially portable -Yes; As always remains -Disposable 89-91
-Selective over P -Require pumps, in solution -Fabrication of modified
microscopes, etc. -Require very small surfaces is difficult
volumes of sample -Requires some
specialized skills
SERS -LOD: 1 pg/L -Yes -Some Raman -Yes; Asalways remains -Expensive 92
-Very selective for As spectrometers are in solution -Relatively simple
-As(111)/As(V) resolution portable -Require very small procedure

volumes of sample

Spectroscopic Methods

LIBS

-LOD: 100 pg/L

-Must allow time for As

-Potentially portable

-Yes; do not evolve toxic

-Very simple setup

93

adsorption to substrate AsHs gas
XRF -LOD: 0.7 pg/L -Must allow time for As -Some XRF detectors -Yes; do not evolve toxic -Very simple setup 94,95
adsorption to substrate are portable AsHs gas
cL -LOD: 2 pg/L -Reaction time: -Yes -Toxic AsHs gas generated -Relatively simple %
~1 min procedure
-Results agree well with
ICP MS data

importantly it will increase local awareness about the
monitoring process. For reliable use in the field, the sensor
and all associated reagents/components must be robust
enough to withstand harsh ambient conditions.

(iv) The arsenic detection process must reduce health and
environmental risks.
The purpose of arsenic monitoring is to mitigate the
development of arsenicosis and arsenic-related cancers
within a population. Chemical processes in the analysis
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should reduce the risks of exposure by technicians and
convert arsenic species to less toxic forms. Also, the testing
of millions of tube-wells will generate a large volume of
chemical waste; the toxicity of these waste-products should
be minimized such that they do not further poison the
surrounding environment.

(v) Thearsenic monitoring plan must be affordable and easy to
implement for the local population.
Current field kits average less than 1 USD per test.5° This
is a good target price for products designed for the
developing world. To be affordably implemented, the ideal
field sensor should be simple enough to be directly used by
the well owners themselves, or local technicians, with only
very minimal training.

3.2 The Merits of Microfluidics

The field of microfluidics is characterised by the
manipulation of small volumes of fluids, typically on the sub-
millilitre scale.®” Relative to their macro-scale counterparts,
microfluidic processes have the advantages of faster reaction
times and better process-control; reduced waste generation and
reagent consumption; system compactness and parallelization;
and reduced cost and disposability.%

When compared to traditional analytical techniques,
microfluidic processes are known for their general advantages
associated with their smaller size. This smaller size is
accompanied by many virtues such as portability, enhanced
resolution, better process integration, and risk mitigation.
Miniaturization allows smaller reaction volumes and diffusion
distances, and therefore faster reaction times. In addition, such
systems are capable of both high speed and high throughput
processes. This quality is quite advantageous, because in many
applications, information is of little value unless it can be
generated quickly. Miniaturization also reduces costs. Smaller
devices have lower material and waste disposal costs. This
reduces the environmental footprint of the analysis. Faster
reactions also have lower opportunity costs and personnel costs.

In light of these advantages, there have been a surge of
microfluidic  developments for the advancement of
biotechnology. However, much of this research can also be
adapted for environmental and other applications. The potential
portability of microfluidics coupled with the successful
employment of LOC devices in other fields readily lends this
technology for the development of practical arsenic sensors.
Several groups are exploring the use of microfluidics for the
detection of arsenic and other heavy metals.

4, Candidate Methods for Microfluidic Arsenic

Detection

Given the challenges associated with reliable and affordable
arsenic monitoring using current detection methods, much
research has been devoted to developing alternate methods for
arsenic detection. In the following sections, we highlight some
of these candidate methods. We compare the performance of
these methods against the criteria for the ideal arsenic sensor
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outlined in Section 3.1, and we comment on the methods’
suitability for microfluidic adaptation. Table 3 organizes
characteristics of each candidate arsenic detection method with
regards to the criteria for an ideal sensor.

4.1 Colorimetric Methods

Colorimetric methods are desirable for portable arsenic
monitoring because they have very simple detection. As with the
traditional field kits, detection can be carried out by the human
eye; or digital imaging can be used for more sophisticated
analyses. An advantage of colorimetry with respect to field
determinations is that several digital detection equipment are
already easily portable; for example, a camera, a UV-Vis
spectrometer, or a smartphone can be used as a digital detector.

4.1.1 Molybdenum Blue

Reduction
Mo(lV) —— [AsMo4,040]> ——> [AsMo4,040]"

acid a-Keggin ASg?err“%ﬁcid B-Keggin

As(V) +
solution

Fig. 5: Basic scheme of the molybdenum blue reaction for arsenic detection.1”?
Arsenic and molybdenum in solution react to form an a-Keggin arsenomolybdate
heteropolyacid, which, when reduced, forms a coloured B-Keggin product.

Like the Gutzeit method used by existing test strips, another
colorimetric reaction for arsenic detection is the molybdenum
blue assay.®® This assay consists of the reaction between arsenate
and molybdenum to give a coloured heteropolyacid ion product
(Fig. 5). Conducting the molybdenum blue reaction essentially
involves passive flows and mixing, so it is conceivable that this
process can be microfluidically adapted. However, this
chemistry faces interference from phosphates and silicates that
compete with arsenic to react with molybdenum. Since
phosphate and silicate levels of natural waters are typically much
higher than the amount of arsenic present, they must be removed
from solution before analysis.

One approach against such interference effects is to couple
the molybdenum blue reaction with pervaporation flow injection
(PFI) of the arsenic sample. PFl can be used to selectively
remove arsenic out of solution in the form of arsine gas, for
analysis; while phosphates and silicates are not volatilized and
hence remain in solution.58-6  While these methods have
approximate arsenic LODs in the range, 1 - 15 ug/L; PFI is not
suitable for portable adaptation due to the bulkiness of
instrumentation, requirement for high temperatures, and
complex sampling handing steps.

Another method to overcome phosphate interferences in this
reaction is to take advantage of the different protonation states of
penta- (pKa ~ 2.2) and trivalent (pKa ~ 9.2) species in solution.®!
Penta- and trivalent species can thus be separated and analysed
independently. 61 The sample can also be assayed as two aliquots,
once with all species in the pentavalent form and once with all
species in the trivalent; the total arsenic content can be correlated
to the difference of the two measurements.®? Both of these
approaches can detect arsenic with an LOD of approximately 4
to 8 pg/L; an additional advantage being that ion separation has
the potential to be carried out microfluidically using on-chip
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electrophoretic or chromatographic techniques. (See Sections 4.4
and 5.1)

Due to the low molar absorptivity of molybdenum blue,
arsenic detection by this reaction generally calls for
spectrophotometric detection. Heteropoly blue has a low molar
absorptivity (1 x 10 L/mol/cm) rendering direct quantification
of the reaction by visual inspection quite difficult for
environmental samples.®* However, by complexing the
heteropoly blue to an organic dye, Morita and Kaneko. have
developed a molybdenum-based assay for arsenic detection by
visual inspection (Fig 6).6%64 In this approach, interference
effects are removed by anion exchange and masking agents; and
then, following the classical reaction, the molybdenum blue
product is induced to form stable, coloured micro particles by
reaction with cationic ethyl violet dye. This method has a LOD
of 25 pg/L for arsenic. In a second reaction, the authors use
iodine tetrachloride as a ‘probe’ for the molybdoarsenate
particles and achieve a final arsenic LOD of 10 pg/L.

0008 ©e66

0 25 50 100 200 0 1 5 10 20

ua/L uag/L

Fig. 6: Visual detection of arsenic in solution using molybdenum chemistry. Left:
Arsenic detection by formation of coloured micro particles via reaction of
molybdoarsenates with ethyl violet dye. Adapted from Morita and Kaneko, with
permission from the Japan Society for Analytical Chemistry.®* Right: Ultra-
sensitive arsenic detection via iodine-tetrachloride probing for molybdoarsenate
micro particles. Adapted with permission from Morita and Kaneko, copyright
(2006), American Chemical Society.®® (Colour online.)

Since detection is based on visual observation, the Morita and
Kaneko reaction is well suited for the field. Also, as the reaction
proceeds by passive flows, the required mixing steps can be
easily implemented on-chip. On-going efforts in our own lab aim
to develop a portable microfluidic adaptation of this assay. We
have found that the macro-scale reactions achieve colour
stability with a time scale on the order of hours; the reduced
diffusion distances of a microfluidic adaptation is expected to
make this reaction much faster.

4.1.2 Methylene Dye

An alternate colorimetric reaction for arsenic detection is
based on the direct interaction between arsenic and the cationic
organic dye methylene blue.5>-%7 When reduced by arsine gas,
methylene blue becomes colourless. The rate of reaction can be
promoted when catalyzed within an anionic micelle in the
presence of silver nanoparticles, which serve to facilitate the
electron relay from arsine gas to the dye.®> The interaction of
arsenic and methylene blue can also be facilitated through an
As(V)-salicylic acid complex.5¢ Here, the uni-negative ion
complex binds methylene blue and can be quantitatively
extracted out by toluene, while unbound dye remains behind in
the aqueous phase. The blue-ness of the toluene extract is
correlated with the amount of arsenic present in the original
solution.
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Fig. 7: Schematic diagram of a microfluidic setup for on-chip liquid-liquid
extraction of cocaine out of saliva. Top: 3D schematic diagram of a microfluidic
chip. Right to left: Cocaine containing saliva enters the chip and is introduced to
droplets of the extraction solvent. Cocaine particles partition into the extraction
media. The cocaine-containing droplets are then drained out of suspension and
merged together. Bottom: perpendicular cross-sections illustrating the extraction
process along the length of the channel. Reprinted with permission from Wagli et
al.; copyright (2013) American Chemical Society. 1% (Colour online.)

Unlike in traditional field kits, the arsine gas evolved by these
methods remains in solution throughout the entire analysis,
thereby reducing the risk of exposure to the technician. Further,
microfluidic adaptations can be developed for both of these
approaches. Typical microfluidic channel widths are on the order
of 100 um. This small size of microfluidic devices makes them
suitable to manipulate the Kkinetics of nano-scale micelle
formation. Also, with regards to the toluene extraction, a
microfluidic liquid-liquid extraction protocol can be adapted
from, for example, the work of Wagli et al. for cocaine extraction
from saliva (Fig. 7).1%

4.1.3 Sulfanilic Acid — NEDA

Another colorimetric method for arsenic detection is the
reaction presented by Sharma et al. using sulfanilic acid and N-
(1-naphtyl) ethylene diamine hydrochloride (NEDA).%8 Here,
arsenic(l1l) in solution first reduces the sulfanilic acid; the
resultant product then goes on to react with NEDA to produce a
magenta-coloured product. Sharma et al. carry out the entire
process on disposable thin-layer chromatography (TLC) strip
paptodes, and image the reaction using a colour scanner and
MATLAB quantification of the detected RGB values. The total
analysis time is 30 minutes; the method can detect arsenic in
solution with a minimum LOD of 18 ug/L. Advantages of this
method are that paptode strips are readily portable, and the
technique is free of phosphate interference because it is selective
for trivalent species.

A microfluidic improvement of the paptode approach may
result in improved reaction times by means of reduced diffusion
distances and also active mixing. Since sulfanilic acid and
NEDA do not react in the absence of arsenic, they can be
premixed before on-chip mixing with arsenic. In these
approaches, due to the three dimensional nature of microfluidic
chips, image acquisition can no longer proceed via a scanner.
Rather, a photograph of the chip may be obtained, and then
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analysed via similar software

quantification.

MATLAB-type signal

4.1.4 Paper-Based Sensors

Paper-based methods have been used in analytical detection
for thousands of years. The first recorded history of paper-based
colorimetric detection was in the 1%t century AD, when Pliny the
Elder used papyrus to estimate levels of Tyrian purple dyes in
snails.1%t Currently dubbed microfluidic paper-based analytical
devices (MPADs), this technology is popular today for its
simplicity, portability, and low-cost mass production.®’

Gold nanosensor Arsenic - =) Binds with

)
(Au-TA-TG) recognition o N arsenic
in Petri dish site ~N AL /'ﬂJ]' Y
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Paper channel
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Fig. 8: Schematic diagram of an ultrasensitive arsenic uPAD. Arsenic containing
solution and a modified gold nanosensor are allowed to wick up the arms of a Y-
shaped chromatography paper device. Upon meeting at the junction, the two
solutions react to form a dark, black-blue precipitate that is indicative of the
presence of arsenic in the test sample. The amount of precipitate formed can then
be related to the amount of arsenic originally present in solution. Reproduced
from Nath et al. ¢° (Colour online)

Nath et al. have developed a portable paper-based sensor for
arsenic  detection, by reaction with modified gold
nanoparticles.®® Their rapid, ultrasensitive Y-shaped design is
specific for As(l11), and can detect arsenic concentrations down
to 1 pg/L. The authors propose the use of the modified gold
nanosensor, Au-TA-TG, which binds to As(lll) to produce a
black-blue precipitate at the interface where the two species
interact (Fig. 8). In addition to low cost and portability, the
technological advantage of having a paper substrate in this

Fig. 9: A uPAD for the simultaneous detection of multiple metal ions in water. The
device is fabricated by wax-printing of the channel design and inkjet printing of
chromogenic agents onto locations 1-7. During analysis, contaminated water
samples are introduced to the circular testing regions and the device is placed into
a chromatography chamber; the chromogenic reagents are then moved into these
regions by the upwards capillary action of deionized water in the base of the
chamber. Reprinted with permission from Hossain et al.; copyright (2011)
American Chemical Society.'°2 (Colour online.)
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system is the facilitation of a slow, self-driven flow of the sample
and nanosensor flows; which in turn allows for their reaction.

Paper-based techniques are quickly gaining traction in heavy
metal detection in both water and air samples.1%21% For example,
a patterned paper device has been developed for the simultaneous
detection of several common metal ions in water (Fig. 9).102
Here, channels are delineated by a wax-printed pattern, and metal
responsive reagents are inkjet deposited into defined zones
within this pattern. During analysis, the water sample is added to
the detection zone, and the device is placed upright into a
chromatography chamber. The reaction proceeds as water is
wicked up through the device by capillary action, and carries the
deposited reagents to their respective reaction zones.

A particular advantage of this design is the ability to
simultaneously test for the presence of several different metals.
The different reaction zones may alternately also be used to
generate a real-time calibration using known standards at the
same time as the measurement of unknown samples. The
simultaneous analysis of samples and standards together corrects
for ambient variations. In Section 5.2, we further describe in why
paper-based sensing may become a desirable route for arsenic
well-testing.

4.2 Electrochemical Methods

Electrochemical detection methods have an inherent
advantage over colorimetry with regards to miniaturization. The
output of a colorimetric measurement is the absolute amount of
an analyte in solution; so the smaller the sample size is, the more
difficult the measurement. The output of an electrochemical
measurement is the concentration of an analyte in the solution;
this is independent of the size of the sample measured. In
electrochemistry, smaller samples yield more accurate
determinations due to higher surface-area-to-volume ratios of the
electrochemical probe, and lower interference effects from other
species in solution. For this reason, there is a trend in analytical
chemistry and arsenic sensing towards the development of
miniaturised electroanalytical systems.104 Although
electrochemical systems do not employ microfluidic flows in the
classical sense, we have included them in this review due to the
benefits conferred to them by miniaturisation.

4.2.1 Microelectrode Sensors

There has been immense interest in the literature for the
development of electrochemical techniques for arsenic detection;
overwhelmingly, the method of choice has been anodic stripping
voltammetry (ASV).72105-112 Arsenic detection by ASV has been
studied for over 40 years.*'® Broadly speaking, ASV analysis
consists of two general steps: First arsenic is preconcentrated
onto the electrode surface via electrodeposition; and then the
plated metal is oxidized off the surface using an anodic linear
potential sweep. For an in-depth review of electrochemical
arsenic detection techniques, we direct you to the works of
Luong et al. and Mays et al.*37°

Typically, electrochemical detection techniques have very
high sensitivities, with LODs on the order of ng/L of arsenic in
solution. Since arsenic contamination of water sources is
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typically on the order of pg/L, sometimes protocols call for the
pre-dilution of real samples before analysis.”* However, this
introduces additional errors into the measurement.

When measuring arsenic, many electrochemical techniques
suffer from copper interferences due to co-deposition of the two
species on the electrode surface.**72 To overcome this issue and
increase arsenic selectivity, some groups have developed
arsenic-respondent enzyme modified electrodes.”®7® In these
systems, the electrode measures enzyme activity, and this is
correlated to the amount of arsenic present in solution. As with
any biological application, a major drawback to this approach is
the question of whether the enzyme activity is a true function of
the total arsenic in solution, or if it measures only the
bioavailable arsenic.

Although several microelectrodes and electrode arrays have
been designed for arsenic detection, these devices are not
suitable for implementation on the field. This is because
electrochemical devices are inherently not robust. Electrode
fragility and the need to regenerate the sensing surface between
measurements render these systems ineffective outside of the
controlled environment of a laboratory. Furthermore, typical
electrodes consist of highly polished inert metal. Accordingly,
they are expensive to fabricate and are not effective in disposable
devices.

4.2.2 Screen Printed Electrodes (SPEs)

One promising method that overcomes these challenges
typically faced by electrochemical systems during arsenic
detection is screen printed electrode (SPE) technology. Adapted
from microelectronics, screen printing technology allows for the
reproducible mass production of inexpensive single-use
sensors.!'* SPE fabrication proceeds by inkjet printing of the
electrode on top of a plastic or ceramic substrate. The versatility
of this method stems from the ease of ink composition
modifiability, which determines the sensitivity and selectivity of
the electrode.t* Arsenic (111)-specific SPEs have been fabricated
using gold nanoparticle and acetylcholinesterase modified
electrode inks; both methods are capable of determining the
arsenic content of water with sub-pg/L sensitivity, and are free
of copper interferences.”®’” These SPE designs show great
promise for the future of portable in situ electrochemical arsenic
detection. Furthermore, a three-electrode carbon, silver,
silver/silver chloride arsenic SPE sensor has been developed
paired with a portable handheld electrochemical analyser.'5 This
system can thus provide affordable, on-site, accurate, real-time
measurements of arsenic content.

4.2 Biological Methods

Biological detection methods developed for arsenic have
been mostly based on the arsR bacterial operon. To easily
measure the presence of arsenic, the bacteria are modified by
plasmid transformation and the arsR operon is reconstructed to
also include a reporter gene (Fig. 10). Common reporter proteins
include green fluorescent protein, luciferase, and f-
galactosidase. Measurements of these arsenic-induced products
allow LODs on the order of 1 ug/L of arsenic. A major advantage
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Fig. 10: General mechanism of the arsR bacterial operon for arsenic detection.ss
Top: When arsenic is absent, the ArsR repressor protein binds the operator
promoter site of the gene and prevents the transcription of arsenic defense genes
(arsD, arsC, arsA, and arsB) further downstream. When arsenic is present, ArsR
loses its affinity to the operator and no longer binds the promoter site; so RNA
polymerase is able to transcribe the arsDCAB genes. ArsD is an additional
regulatory protein, ArsC is an arsenate reductase that converts As(V) to As(lll);
ArsAB is a membrane transporter that pumps As(lll) out of the cell. B: Arsenic
reporter strains have an additional gene construct of the arsR promoter region
fused to a reporter gene. When arsenic is sensed by the cell, ArsR will unbind and
the reporter gene will be transcribed and translated; detection of the reporter
protein is an indication of the amount of arsenic that is sensed. Reprinted from
Diesel et al., with kind permission from Springer Science and Business Media.”®
(Colour online.)

of biological sensing is high assay selectivity for the analyte of
interest. For a detailed discussion of various bioassays for
bacterial detection of arsenic we refer you to the 2009 review by
Diesel et al.”® Below, we restrict our discussion to focus only on
those biological sensing systems that have been engineered
portably.

4.3.1 Portable Sensors

For field applications, several biological sensors have been
manufactured in a strip-based format. In one method, a paper-
based colorimetric detector has been developed with X-gal as
substrate for a B-galactosidase reporter.”® Here, paper strips are
fabricated with bacterial cells pre-dried on their surface. During
analysis, the strips are first incubated with arsenic-containing
solution, and then X-gal is added and colour development is
allowed to proceed. As the X-gal is digested by B-galactosidase,
it loses its blue coloration. The magnitude of this change is
related to the amount of arsenic present in solution. A similar -
galactosidase based arsenic sensor has also been developed with
pH detection.®

Furthermore, similar to the Arsenator, the ArsoLUX is a
portable digital system for bioluminescence detection.®! During
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analysis, the arsenic water sample is introduced into a vial
containing live, lyophilised bacteria which have the lux reporter
gene; a luminosity measurement is then taken 10 seconds after
sample introduction. The overall method is quick and sensitive
for arsenic, but is accompanied by a start-up cost of 4,000 €.
Field tests in Vietnam have shown that the ArsoLUX has
performance comparable to the Arsenator and Merck field Kits,

but with considerably fewer steps and less reagent
consumption.8t
4.3.2 Continuous Flow Devices

While strip-based kits are convenient for the field,

increasingly bacterial detection has been made portable by
traditional microfluidic implementation. There are now several
examples in the literature of microfluidic geometries that have
been designed for arsenic bioassays.

A PMMA compact disk microfluidic biosensor has been
designed by Rothert et al. to achieve sample flow and mixing by
centrifugal force.®2 Typical microfluidic geometries require
external pumps for sample introduction onto the chip. Here, on-
chip sample introduction is achieved by the outward centrifugal
force generated by spinning the disk-shaped design (Fig. 11).
After mixing, the bacterial GFP response is then detected by
fluorescence microscopy. We note that use of a large enough
product collection reservoir will further increase the portability
of this system, by allowing for fluorescence imaging by a regular
camera.

A more conventional example of a continuous flow
microfluidic set-up consists of a closed, single use chip.%
Theytaz et al. propose such a channel geometry which includes
a filter to immobilise bacteria while the arsenic solution flows
through. The captured bacteria are then exposed to the arsenic
solution for a fixed amount of time, and then the response is
quantified. While the technique can identify a 50 pg/L arsenic
threshold, it does not have adequate sensitivity to discern 10
pg/L of arsenic from a blank solution. As with the compact disk
design, arsenic detection proceeds by whole cell bacterial
sensing with a GFP reporter protein (Fig. 11).

In order to achieve signal reproducibility, it is imperative to
use equal amounts of sensing bacteria for each measurement. To
address this, microfluidic cartridges have been designed to
consistently hold a constant amount of bacteria (Fig 12).84
Originally, these methods involved first encapsulating arsenic-
responsive E. coli in 50 um diameter agarose beads, and then
capturing these beads within a 500 x 500 um microfluidic cage.
The chips and beads are then exposed to arsenic solutions for
detection. Signal reproducibility arises from the fact that the
amount of bacteria in each bead and the number of beads trapped
in each experiment are the same. The assay, based on the GFP
reporter, can discriminate 10 and 50 pg/L from the blank with an
incubation period of 1 hour. By reducing the spacing of the cage
walls, applications of the microfluidic cage have been extended
to also capture individual cells and bacterial spores for arsenic
detection.’> Recently, Truffer et al. have developed an
automated, electronic sampling and monitoring device to
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Fig. 11: Two microfluidic geometries used in biological arsenic sensors. Left:
Compact disc microfluidic arsenic sensor with six reaction zones; a close-up of
one reaction zone is also shown (bottom). There are two reagent reservoirs at
the inner region of the disc (one for the bacteria, and the other for the arsenic
solution), a mixing channel with outward fluid flow driven by the centrifugal
force, and a collection reservoir at the end of the channel for fluorescence
detection. Reprinted from Rothert et al., with permission from Elsevier.8? Right:
Schematic of a microfluidic sensor with a bacteria filter (top), and a fluorescence
image of bacteria that have sensed arsenic (bottom). Reprinted from Theytaz et
al., with permission from Elsevier.8 (Colour online.)
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Fig. 12: Schematic diagram of a microfluidic arsenic sensor with a cage for bacterial
capture. In the far right is an image of a microfluidic cage that has captured agarose
beads containing bacteria. Adapted from Buffi et al.3*

those in Fig. 12,116

Bacterial metabolic rates are sensitive to ambient conditions,
so it is not possible to normalise bioassay measurements taken at
different times to a pre-calibrated curve. It is crucial that only
those measurements taken under the exact same conditions are
compared. As exemplified in the bioassay examples in Fig. 11
and Fig. 12 microfluidic devices can perform multiple
determinations in parallel. Therefore, these geometries facilitate
simultaneous analysis of a sample with replicates, or a sample
with standard additions, or a sample with calibration standards.

Despite these advantages of bacterial microfluidic arsenic
sensing, there are several inherent challenges associated with
working with biological systems. A large issue is the
maintenance of cellular activity and proliferation under ambient
conditions. Biological responses are very sensitive to ambient
stress factors such as heat, pressure, presence of oxygen, water
availability, and nutrient availability. Although lyophilised and
refrigerated cells can maintain their activity for prolonged
periods, it is difficult and costly to maintain refrigeration of cells
during transport and when working in the field. Another factor
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to consider is the total assay time. Unlike other diffusion-limited
approaches, miniaturization of biological processes cannot
significantly improve reaction times. The observed ArsR signal
results from the cell detecting the presence of arsenic and then
undergoing subsequent transcription and translation processes to
produce a measurable protein product. This entire process is
limited by the metabolic rate of the cell. Furthermore, as already
mentioned, it is unknown whether the biological assay is
measuring the total arsenic that is present in solution, or only the
bioavailable amount.

4.4  Electrophoretic Methods

Electrophoresis is the movement of particles in solution
under the influence of an electric field. Although it is most
commonly used for the separation and purification of biological
compounds such as nucleic acids and proteins; electrophoresis
can be effectively used for the separation of any charged species
in solution. In the 1990s, it was realised that the coupling of
electrophoresis to microfluidics is quite advantageous for a
number of reasons.'” Importantly, microfluidic flows allow easy
handling of small volumes and microfluidic chip separation
avoids the need for long, tangled electrode wires. Furthermore,
small scale microfluidic separation is much quicker than the long
hours that are usually required for traditional electrophoretic
techniques.!8 Fig. 13 illustrates two microfluidic geometries for
electrophoretic detection of arsenic, using isotachophoresis and
capillary electrophoresis.
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Fig. 13: Schematic diagrams of microfluidic geometries for electrophoretic
determination of arsenic. Top: Miniaturised separation device for
Isotachophoresis (ITP) with conductivity detection. Letters A — E refer to fluid
inlets and outlets, and related valves. The arsenic containing sample is introduced
as a plug between the leading and tailing electrolytes (LE, TE). Reproduced with
kind permission from Springer Science and Business Media.8” Bottom: Chip-based
capillary electrophoresis integrated with AFS detection. Numbers 1 -7 refer to
fluid inlets and outlets, and reservoirs. The chip-to-AFS interface consists of a
‘tube-in tube’ design. Reprinted from Li et al., with permission from Elsevier.88
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4.4.1 Isotachophoresis (ITP)

Isotachophoresis (ITP) is an electrophoretic technique in
which analytes are separated based on ionic mobility. The
sample is introduced as a plug between a faster migrating leading
electrolyte, and a slower migrating tailing electrolyte. Under an
electric field, the different species present in the sample will
migrate at different speeds based on ionic mobility and will
separate into plugs; the length of each plug is in an indication of
the amount of each species present. A common detection method
for ITP separations is by conductivity measurements.t®
Microfluidic geometries have been developed for ITP separation
and determination of arsenic compounds in conjunction with
selenium (Fig. 13).8687 However, these methods suffer from
nitrate, carbonate, and phosphate interferences.

These methods also have very poor conductivity-based
LODs that are on the order of mg/L of arsenic in solution; this
can potentially be improved microfluidically. In addition to
sample separation, ITP systems can be used for sample focusing
and pre-concentration. Notably, a shallow channel ITP-uPAD,
capable of up to 1,000-fold sample enrichment, has very recently
been developed.'? Cheap, easy to manufacture, and easy to use,
the wax printed device shows good promise for portable arsenic
pre-concentration. Further, the technique may alleviate the
current sensitivity barrier for conductivity detection.

4.4.2 Capillary Electrophoresis (CE)

Electrophoretic separations conducted using sub-millimeter
or smaller capillaries are referred to as capillary electrophoresis
(CE). To overcome the challenges associated with low
sensitivities of conductivity-based detection, a CE system for
arsenic sensing has been designed with downstream AFS
detection (Fig. 13).88 This apparatus consists of a microchip, a
homemade interface with a ‘tube-in-tube’ design that reduces
flow resistance while maintaining CE separation, and an AFS
machine. In addition, a hydride-generation promoting makeup
solution is used to transfer the sample to the AFS machine. This
overall system has a As(l11)/As(V) separation time of less than
one minute.

While AFS is not a suitable field detection method, this
system can be microfluidically employed on the field if coupled
to a secondary assay downstream of the As(111)/As(V) separation
location. For example, any of the portable arsenic sensors
described in this review (see Section 4) would work for this
purpose. This ability to facilitate the integration of several
different functional modules is an important advantage of
microfluidic technology. Conceivably, the need for AFS analysis
can be eliminated by coupling the separation to any of the
secondary assays described in this review.

4.5 Surface Sensing Methods

The electronic properties of metallic surfaces can be exploited in
analytical processes to facilitate detection. Two such methods include
surface plasmon resonance (SPR) and surfaced-enhanced Raman
spectroscopy (SERS). Both of these techniques can be engineered as
on chip processes; this microscale implementation lends SPR and
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SERS technology as favourable platforms for portable arsenic
detection.

4.5.1 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) allows for optical
measurement of binding interactions between analytes and an
immobilised molecule. SPR causes gold nanoparticles to appear
red or blue depending on whether they are disperse or aggregate
in solution.*?! If the aggregation propensity of the nanoparticles
is made to respond to arsenic, then this property can be used for
arsenic detection.

Arsenic is strongly bound by sulphur-containing groups; a
single arsenic atom can chelate up to three sulphurs at one time.
This interaction has been exploited by chelation therapies for
arsenicosis that use sulphur-containing agents.*?? This chelation
property has also been exploited for arsenic detection by use of
gold nanoparticles that have surface modifications with sulphur-
containing compounds.*?® In the presence of As(lll), the gold
particles aggregate together due to chelation of the sulphur atoms
in the surface groups, and the solution changes in colour from
red to blue.

Furthermore, a label-free SPR detection method has been
developed using the sulphur-containing phytochelatin-like
peptide, PC3R.1?> When unmodified gold nanoparticles and
PC3R are mixed in the absence of arsenic, the gold is chelated by
the peptide and aggregates are formed. When As(111) is present
in the solution, it chelates the peptide and the nanoparticles
become mono-dispersed; the solution changes in colour from
blue to red. In addition to peptides, DNA aptamers can also be
used for label-free gold nanoparticle assays for arsenic
detection.8%:%0

With optical detection, gold nanoparticle-based arsenic
assays have LODs as low as 0.015 pg/L and linear dynamic
ranges spanning up to six orders of magnitude.’?® While still
powerful, these assays only have a visual LOD of about 5-15
Mg/L. The SPR effect can also be used to look at binding
interactions, as the resultant increase in mass causes a shift in the
observed resonance angle.

Gold nanoparticles are very expensive. Thus, it is natural to
use microfluidic geometries to perform these assays, as
microfluidics require only small volumes of consumables.
Commonly, SPR is carried out using flow injection (FI)
geometries where a flow is used to transport the analyte in
solution across the sensing surface. Microfluidics has proven to
be a very suitable platform for this type of analysis. Some
microfluidic SPR applications include molecular detection and
biosensing, affinity analyses, and adsorption thermodynamics.
124-131

As an adaptation of biotechnological microfluidic-SPR
advancements towards an environmental application, Forzani et
al. have developed a microfluidic SPR device for total arsenic
detection from groundwater (Fig. 14).%' Their differential SPR
sensor is functionalised with an inert modifier as the reference
surface and an arsenic-recognizing element as the sensing
surface. Based on the SPR bhand shift between the two regions,
the device can classify solutions as having more or less than 10
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Fig. 14: SPR sensor for arsenic detection. A: Schematic of SPR sensor and incident
laser beam. B: Arsenic-induced SPR shift generated by arsenic-sensing region
relative to reference region. Reproduced from Forzani et al., with permission from
Elsevier.! (Colour online.)

pg/L of arsenic. The system can detect arsenic levels even less
than 1 pg/L in pure buffer, but does not exhibit the same
sensitivity in real samples due to matrix interferences.

4.5.2 Surface-Enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) is a surface
phenomenon that occurs from the local amplification of the
electric field of a metal surface when its conduction band
electrons resonate in phase with incident light. The first report of
SERS for single molecule sensing was for the detection of single
rhodamine 6G molecules. Since then, SERS has proven capable
of probing various different single molecules for biomedical and
other applications.32133

Mulvihill et al. have taken this technology back to its original
application of inorganic molecular detection through the
development of a SERS sensor for trace arsenic analysis.®? This
sensor consists of a dense array of silver nanoparticle monolayers
modified with adsorbed poly(vinyl pyrrolidone) polymer (PVP),
which stabilizes the nanocrystal structure and facilitates
interactions between silver and arsenate. Arsenic sensing
experiments are carried out by bringing a droplet of the arsenic
solution in contact with the sensing surface, and covering with a
glass cover slip; quantitation is primarily based on the detection
of the As-O Raman stretch, with a linear response observed from
1 — 180 pg/L of arsenic in solution. Since SERS spectra provide
a chemical ‘fingerprint’ of the sample, this method can also
differentiate between As(111) and As(V) in solution.
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During static SERS measurements, it is necessary to search
for SERS ‘hot spots’ which have measurably high signals; it has
been shown that the use of microfluidic geometries can resolve
this problem.*3* Microfluidic SERS sensors have been used for a
variety of applications, including high efficiency target molecule
detection, drug detection, and bacterial stain discrimination,
among others.'35-13" These devices would likely confer similar
benefits to the removal of SERS hotspots during arsenic analysis
as well.

4.6  Spectroscopic Methods

Environmental chemistry often involves the spectroscopic
analysis of solid matrices; laser induced breakdown
spectroscopy (LIBS) and X-ray fluorescence (XRF) are two
solid-state analysis techniques that have currently been explored
for arsenic detection. Chemiluminescence (CL) is another
spectroscopic technique which, however, detects arsenic in its
gas phase.

4.6.1 Laser Induced Breakdown Spectroscopy (LIBS)

LIBS is a subset of AES that specifically uses energy from a
laser pulse as the excitation source. While literature exists on the
use of LIBS for the analysis of solid, liquid, and gas state
samples, the analysis of solids is most popular.t®® However,
LIBS analysis of water samples can be carried out by use of a
wood substrate.'3® The main advantage of LIBS is that the entire
setup is quite simple, consisting of only a neodymium-doped
yttrium aluminium garnet (Nd-YAG) laser, a high sensitivity
spectrometer, and a computer for data acquisition.140.141
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Fig. 15: Conceptual layout of a potential LOC set-up for a pLIBS system. Micron-
sized sample droplets are first generated using a thermal or piezoelectric
technique, and then their chemical composition is analysed by a LIBS probe. We
note that the flow-through nature of the system renders it a suitable detector for
electrophoretic separation techniques such as ITP and CE. Therefore, puLIBS may
prove to be a more practical choice over conductivity or AFS detection for portable
arsenic monitoring. Reproduced from Godwal et al., with permission from
Cambridge University Press.13

LIBS has been used to detect arsenic in solution at
concentrations levels down to 100 pg/L.%® This sensitivity has
been achieved through concentration enhancement via boiling,
followed by sample adsorption onto a zinc oxide substrate
However, miniaturised LIBS systems (pLIBS) have been
developed for the elemental analyses of sodium and lead, which
achieve similar sensitivities while analysing liquid samples
directly.142143 LLIBS applications require pulse energies on the
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order of 100 WJ; so they are capable of analysing smaller spot
areas and also are compatible with fibre lasers. Such features
facilitate the possibility of LOC-type LIBS technology. A
miniaturised LIBS system will likely have increased sensitivity
for arsenic relative to the existing method, and will also likely be
a suitable method of detection for coupling with electrophoretic
separations (Fig. 15).

4.6.2 X-Ray Fluorescence (XRF)

XRF analysis is based on the detection of the characteristic
fluorescent lines that result from the irradiation of a sample with
X-ray light. This technique is non-destructive, and is
theoretically capable of the detection of atoms in any state of
matter. In practice, as with LIBS, XRF detection is limited to
solid state samples because thicker samples absorb more
radiation and therefore produce a larger measurable signal. 4

XRF has been used for the analysis of arsenic in water
samples by pre-concentration of the arsenic on to solid substrates
such as tape and alumina.®® The latter approach, in which
arsenic is pre-concentrated onto alumina particles and then
centrifuged into pellets for solid-state analysis, has an LOD of
0.7 pg/L of arsenic in solution. In microfluidics, it is possible to
concentrate very high levels of arsenic into very small areas; this
will likely increase the sensitivity of such a method and eliminate
the need for centrifugation. As an additional advantage to field
sensing, some XRF detectors are currently already portable.

4.6.3 Chemiluminescence (CL)

Chemiluminescence (CL) is the generation of light as a result
of a chemical reaction. The CL generated from the reaction of
arsenic and ozone (Os) has been known for more than 30
years.'*> Furthermore, both arsine gas and ozone have distinct
CL spectra. During CL analysis, arsenic is first converted to
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Fig. 16: Schematic set-up of a portable gas-phase CL system for arsenic detection.
The set-up consists of two fundamental regions: an arsine generator (bottom), and
a gas-phase CL detector (top). Arsine generation occurs in a 50-mL vial, and
proceeds via NaBH, reduction of arsenic in solution. The evolved gas flows through
a stopcock to the detector, where it reacts with ozone to generate CL. Signal
detection occurs with 1 pg/L resolution by use of a photomultiplier tube
connected to the CL cell by an optical window. Reproduced from Hashem et al.,
with permission from the Japan Society for Analytical Chemistry.% (Colour online.)
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arsine gas via hydride generation, and then the resultant arsine
gas is introduced via a carrier gas flow to an ozone chamber for
further reaction. This method can detect arsenic levels on the
order of 1 pg/L, but is not very amenable to the field due to the
requirement of a carrier gas tank.4

Hashem et al. have developed a portable set-up for arsenic
CL that avoids the need for a carrier gas, or liquid reagents,
altogether (Fig. 16).% In this approach, arsenic in solution is
converted to arsine gas, by means of a solid reducing agent; and
ozone is generated separately using a corona discharge source. A
pressure difference then drives the arsine gas into the ozone
chamber, and the resultant CL is detected using a photomultiplier
tube (PMT). The entire process has a reaction time of one minute,
and an arsenic LOD of 2 pg/L. The system is small, light, and
has low power consumption; accordingly, it has strong potential
to perform well on the field. However, we caution that both
arsine gas and ozone are toxic to human health, so this may not
be an ideal method when considered from a use-safety
standpoint.

We note that arsenic CL has recently also been used in a
slightly different application to detect the amount of arsenic, and
other heavy metals, removed from water using a nanoporous
anodic aluminium oxide (AAO) membrane.'*” Here, the
nanomembrane is affixed on a microfluidic platform, and
pneumatic and centrifugal microfluidic forces are used for the
filtration of the sample as well as the CL detection of the signal.
Furthermore, another microfluidic CL system has also been
developed for As(111)/As(V) speciation.® This system, capable
of detecting arsenic levels below 10 pg/L, splits the injected
sample into two flows, and independently detects the two arsenic
species by taking advantage of the fact that As(lll) and As(V)
undergo different CL reactions.

5. Micro Total Analytical Systems (uUTASs) for Arsenic
Detection

The arsenic detection process can be broken down into three
stages: sample preparation, sample analysis, and signal
processing. In Section 4, we have outlined potential microfluidic
LOC techniques that address the issue of arsenic sample analysis.

Fig. 17: Schematic diagram of the ideal uTAS for portable arsenic detection. Here,
the entire arsenic detection process is carried out by a single integrated system.
The first step, sample preparation, involves sample introduction to the chip, any
arsenic pre-concentration and speciation conversions, as well as interference
masking. The next step, sample analysis, involves the actual arsenic assay of
choice. And the final step, signal acquisition, involves any additionally required
detection processes. We note that microfluidic techniques do currently exist
which perform each of these three detection stages separately. (Colour online.)
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Oftentimes these labs-on-a-chip require labs-around-the-chip to
perform pre- and post- analysis processing. By labs-around-a-
chip, we refer to the pumps, microscopes, and other large scale
external instrumentation that are required for the use and
function of microfluidic LOCs.

As described by Manz et al., a total analytical system carries
out “sampling, sample transport, any necessary chemical
reactions, chromatographic separations, as well as detection.”14?
A micro total analysis system (UTAS) would encompass an
integration of all of these processes into a single platform. The
ideal arsenic sensor, as defined in Section 3.1, is a uTAS that can
achieve the entire arsenic detection process, starting with well
water on-site, from start to finish (Fig. 17). General advances in
microfluidics technology can serve to fulfil the needs to make
this a reality; a few of these advances, relating to pre- and post-
arsenic analysis processes, are highlighted below.

5.1 Specific Concerns for Arsenic Analysis

A particular challenge concerning the analysis of real water
samples is interference effects and arsenic oxidation
requirements. These issues must be addressed before the arsenic
detection assay can proceed. Arsenic and phosphorus
compounds share very similar chemistry, owing to their
similarities in size and shape. A simple method for the removal
of phosphate interference from arsenic containing solutions is by
ion chromatography. lon chromatography for phosphate and
arsenate  separation proceeds via anion exchange.
Phosphorus(V) and arsenic(V) species have different pKa’s
(~2.2) than arsenic(l11) species (~9.2). By starting with an initial
solution in which all arsenic is reduced to arsenic(lll), ion
chromatography can then be used to separate the arsenate and
phosphate compounds in solution.®!
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Fig. 18: Schematic diagram of a microfluidic size-exclusion liquid chromatography
(LC) system. A packed, mesoporous silica column is interfaced to a poly-dimethyl
siloxane (PDMS) microfluidic chip by means of a polyethylene (PE) membrane.
Using just the pressure generated by a standard syringe pump, the device can size-
exclusion separate dye molecules from biopolymer mixtures. Reproduced from
Chan et al., with permission from Hindawi Journals.>!
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There are several examples in the literature regarding
microfluidic chromatography.**® As a proof-of-principle, an on-
chip liquid chromatography (LC) system has been developed for
the separation of dye and biopolymer mixtures (Fig. 18).15! In
this design, a microfluidic column that is packed with
mesoporous silica beads separates dyes from biopolymers, using
only the pressure generated by a standard syringe pump. Using
soft lithography, it is possible to fabricate a multi-layered poly-
dimethyl siloxane (PDMS) chip that is interfaced via a
polyethylene (PE) membrane to a silica packed channel. It is
conceivable that similar packed column devices can be designed
for the analysis of environmental samples as well; in the instance
of ion exchange channels the mesoporous beads must be replaced
with charged polymers instead.

A common drawback of miniaturisation with regards to trace
analysis is that it is difficult to detect low levels of an analyte
from a very small sample volume. With regards to arsenic
detection, this can potentially be addressed via microfluidic
enrichment and pre-concentration. A microfluidic extractor has
been developed for the on-chip concentration of arsenic within a

hollow-fibre (Fig. 19).152
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Fig. 19: A microfluidic hollow fibre membrane extractor for arsenic pre-
concentration. Supported liquid membrane extraction (SLME) occurs of arsenic
from the original aqueous donor solution (introduced in the microfluidic channel)
into an organic acceptor solution (introduced within the hollow fibre membrane,
HFM); the pH’s of the donor and acceptor solutions are adjusted such that arsenic
is uncharged in solution and preferentially partitions into the organic phase.
Reproduced from Hylton et al., with permission from Elsevier.'>2 (Colour online.)

Iron oxide binding of arsenic is a fairly well-understood
phenomenon that is commonly used in industrial waste
management and pollution control systems for arsenic
removal.?53-158 We propose that iron oxide binding can therefore
be another viable option for arsenic pre-concentration
applications. Iron oxide pre-concentration binding of arsenic can
easily be achieved using a microfluidic platform. As previously
mentioned, microfluidic systems readily facilitate diffusion-
controlled reactions such as adhesion binding. It can be
conceived that arsenic and iron oxide solutions can be mixed on
chip. After a characteristic binding time, the arsenic-containing
particles can be collected and the arsenic can be re-suspended in
a smaller volume for further analysis. Current research efforts in
our own group focus on the magnetic pull down and desorption
of arsenic from iron-oxide magnetic particles. The arsenic
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containing extract can then be microfluidically analysed further
downstream.

5.2 General Issues of Portability

Some more general issues for portable continuous-flow
microfluidics are sample introduction onto the device, and
visualisation of micro-scale processes.

Traditionally, microfluidic sample introduction occurs via
external syringe pumps; but these pumps cannot be brought to
the field. Alternative micro-pumps have been developed with
various modes of sample actuation, but many still have limited
portability due to continuous need for a power supply. However,
hand-powered pumps are one mode of sample introduction that
do not require any additional resources. For example, in the
hand-powered microfluidic membrane pump developed by Gong
et al., the sample is first injected via syringe into the membrane
pump, causing the membrane to deform; and then subsequent
deflation of the pump by the operator causes the sample to travel
downstream (Fig. 20).1%°
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Fig. 20: Schematic diagram of a hand-powered microfluidic membrane pump. The
sample is first introduced via syringe, through the syringe interface, to fill and
inflate the membrane pump. Then, the membrane pump deflates when pressed
and pushes the sample flow through the fluidic resistor to the downstream
component of the chip. The rate of fluid flow is regulated by the properties of the
fluidic resistor, not the pressure exerted by the mechanical pressing force.
Reprinted with permission from Gong et al.; copyright (2012), AIP Publishing
LLC.15? (Colour online.)

Also, the traditional inverted microscopes and cameras
typically used to magnify and capture images of microfluidic
devices are extremely expensive, and not practical for use on the
field. However, recently, the ‘Foldscope’, an origami-based
paper microscope, has been constructed for a mere fifty cents.160
This device consists simply of a sheet of punched cardstock, a
spherical lens, a light-emitting diode (LED) with a diffuser panel,
and a battery to power the diode. It is easily assembled via
folding, weighs only 8 ounces so is easily portable, and yet has a
magnification power of up to 2,000 times. In addition to the
Foldscope, there is also much interest in the use of smartphones
coupled to magnifying lenses as portable imaging detectors. 61
168

Possibly, the most useful development forward towards
increasing the accessibility of portable arsenic testing to the
developing world is via signal quantification by use of cell
phones. The computational power of the modern smartphone
rivals that of computers; so smartphones can be used both for
image acquisition, via camera, and also for image processing, via
a specialized mobile application. This, coupled to the fact that
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these devices are becoming increasingly popular everywhere
around the world, renders smartphone technology very
favourable for portable microfluidic process visualisation. For
example, Sicard et al. have integrated the hardware, software,
and social media capabilities of cellphones to develop a water
quality monitoring system.16® Here, a paper-based water quality
sensor is imaged by a cell phone and the signal is quantified by
a downloadable image processing application; the results are
then mapped onto an online water monitoring network. The
implementation of such a system for arsenic well monitoring and
mapping may generate a paradigm shift in how the issue of
arsenic contamination is tackled both in Bangladesh and around
the world.

6. Conclusion

Arsenic contamination is an ubiquitous problem all over the
world; particularly in Bangladesh, where contamination is
attributed to naturally high arsenic levels in ground
sediments.»87 Although the current WHO MCL for arsenic in
drinking water is set at 10 pg/L, analytical and economic
constraints cause Bangladesh and many other developing nations
to adopt a higher limit of 50 pg/L.13%5 Unfortunately, it is
expected that 1 out of 100 people who consume water in excess
of 50 pg/L of arsenic, will die due to an arsenic-related cancer.®

To date, 6-11 million tube-wells need to be tested for arsenic
contamination in Bangladesh.?* While common laboratory
techniques such as AAS, MS, and AFS all have the ability to
detect arsenic levels well below the WHO limit, their high costs
and the requirement for a centralized facility render them
ineffective for mass monitoring applications. Furthermore, the
portable Gutzeit-method based arsenic test strips introduced in
the 2000s have been shown to lack the safety, sensitivity, and
reliability required for a human-health risk determination.

We stipulate that an ideal arsenic sensor, aimed to address the
global need for arsenic monitoring, must meet the criteria of
sensitivity and selectivity, speed and reproducibility, portability
and robustness, health and environmental safety, and
affordability and ease of use. Several efforts are currently in
place for the development of alternate arsenic sensors using
colorimetric, electrochemical, biological, electrophoretic,
surface sensing, spectroscopic and paper-based methods. We
note that the integration of microfluidic technology lends many
advantages to point-of-care-type device development; including
increased portability, faster reactions, higher throughput,
increased reliability, reduced cost, reduced health and
environmental impacts, and easier handling.

Presently, we have reviewed these different alternate
detection methods in terms of their potential as a routine arsenic
sensor. Many of the mentioned alternate arsenic analyses either
already have been, or can be, implemented microfluidically in
the form of LOC devices; it is also evident that many sample
work-up and other required manipulations can be portably
implemented as well. In light of these developments, it is clear
that the future of portable microfluidic arsenic detection is quite
bright. Once an integrated LOC is developed for arsenic analysis,
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all that is required is to click together the necessary auxiliary
modules and voila: the ideal portable arsenic sensor.
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