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ARTICLE INFO ABSTRACT

Keywords: The global impact of mercury (Hg) pollution requires the development of improved low-cost analytical sensors

Rhodamine B thiolactone for Hg determination. Rhodamine B thiolactone (RBT) has been proposed as a colorimetric sensor for Hg?* as it

VMVerC“ry undergoes ring-opening in the presence of Hg to give a fast, reliable, and easily observed, colour change. In this
ater

study a naked-eye biopolymer-based sensor for Hg?* detection was developed based on RBT-doped agar-agar
membranes supported on filter papers. The chromogenic reagent was stable at —18 °C for over two years, whilst
the RBT-doped sol-gel membranes prepared from 1% (w/v) agar colloid had a shelf-life of at least 12 weeks at
room temperature when stored in the dark. The limit of detection (LOD) for naked-eye sensing was 0.4 pg L.
For Hg?' quantification, images of the membranes were recorded using a flatbed scanner and analysed with
public-domain ImageJ software. The linear range based on greyscale intensity in the green channel was 0.2-6.0
pg L' and the LOD was 0.2 ug L1 Precision was 10% (n = 3) and spike recoveries were in the range 97-103%.
The sensors were regenerated using 10% w/v KI and successfully reused up to 4 times. Compared with other RBT-
doped sol-gel sensors, the agar-agar membranes were simpler to prepare, more environmentally friendly, and
gave a superior detection limit.

Naked-eye colorimetric sensor
Sensor stability

1. Introduction

Mercury is a pollutant of global concern [1,2]. It is emitted from
various natural and anthropogenic sources, with small-scale gold mining
and coal combustion being the largest anthropogenic contributors [3,4].
The toxic influence of Hg on human health is well documented [5,6].
The effects of Hg on human health depend on the level and duration of
exposure, and the form of the element, since this influences the organ
targeted. Symptoms of Hg toxicity include vomiting, severe abdominal
pain, muscular weakness, headaches, mood swings, sleep disturbance,
depression, and slowed nerve functions or memory loss. Permanent
damage of the digestive system, kidneys and nervous system can results
from chronic exposure [7].

The determination of Hg concentrations in environmental samples is
necessary for contamination assessment and human health protection.
However, particularly in resource-poor regions of the world (where the
majority of activities such as small-scale gold mining take place) the use
of classical methods of Hg detection is limited by high instrument costs
and/or lack of instrument availability [8]. As a result, there has been
considerable interest over the past decade in the development of Hg
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sensors. Ideally, such sensors would allow naked-eye identification in
the field, without the need of additional reagents or equipment, at
environmentally relevant guideline concentrations. In the case of
drinking water, the World Health Organisation (WHO) guideline [9] for
Hg is 6 pg L1, and the European Community (EC) maximum allowable
concentration [10] is 1 pg L. The United States Environmental Pro-
tection Agency has a limit [11] of 2 pg L™! for drinking water, and has
set freshwater and saltwater limits [12] at 1.4 pg L™ and 1.8 pg L™}
respectively.

Small molecule sensors [13-22] have been used with some success
for the detection of Hg in environmental samples. However, the majority
of these sensors have not been adopted widely for reasons including lack
of selectivity [23,24], poor aqueous solubility [25], or complicated
synthetic routes [26,27]. Polymeric chemosensors can have several ad-
vantages over small molecules sensors including high thermal and me-
chanical stability, uniform polymeric pores, and easy diffusion of
analyte ions [28]. However, additional steps and equipment are often
necessary for application in the field [29-31]. Ready-to-use test strips or
papers requiring no sample manipulation or additional equipment have
also been proposed [32,33] although detection limits are poorer.
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Rhodamines have been investigated as chemosensors for metal ions
due to their high molar absorptivity, high fluorescence quantum yield
and long wavelength absorption and emission [34]. Rhodamine B ex-
hibits an equilibrium between two well-defined molecular forms; the
lactone (L) and the zwitterion (Z) form (Fig. 1). Generally, the L form is
colourless and has very weak absorption and emission bands, while the Z
form is highly coloured [35,36].

Rhodamine B thiolactone (RBT) has been proposed as a simple and
reliable chemosensor for naked-eye detection of trace Hg?" in aqueous
media. The sensing response is based on the ability of Hg?" to induce
ring-opening and trigger structural change from the colourless, non-
fluorescent L form to the pink, fluorescent open Z form (Fig. 2)
[37-39]. Naked-eye detection of HgZ" at 2.0 ug L' has been achieved
[40] using dispersive liquid-liquid microextraction to pre-concentrate
Hg followed by reaction with RBT, and a more portable version of the
same assay has been developed [39] that avoided the need to transport
extractants to the field by using a RBT-doped sol-gel immobilised on a
filter paper frit. In the sol-gel method the intensity of the colorimetric
response is recorded using a flatbed scanner and Adobe Photoshop,
achieving a detection limit of 0.24 pg L™). However, challenges were
reported with stability of the sol-gel membranes, which developed a
pink colour after exposure to air for 1 day. Although this could be
mitigated by storing the membranes in 1.0 mM ascorbic acid or under
nitrogen, slight colour change still occurred after 40 day. Further, the
sol-gel preparation involves the use of harmful chemical substances
such as tetraethyl orthosilicate, and hence is not in accordance with the
principles of green analytical chemistry [41]. As a more environmen-
tally friendly option, rhodamine functionalized cellulose was proposed
as an Hg sensor [42]. While fluorometric response afforded an LOD of
juslt under 0.2 mg L™}, naked-eye detection was not possible below 1 mg
L.

Agar-agar is a natural, unbranched polysaccharide obtained from the
cell wall of some species of red algae (Rhodophyta) that is made up of
repeating units of D-galactose and 3,6-anhydro-L-galactopyranose. It is
sustainable, biocompatible, non-toxic and relatively inexpensive. Its
robust gelling ability and absence of interference with the reactivity of
other bio-molecules have made agar-agar favourable for commercial
applications in pharmaceutical, food and biotechnological industries
[43-46]. Furthermore, the agar-agar colloid exhibits remarkable sta-
bility at temperatures up to 85 °C, even at concentrations as low as 0.1%
[47].

This paper reports the successful development of a cheap, sustain-
able, robust Hg sensor based on RBT encapsulation within the polymeric
network of agar-agar gel, and compares the performance of RBT-doped
agar-agar with that of the established RBT-doped sol-gel for the color-
imetric sensing of Hg" in water, using a flatbed scanner and ImageJ
image processing software.

2. Experimental
2.1. Materials and methods

All regents were of analytical grade and used as received without
further purification. Supplier information is as follows: Rhodamine B
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Fig. 1. Equilibria between lactone and zwitterion forms of rhodamine B.

Microchemical Journal 195 (2023) 109481

base - ACROS Organics, New Jersey, USA; sodium sulfide anhydrous
(NayS) - Alfa Aesar, Lancashire, UK; tetraethyl orthosilicate (TEOS) -
Sigma-Aldrich Company Ltd., Gillingham, UK; agar-agar, granular
powder, - Fisher Scientific, Loughborough, UK; Whatman filter paper,
(12.7 mm diameter, ashless, white ribbon) - GE Healthcare UK Ltd.,
Buckinghamshire, UK; acetonitrile (CH3CN) - Sigma-Aldrich Company
Ltd., Gillingham, UK; nitric acid (HNOg) - Sigma-Aldrich Company Ltd.,
Gillingham, UK; and mercury (Hg?") 10,000 ug L ™! stock solution - QMX
Laboratories Ltd, Essex, UK.

Rhodamine B thiolactone was synthesised from rhodamine B base
and NayS by a “one pot synthesis” route [37]. A stock solution of
rhodamine B thiolactone (5 mM) was prepared in CH3CN. Mercury stock
solution was diluted in 2 % (v/v) HNOg as required.

2.2. Preparation of sensing gel membranes

The sol-gel membranes were prepared as described in Liu et al. [39].
The agar-agar colloid formulation was prepared by dissolving agar-agar
powder in warm distilled water to give a concentration of 1% (w/v) agar.
Once the resulting solution was a clear viscous liquid it was allowed to
cool slightly before the addition of 5 mM RBT. The agar colloid and RBT
solution were mixed in a 5:1 ratio for 2 min using a magnetic stirrer.
Filter papers were dipped in the mixture, which was maintained at
around 40 °C since the gel set if the temperature was allowed to fall
below 25 °C, then withdrawn and dried in air for 30 min prior to use.

2.3. General procedure for colour development and data analysis

The Hg-sensing membranes were fixed in a 13 mm in-line poly-
carbonate filter holder and Hg standard solutions were pumped through
the membranes at a flow rate of 17 mL min~' using a multi-channel
peristaltic pump (REGLO ICC, Cole-Parmer Ltd, UK). After colour
development, the exposed sensors were removed from the holder and
scanned immediately using a LiDE 220 flatbed scanner (Canon, UK).
Chromogenic analysis was carried out based on the RGB colour model in
greyscale mode using ImageJ software. ImageJ is a public-domain, Java-
based, image processing programme developed at the United States
National Institutes of Health, available to download at https://imagej.
nih.gov/ij/.

3. Results and discussion
3.1. Stability of solid rhodamine B thiolactone

Rhodamine B thiolactone pale yellow crystals were synthesised with
a 48% yield. A thiospirocyclic structure was confirmed by 'H nmr and
13C nmr spectroscopy, and by X-ray crystallography (see supplementary
data). The solid was unstable under ambient conditions and began to
change colour from yellow to pink within an hour of synthesis. This is
consistent with the work of Liu et al. [39] who reported that oxidation of
the RBT-based sol-gel membranes occurred rapidly in air. When
observed under an optical microscope (Fig. 3) pink “branches” could
clearly be seen developing around the edges of the pale yellow, needle-
shaped RBT crystals, indicating that the transformation started from the
outer layers, hence was induced by exposure to environmental factors.

To further investigate the stability of the synthesised chemosensor
molecule, solid RBT was stored in sealed containers for up to two weeks
in different environments: at ambient temperature in daylight; at
ambient temperature in the dark; at —18 °C under white light; and at
—18 °C in the dark. As shown in Fig. 4, the chemosensor changed colour
under all conditions except when stored in the dark at —18 °C. This
indicates that not only the presence of oxygen, but also the action of
light and temperature, influence the equilibrium between the L and Z
forms, and must be considered when assessing the suitability of RBT as a
Hg?" sensor under a range of conditions. No colour change from yellow
to pink was observed at —18 °C in the dark even after storage for more
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Fig. 2. The reaction between Hg?* and rhodamine B thiolactone [37-39].

Fig. 3. Microscope photo of rhodamine B thiolactone crystals undergo-
ing alteration.

than 2 years. It was therefore concluded that solid RBT was stable when
stored at low temperature and away from light. Bulk synthesis of an RBT
solid is possible if the crystals produced are stored in the dark at —18 °C
(i.e. in a freezer) before being used to prepare Hg?" sensor membranes.

3.2. Interference study

Previous studies have demonstrated that RBT is relatively insensitive

Light Dark

Fig. 4. Effect of storage conditions on the stability of solid rhodamine B
thiolactone.

to non-analyte ions likely to be present in water samples. Zhan et al. [37]
observed no colorimetric response in the presence of 5 tM of Ba>*, Cd?",
Co?t, cr®t, cu?t, Fe®*, Mn?*, Ni%*, Pb%* or Zn?" whilst Shi and Ma [38]
reported no response when RBT was added to a mixed metal solution
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containing 50 puM of Ca%*, Cd®*, Co?*, cu?*, Fe**, K¥, Mg?", Mn?*,
Pb%* and Zn%".

In the current study, no discernible colour change occurred in the
presence of 5 mg L™ of As®*, Cd?*, Co®", Cr¥, cu®*, Fe3t, Mg?", Mn?*,
Na®, Ni2*, Pb?t and Zn2*, but the RBT did give a weak response with
Ag"' (Fig. 5a) as has been reported previously [38]. The colorimetric
response for 1 mg L1 Hg was similar in the presence, and in the absence,
of the above mixture (Fig. 5b).

3.3. Chromogenic analysis of the colorimetric responses

When freshly prepared agar-agar membranes were exposed to stan-
dard solutions of Hg?" the membrane changed colour from white to
pink. Images of the sensors were recorded using a flatbed scanner and
ImageJ software was used to decompose the image into red, green and
blue components. To simplify data analysis and improve signal-to-noise
ratio [48], the intensity in each channel was then converted to greyscale.
As expected given the colour of the developed sensor (A\yax = 559 nm)
the greyscale intensity in the green channel (Gg) gave the most distinct
image (Fig. 6) and so was selected for further use. This is in agreement
with previous work on sol-gel based RBT Hg?" sensors that used a
subtractive colorimetric detection approach [39].

3.4. Optimisation of sensing response on the agar-agar membrane

3.4.1. Selection of agar-agar gel colloid concentration

The mechanical properties of the RBT-doped agar-agar membranes
could significantly affect their air and water permeability, hence their
stability and suitability for use as Hg?" sensors. To study these effects,
agar colloids at concentrations of 1, 2, 3, 4 or 5% (w/v) were prepared
and used to manufacture RBT-doped agar-agar membranes. A coating
was successfully generated on the dipped filter paper in all cases.
However, the membranes formed at higher colloid concentrations (4%
or 5%) were hard and rigid after drying, while those formed from 1%
and 2% colloid were soft and flexible. Slight rigidity was observed with
the 3% colloid concentration. Further, the sensor papers prepared with
higher concentrations of colloid began to curl as soon as the agar-agar
dried, whilst those prepared with lower concentrations remained flat.
The curvature of the sensor papers, which rendered them unsuitable for
use, could be due to an increase in the intermolecular glycosidic bonds
between the D- and L-galactose in the agar-agar matrix at higher
concentration.

To investigate the air permeability of the agar-agar membranes and
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their protective ability to delay ring opening of immobilised RBT,
membranes prepared with different concentrations of agar-agar colloid
were exposed to ambient temperature and daylight. Sensor stability
generally increased with increasing colloid concentration, presumably
because the permeability of the gel decreased and so a longer time was
required for penetration of air into the structure. Membranes prepared
with 4% or 5% agar-agar began to show a pink tinge only after 3 w, those
prepared with 2% or 3% agar-agar discoloured after 2 w, whilst those
prepared with 1% agar-agar were stable for 1 w. Compared with the
sol-gel membranes, which were stable for less than 1 day in contact with
air [39], the agar-agar colloid protected the reagent from structural
transformation well.

The mechanical flow characteristics of sensor membranes also in-
fluence their utility. A key requirement is to ensure high flow rates
through the sensor in a reasonable timescale to ensure sufficient sensi-
tivity. When water was pumped through the agar-agar membranes at a
flow rate of 30 mL min~"! (as in Liu et al. [39]), it caused them to tear,
regardless of the colloid concentration used in their preparation. When
the flow rate was decreased to 17 mL min~! no difficulty was experi-
enced in passing water through the membranes prepared with 1, 2 or 3%
agar-agar but those produced with 4% or 5% were virtually imperme-
able due to the development of high back pressures.

The membranes prepared with 1, 2 or 3% agar-agar colloid were
further investigated in terms of the distribution of the coloured complex
formed on exposure to Hg?" solutions. Agar-agar membranes prepared
with 1% colloid developed an even pink colour across the membrane,
whereas 2 or 3% colloid membranes changed colour only at the edges of
the membrane. Agar-agar membranes prepared with higher colloid
concentrations also developed a slight ‘dome-shape’ as they rehydrated
on contact with sample solution. When this occurred, the Hg?* standard
solution flowed preferentially through the thinner edges of the mem-
brane impacting on the sensing platform. In contrast, membranes pre-
pared with a 1% agar-agar colloid had a uniform thickness allowing
water to easily permeate the entire surface area of the sensor, allowing
for higher sensitivity of response due to a greater interaction of Hg?*
with immobilised RBT. Therefore a flow rate of 17 mL min~" and sensor
membrane prepared from 1% (w/v) agar-agar colloid were chosen for
further study.

3.4.2. Assessment of water sample volume flowing through agar-agar
membranes

The concentration of Hg?" present will dictate the volume of water
that needs to be passed through the agar-agar membranes, with lower

Fig. 5. Effect of potential interferents (a) colorimetric response for Hg?", Ag" and a mixture containing 5 mg L ™! of As®>*, Cd?*, Co**, Cr**, Cu®*, Fe®t, Mg?*, Mn?",
Na*, Ni?*, Pb%* and Zn?* (b) colorimetric response for Hg alone and in the presence of the mixture.
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a _

Fig. 6. Images of a filter paper coated with RBT-doped agar-agar colloid after exposure to Hg?". (a) the original image, (b) grey in red channel (Gg), (c) grey in green
channel (Gg) and (d) grey in blue channel (Gg). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

concentrations requiring higher volumes of water to be detected. To
estimate the sample volume required to provide sensitive detection of
Hg?", standard solutions containing 5 or 10 pg L™! Hg?* were studied.
Different volumes of each solution — from 50 to 1000 mL — were passed
through agar-agar membranes and the greyscale intensity in the green
channel recorded. As shown in Fig. 7, and observed previously for sol-
—gel based membranes [39], the initial linear response in colour change
quickly plateaued. The shape of the curve may indicate an initial rapid
reaction of Hg" with the more accessible RBT molecules close to the
exposed surface of the membrane followed by slower saturation of less
accessible sites. The sample volume could be adjusted depending on the
desired detection range of Hg?". However, considering the sensitivity
and the appropriate linear range for Hg?" at such low concentration, a
sample volume of 300 mL was selected for further use.

3.4.3. Assessment of colorimetric reagent

To minimise sensor costs, the minimum amount of colorimetric re-
agent required to detect Hg?" at typical environmental concentrations
should be used. An experiment was conducted where different amounts
of 5 mM RBT solution (0.5, 1.0, 1.5 or 2.0 mL, corresponding to 2.5 x
107%, 5.0 x 10_6, 7.5 x 107%and 1.0 x 107> mole of RBT, respectively)
were added to 5 mL of 1% (w/v) agar-agar colloid. The membranes were
then exposed to 300 mL of either 5 or 10 ug L™! Hg?* solution (Fig. 8).
Statistical analysis (ANOVA at 0.05 significance level) indicated that
there was no significant difference in colour intensity between the
sensors prepared with different amounts of RBT for the lower Hg?"
concentration, but there was significant difference at 10 ug L~! Hg?*. To
identify which sensor(s) gave a different response, a series of t-tests at
0.05 significance level were carried out, which indicated that the result
for the membrane prepared with 0.5 mL of RBT solution was dissimilar
to the others. This may be because the amount of RBT available was
insufficient to react with all of the Hg?" present in the sample. A 300 mL
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Fig. 7. Effect of sample volume on the colorimetric response in the Gg of the
RBT-doped agar-agar sensor. The concentration of rhodamine B thiolactone in
the agar membrane was 5.0 x 107® ™, Error bars represent one standard de-
viation (n = 3).
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Fig. 8. Influence of colorant reagent volume on the colorimetric response in the
Gg of the RBT-doped agar-agar sensor. The concentrations of rhodamine B
thiolactone in the agar membranes were 2.5 x 107%, 5.0 x 107°°, 7.5 x 10°°
and 1.0 x 107° ™! Error bars represent one standard deviation (n = 3).

aliquot of 10 ug L™ Hg?" solution contains 15 nmole of Hg. Given that
between 60 and 80 sensor papers could be prepared from the 5.5 mL of
doped colloid containing 2.5 x 10~® mole of RBT, it can be estimated
that around 37 nmole of the chromogenic reagent was likely to be
present in each sensor. However, some of this may have been located
within closed pores inaccessible to the Hg?" solution. Since use of the
minimum amount of reagent was desirable, it was decided to prepare
sensors by adding 1 mL of RBT solution to 5 mL of colloid.

3.5. Analytical performance

A fit-for-purpose Hg?" sensor must be able to detect the analyte at
environmentally-relevant concentrations. For the agar-agar membrane,
the colour change (white to pink) could be discriminated clearly by the
naked eye at 0.4 pg L™! Hg?*, below the water quality and drinking
water guidelines (Fig. 9). Thus the sensor could for be used for both
pollution monitoring and health protection without the need for addi-
tional sample preparation or instrumentation.

Mercury standard solutions with concentration from 0.2 to 20 pg L™?
were prepared and 300 mL aliquots analysed in triplicate to assess the
linear range of the agar-agar membrane response. As expected, the Gg
value increased with Hg2+ concentration (Fig. 10). A linear correlation
(r? = 0.990) was found over the range 0.2-6 ug L™}, which encompasses
Hg concentrations likely to be present except in highly contaminated
waters. The instrumental limit of detection was 0.2 ug L™ at which
concentration the precision (RSD) for analysis of three replicate agar-
agar membranes was 11.5%.

The accuracy of the proposed agar-agar method was evaluated by
spike recovery tests carried out at three concentration levels in tripli-
cate. The initial Hg?" concentration was 1 pg L™ and the spiked con-
centrations were 1, 3 or 5 ug L™1. The spiked sample solutions were
pumped through the sensors, then the exposed membranes were
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Fig. 9. Sequential increase in the colour intensity of the agar-agar membrane with increasing Hg>" concentration.
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scanned for chromogenic analysis. After the intensities in Gg were
measured, the Hg?' concentrations were obtained from the corre-
sponding regression equations and the initial concentration subtracted
to obtain the spike recovery values in Table 1. Recoveries were 99.1%,
103% or 97.7% for the low, medium and high spike concentration levels,
respectively. The RSD values were less than 10% in all cases.

3.6. Membrane stability and reactivity following storage

As discussed in Section 3.1, RBT is likely to undergo ring opening
under ambient conditions, giving rise to a pink colour even in the
absence of Hg?". Hence, the stability of the sensor membrane needs to

Table 1
Spike recovery results for the agar-agar membranes based on the response in the
Gg channel.

Initial Hg>" ng ~ Hg*"Added pg Hg?" Found ugL™'n % Recovery + %
L 1

L! =3 RSD

n=3
1 1 1.990 + 0.089 99.1 + 9.04
1 3 4.09 + 0.144 103 + 4.65
1 5 5.89 + 0.438 97.7 + 8.98

Results are mean + SD; n = number of replicates.

be evaluated at ambient temperature, in the daylight, and in the dark. In
addition, some of the agar-agar membranes were ‘capped’ with a pro-
tective layer of 5% (w/v) agar-agar — which had to be peeled off before
the sensor was used — to investigate whether this would extend the shelf-
life. The agar-agar membrane showed no colour change when kept in the
dark for 12 weeks at room temperature, and was stable for up to 1 week
in the daylight (Fig. 11). The addition of a 5% agar-agar film over the
surface of the doped membrane did increase the length of time the agar-
agar membrane could tolerate ambient conditions, but only for a period
of up to 2 weeks after which time a pale pink colour developed.

For comparison, sol-gel membranes were prepared and stored under
various conditions: at ambient temperature in the daylight and in the
dark; at ~ 4 °C in a refrigerator; in 0.1 mM ascorbic acid solution (as
recommended by Liu et al. [39] and in a tightly sealed bottle containing
sachets of oxygen absorber (Oxygen Absorber Ageless®, Mitsubishi Gas
Chemical Company, Inc.). As expected, the sol-gel membranes exposed
to ambient conditions became pink after just 1 day (after 1 week in the
dark or in ascorbic acid). Because the acid catalysed sol-gel membranes
cured rapidly, they were prone to the formation of small cracks. This
may have increased their air permeability. Sol-gel membranes were
however stable for up to 12 week when stored at low temperature or
kept free from oxygen.

The reactivity of both types of sensors was tested following storage
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Fig. 11. Stability of RBT-doped (a) agar-agar and (b) sol-gel membranes stored under different condition. Error bars represent one standard deviation (n = 3).

for up to 12 weeks (Fig. 12). Only those sol-gel membranes stored away
from oxygen or at low temperature gave similar colour intensity to
freshly-prepared sensors. In contrast, it was only necessary to store agar-
agar membranes away from light to maintain their performance.
Simpler storage requirements are a clear advantage for a sensor intended
for field use in resource-poor areas. Agar-agar membranes could, for
example, simply be wrapped (or supplied pre-packaged) in foil for
transport to the field, rather than requiring refrigeration or the addition
of oxygen absorbers, as would be the case for sol-gel membranes.

3.7. Recycling of agar-agar membrane with KI

An investigation into the re-usability of the agar-agar membranes
was conducted by exposure of the membrane to 10 g L™! Hg?* (to
generate an easily detectable pink colour) followed by dropwise addi-
tion of 10% w/v KI to the membrane surface, reversing the colour
change. This could be repeated several times (Fig. 13) indicating the
development of a reusable sensor membrane.

4. Conclusion

A naked eye membrane sensor for the detection of Hg?" in water
samples has successfully been developed based on RBT immobilised in
agar-agar supported on filter paper. Quantitative determination of Hg?"
was achieved by chromogenic analysis using a flatbed scanner and
public-domain software. The sensors could be stored for at least 12
weeks in the dark, and sensors were re-usable following regeneration
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Fig. 13. Recycling of RBT-doped agar-agar membranes. In each cycle, the
membranes were exposed to 10 ug L~! Hg?", then treated with a solution of KI.
Error bars represent one standard deviation (n = 3).

with 10% w/v KI. Limits of detection were 0.4 pg L1 (naked-eye) and
0.2 pg L7! (digital image analysis) lower than current legislative
thresholds for Hg?" in drinking water. The linear range was 0.2-6.0 pg
L7! and spiked recovery values were 100 + 3%. Compared with the
previously reported RBT-doped sol-gel membrane sensors, the
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Fig. 12. Reactivity of RBT-doped (a) agar-agar and (b) sol-gel membranes after storage for up to 12 weeks. The membranes were exposed to 10 ug L ™! Hg?* solution.

Error bars represent one standard deviation (n = 3).
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preparation of the proposed agar-agar membranes was simpler, used less
harmful reagents, had lower limits of detection and a significantly
longer shelf-life when stored in the dark. Further work to migrate the
chromogenic detection to a mobile phone-based platform, adapting the
method to field application, and application to real environmental
samples, is required.
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