.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Facile fabrication of paper-based analytical devices
for rapid and highly selective colorimetric
detection of cesium in environmental samplesf

i '.) Check for updates ‘

Cite this: RSC Adv., 2017, 7, 48374

Sung-Min Kang,}® Sung-Chan Jang, ¢ Yuvaraj Haldorai,” A. T. Ezhil Vilian,®
Muruganantham Rethinasabapathy,® Changhyun Roh,**® Young-Kyu Han (DR
and Yun Suk Huh @ *2¢

Cesium (Cs), a radioactive contaminant of the ecosystem, causes a major risk to human health and
environments. Till now, the cesium sensor fabrication methods have been reported with the usage of
expensive chemicals that are complex and time-consuming. In this work, we have fabricated a paper-
based colorimetric device impregnated with a chrysoidine G (CG) as chemo-indicator which is simple,
rapid, low-cost, and portable using a naked-eye quantitative technique for the detection and monitoring
of inactive cesium in environmental analysis. This chemo-indicator is designed to exhibit a powerful
detection capability featuring high selectivity and sensitivity to inactive Cs, by means of color
discrimination from light yellow to red orange. Interestingly, a portable smart phone camera, which

determined the relative red/green/blue (RGB) values within 3 s, provided us with further information on
Received 31st July 2017

Accepted 6th October 2017 environmental pollution. Using our new colorimetric reusable sensor (CRS) platform, the CRS shows

excellent detection linearity (R*> = 0.99) of inactive Cs from the contaminated water. Our results will pave

DOI: 10.1039/c7ra084449 the way for portable and versatile sensors and, in turn, for the detection and monitoring of toxic inactive
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1. Introduction

The nuclear accidents that befell the Chernobyl (Ukraine, 1986)
and Fukushima (Japan, 2011) nuclear power plants are widely
regarded as being among the world's worst environmental
disasters. The release of radionuclides as a result of these
nuclear accidents is an increasingly pressing global concern.™*
In particular, most of the radionuclides (more than 80%)
resulting from the Fukushima Daiichi nuclear accident were
allowed to contaminate the offshore area, causing their spread
to the world's sea and soil via the Pacific Ocean.**
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cesium in contaminated water samples.

Among these radioactive contaminants, cesium is known to
be a significant byproduct of nuclear waste. Due to its high
mobility and solubility in water, cesium (Cs) is responsible for
contaminating surface water and/or ground water which leads
to aquatic bioaccumulation of radioactive cesium ions and is
passed on to people through contaminated seafood and
drinking water.>” More seriously, the simple substitution
reaction of cesium ions with sodium and potassium ions in the
red blood cells can induce adverse health problems in humans
such as cardiovascular, gastrointestinal, fetal, and neurological
disease.*® Radioactive cesium and its radioisotopes are strong
gamma emitters with a half-life of 2.06 years (***Cs) or 30.17
years (**’Cs), so their existence in the environment has long-
term harmful effects.'® Currently, various analytical tech-
niques, including laser-induced breakdown spectroscopy, cold-
vapor inductively coupled plasma mass spectroscopy, atomic
absorption spectroscopy, and electrochemical devices have
been accomplished to detect cesium.” These analytical tech-
niques have disadvantages such as high-cost, time-consuming
complex operational procedures, and complicated non-
portable equipment which are not suitable for environmental
monitoring.

The paper which mainly consists of cellulose fiber is highly
abundant and has become a growing concern among
researchers as a potential substance in the fabrication of
sensors, chemical and analytical devices due to its low cost and

This journal is © The Royal Society of Chemistry 2017
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flexibility in the fabrication of devices. Recently, a new paper-
based analytical sensor is commonly used in environmental
monitoring, food safety, and biomedical diagnostics applica-
tion."*® As paper-based analytical devices exhibit a relatively
novel analytical sensing platform, several effective approaches
have been used to detect multiplex analytes, such as chemilu-
minescent and FRET-based fluorescence methods, electro-
chemical and colorimetric methods, and surface-enhanced
Raman spectroscopy.””?® Among these analytical methods,
colorimetric methods have established great attention due to
their excellent features such as simplicity, rapid execution, and
low-cost.>*~>* In particular, the paper-based colorimetric device
overcomes these existing high-cost time-consuming complex
operational procedures with ease of operation and detects
cesium in the environmental samples very rapidly with high
sensitivity and high selectivity.?>*® In addition, there are various
works integrated on the use of smartphones as an on-site
detection technique using the paper-based colorimetric
device. Visual colorimetric sensors based on reusable substrates
(e.g:, cellulose, polyester, and non-woven fabric) are well-suited
for the on-site detection and monitoring of environmental
contaminants.”*" The colorimetric data can be rapidly con-
verted to a digital image by using smartphones. Their ability to
sense harmful substances rapidly will have a significant impact
on a variety of danger warning and emergency response
systems.

Currently, portable devices for detecting radioactive cesium
can be fabricated using semiconductor materials such as
germanium (Ge), silicon (Si), diamond, and cadmium (zinc)
telluride, which are capable of emitting gamma rays.* However,
even if these devices can provide a sensitive signal for the
detection of cesium, there are still a number of technical
problems to be addressed before the general public will be able
to diagnose cesium easily using mobile sensors in the field.
Specifically, in the case of the current portable cesium-
measuring apparatus, there are limitations in terms of high
production costs per unit, the size of the unit, the level of energy
required, and the complex manufacturing processes involved.

To facilitate the development of an on-site portable sensor
device, we here present a colorimetric reusable sensor (CRS)
technology for inactive cesium detection based on the color
transition of a chrysoidine G (CG) chemo-indicator with highly
sensitive and selective signals through fabrication of a strip-type
paper-based sensor. The concept of our CRS for the rapid on-
site diagnosis of Cs can be described by classifying the
process into three major parts, namely, the fabrication of
a paper strip impregnated with CG, the detection of a change in
color through a reaction with the sample solution, and evalua-
tion and confirmation via an image captured by a mobile
phone. In order to implement a cheap, easy to make and
operate, and versatile sensor, we used flexible substrates such as
paper, plastic, and fabric, which can be used easily in everyday
life. This method will detect and provide on-site diagnostic
signals about the presence of inactive Cs pollutants in
hazardous environment within a short time that can be iden-
tified by the human eye, as well as quantitative digital
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information through analysis of images captured by a smart
phone or portable camera.

2. Materials and method

2.1. Materials

4-Phenylazo-m-phenylenediamine (chrysoidine G, CG) and
Whatman cellulose chromatography paper were purchased
from Sigma-Aldrich Chemicals (MO, USA). Inactive cesium
(**3Cs) standard solutions were obtained from o2si smart
solutions (SC, USA). Lead, mercury, and zinc standard solution
were purchased from CPI International (CA, USA). Iron(u)
chloride tetrahydrate, iron(m) chloride hexahydrate, magne-
sium chloride hexahydrate, manganese chloride tetrahydrate,
and aluminum chloride hexahydrate were purchased from
Sigma-Aldrich Chemicals (MO, USA). The real environmental
samples from a stream and a lake were collected from Korea
Atomic Energy Research Institute (KAERI), Jeongeup, Republic
of Korea. All reagents and chemicals were of analytical grade
and were used as purchased without further purification.

2.2. Fabrication of a text-reporting colorimetric reusable
sensor

The text-reporting colorimetric reusable sensor was fabricated
using a standard protocol of photolithography (Fig. S1%).22°
Briefly, various flexible substrates (cellulose, polyester, and non-
woven fabric) were coated with 1 mL of SU-8 photoresist (SU-8
2025, MicroChem Corp., MA, USA) by means of spin coating
(1000 rpm, 10 s) (step 1). The SU-8 photoresist was immobilized
into flexible substrate networks and then soft baked at 90 °C for
60 min followed by stabilization at room temperature (step 2).
Then, the glass photomask and paper were assembled in face to
face stacking (step 3). Of note is the fact that we made a glass
photomask composed of two slide glasses and a piece of paper
printed with text. Also, to achieve high-resolution text
patterning, the conformal contact between the glass photomask
and the SU-8 impregnated paper was fastened by clamps. The
glass photomask was placed on SU-8 coated flexible substrates
and then exposed to UV irradiation (A = 365 nm, UVItec, Lon-
don, UK) for 1 min (step 4). After UV irradiation, the paper
substrate was developed in an alkaline solvent to remove the
residual photoresist (step 5). Then, the hydrophilic text region
became visible after the paper was washed with distilled water.
Finally, a CG aqueous chemo-indicator was introduced on to the
hydrophilic text region (step 6).

2.3. Fabrication of a colorimetric reusable sensor

The colorimetric reusable sensor (CRS) was fabricated using the
drop-casting method.** Briefly, for the homogeneous distribu-
tion of the CG chemo-indicator between the cellulose matrixes,
cellulose papers were prepared through immersion in an
aqueous CG chemo-indicator. This paper was then allowed to
dry in the oven at 50 °C for 30 min to induce slow evaporation
(not by aggregated CG molecules, known as the coffee ring
effect).® The fabrication of the CRS using various substrates is
performed in the same way.

RSC Aadv., 2017, 7, 48374-48385 | 48375
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2.4. Photospectrometric titrations

Aqueous solutions of CG chemo-indicator (7 x 107> M) were
prepared in H,O. Inactive Cs standard solution (1000 mg L)
was prepared in 20 mL of double-distilled water and a series
concentrations of the Cs solution was transferred to the solu-
tion of CG (7 x 10~> M). Working solutions were prepared by
diluting the stock solution to the desired concentration using
double-distilled water. After mixing them by hand shaking for
a few seconds, UV-vis spectra were recorded on an Infinite UV
M200 spectrophotometer (TECAN, Austria).

2.5. Analysis of colorimetric reusable sensors

For the quantitative analysis, the reusable sensors were
analyzed with a handy phone camera in high dynamic range
(HDR) mode. The color changes of the reusable substrates
(cellulose, polyester, and non-woven fabric) were analyzed using
a scanner and were saved in TIF format. The numerical single-
color coordinate values of the colorimetric images were extrac-
ted from nine-grid points in the resulting experimental image
using Image] software.**** The AR, AG, and AB values were then
determined from the RGB values before and after the sensing
images and were used for the histogram plot.

2.6. Detection and analysis of real samples

To demonstrate the utility of the CRS for a real sample in the
environmental field, we carried out a series of experiments in
the Korea Atomic Energy Research Institute (KAERI) after taking
field real samples from two different locations near a small lake
(latitude: 37° 38’ 0.57” N and longitude: 127° 5’ 6.18” E) and
stream (latitude: 35° 30’ 44.99” N and longitude: 126° 50’ 1.64”
E). In detail, the CRS was placed at the base and five photo-
graphs were taken within 5 s after soaking it in a field real
samples. The distance between the camera and CRS, lighting
conditions, and camera setting were kept constant for all
experiments. No cesium was detected in the water samples, so
samples were spiked with a cesium standard solution. Subse-
quently, 3 mL of a spiked real water sample was pipetted into
each of plastic Petri dishes, before adding the standard cesium
solution. The concentrations of cesium standard added were 0,
0.2,and 0.5 mg L.

3. Results and discussion

3.1. Fabrication of a text-reporting colorimetric reusable
sensor (CRS)

Our proposed detection system is easy to make and operate and
can achieve the rapid diagnosis of inactive Cs with a high level
of sensitivity and accuracy. As described in Fig. 1a, the strategy
for our detection method can be guided through a straightfor-
ward “design and fabrication, detection and analysis, and
evaluation and confirmation” procedure, which does not
require expensive materials, sophisticated devices, or analytical
specialists.”””®* The major challenge of chemosensor's insolu-
bility is resolved in our work by developing CRS through the
impregnation of a CG chemo-indicator with various types of
substrates. The CRS sensing strip was first prepared using
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simple patterning techniques via a direct dipping process or
photolithography, so that the chemo-indicator was impreg-
nated in a stable manner with regard to the position of the
intended characters and patterns (Fig. 1a and S1}).?° Here, we
patterned the letter “CESIUM” on a substrate comprising
a variety of polymers and cotton materials through soft lithog-
raphy by utilizing surface properties. To be precise, SU-8
photoresist penetrates the cellulose networks as a hydro-
phobic barrier which contributes to selective wetting in the
hydrophilic text region (see the Experimental section for
details). As shown in Fig. 1b, the text-reporting CRS may allow
the potential use of cesium analysis in real environmental
samples using proof-of-concept experiments. To demonstrate
the usefulness of the CRS for a real sample in the environmental
field, we next carried out a series of experiments in KAERI after
taking field samples from two different locations near a small
lake and stream, (i) and (ii) (Fig. 1b). In the case of the two
samples (see the image (iii) of the CRS in Fig. 1b), there was
barely any color change in the sensor, indicating that inactive
Cs was not present. In order to confirm the capability of the
cellulose-based CRS to distinguish the presence of inactive Cs,
the environmental water was spiked with 0.5 mg L™ of inactive
Cs prior to testing. When a sample solution was introduced into
the cellulose CRS, the resulting color change remarkably
occurred within 3 s ((iv) and (v) in Fig. 1b). To facilitate
a quantitative analysis, the resulting CRS image was recorded
using a portable smart phone camera. Fig. S21 shows satisfac-
tory analytical results for the artificial contamination of cesium
spiked real aqueous samples. As shown in Fig. 1c, the recorded
data can be imported into generalized analytical freeware, and
the difference in color intensity can then be quantified using
the histogram function. These results show the capability of
CRS to detect Cs ions in water with a more complex composi-
tion. Also, the CRS can be designed and fabricated easily on
flexible substrates using patterning techniques, dipping, and
photolithography. In this study, the use of various flexible
substrates including cellulose, polyester, and non-woven fabric
provided a proof-of-concept design for flexible sensors (Fig. 2).
Cellulose, which has a white background, is easier to observe
changes in the color of the sensor owing to high-contrast
enhancement. Unlike other conventional rigid sensing plat-
forms including plastic, glass, and metal, these flexible
substrates can offer a new type of custom fitted sensing appli-
cations for adjusting to various environmental conditions.

3.2. Cellulose-based CRS and its reusability

To attain the quantitative numerical values of the sensor, the
color transitions of the CRS strips were recorded using portable
devices such as smart phone cameras and desktop scanners. As
shown in Fig. 3a, when the CRS strips were developed by
immersing them into solutions at different concentrations of
inactive Cs, the obvious color change was observed from light
yellow to red orange.**** The CRS strips showed excellent
detection sensitivity to cesium in the range from 100 pg L™" to
50 mg L' and provided good linearity up to a cesium concen-
tration of 250 pg L' with a detection limit of 100 pug L™*

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Full spectrum showing a proof-of-concept for inactive Cs detection. (a) Design and fabrication process for text-reporting colorimetric
reusable sensor (CRS). (b) Adaptation of CRS for real samples. Collecting the sample at (i) lake and (ii) stream around KAERI (Korea Atomic Energy
Research Institute, Jeongeup, Jeonbuk, Korea). Real sample analysis on a text-reporting CRS compared (iii) before Cs treatment and (iv) after Cs
treatment. (v) Color transition with cesium treatment in hydrophilic text region. (c) Quantitative RGB profile with cesium treatment. The

concentration of Cs was 0.5 mg L™% Scale bar was 2 cm.

(Fig. S37). In addition, we conducted a quantitative measure-
ment of the degree of contamination using mathematical
conversion from the RGB color value (Fig. 3d). The red value (R)
gradually increased in line with the concentration of cesium.
Conversely, in terms of cesium concentration, the cellulose
paper showed decreased values for green (G) and blue (B)
compared to the control. Therefore, we successfully demon-
strated the ability to quantify inactive Cs concentration based
on the conversion of the RGB color values. The selective
detection of target material among competitive ions by CRS is
examined by the changes in the color of the CG chemo-indicator
in the presence of other metal ions (Fig. 3b). In the selectivity
experiment using cesium and other metal ions with 0.5 mg L™"

This journal is © The Royal Society of Chemistry 2017

concentration, cesium contaminated solution showed
a maximum color transition, corresponding to the result of the
quantitative RGB numerical analysis in Fig. 3e. These results
clearly show that the CRS strips are not notably disturbed by the
presence of other metal ions. The most challenging aspects of
the conventional sensors based on color changes are their
recyclability and reusability. The reusability of our CRS is
examined by using a reversible reaction between a CG chemo
indicator and Cs ion. As shown in Fig. 3c, a strong external
complexing agent was applied after the detection of inactive Cs;
that is, a Cs ion can combine favorably with NaOH to transform
into a more stable NaOH-Cs' complex. Also, the colorimetric

cellulose paper showed excellent reusability with no color

RSC Adv., 2017, 7, 48374-48385 | 48377
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Fig. 2 Various reusable sensors with patterned flexible substrates. Colorimetric detection of Cs on the various substrates: (a) cellulose, (b)
polyester, and (c) non-woven fabric. The concentration of Cs was 0.5 mg L~ Scale bar was 2 cm. Each experiment was repeated five times.

intensity decay over several cycles (Fig. 3f). These results suggest
that CRS strips have invaluable practical application potential
for on-site environmental detection.

3.3. Fabrication of CRS strips using various flexible
substrates

CRS strips of different flexible substrates, cut to a constant size
(1 em x 1 cm), were prepared through a simple dipping method

48378 | RSC Adv., 2017, 7, 48374-48385

in a CG chemo-indicator solution of optimal concentration at
various dipping intervals (10-60 min) followed by drying the
strips in order to impregnate a chemo-indicator to form flexible
chips at 50 °C for 1 h. This method allows the stable immobi-
lization of a chemo-indicator on all flexible substrates by facil-
itating electrostatic and hydrophilic interactions between them.
Using the resulting strips with polyester and non-woven fabric
(Fig. 4a and b),* we were able to observe the color transition in

This journal is © The Royal Society of Chemistry 2017
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Quantitative analysis for RGB profile on a CRS: (d) concentration, (e) selectivity, and (f) reusability. Each experiment was repeated five times.

the concentration range from 100 ug L ™" to 50 mg L™, which
was similar to the result obtained using the cellulose-based
strip sensor. However, depending on the different types of
flexible substrate, the RGB histogram plot as a quantitative
analysis shows a slightly different sensitivity depending on the
corresponding change in the concentration of inactive Cs
(Fig. 4e and f). This is because each flexible substrate has
different intrinsic physical (pore size and surface area) and
chemical properties (hydrophilicity) for binding the chemo-
indicator. Among the flexible substrates, the cellulose strip
sensor showed the most sensitive color change due to higher
hydrophilic properties and its white background, in addition to
its wide range of pore size distributions, good wettability, high
contrast enhancement, and high surface area to weight ratio, as
well as its three-dimensional network. On the other hand, the
polyester and non-woven fabric-based strip sensors showed
a good reversible “turn-on” colorimetric response to inactive Cs
over up to four cycles (Fig. 4c-h). It is noteworthy that the
hybridized CRS strips providing considerable flexibility,
including rigidity, a rapid response time (<3 s), and a low
detection limit (100 pg L™"), may be useful as a smart strategy to
fabricate a fast, responsive device for real, conventional appli-
cations such as analogical colorimetric test kits, skin patches,

This journal is © The Royal Society of Chemistry 2017

and wearable devices for monitoring the environment,* espe-
cially for the on-site detection of inactive Cs in contaminated
areas.***

3.4. Chemo-indicator for the selective colorimetric sensing
of Cs

The investigation of photophysical properties of CG showing
the color changes in the CG chemo-indicator according to Cs
concentration is shown in Fig. 5. The color of the CG solution
was changed from light yellow to red orange with increasing
concentrations of inactive Cs and was monitored by the naked
eye within few seconds (<3 s). Consistent with the spectropho-
tometric titration technique used,* the concentration response
of the CG chemo-indicator (7 x 10~° M) used for inactive Cs
detection was quantified by measuring the absorbance intensity
at 380 nm and by the formation of a significant red-shifted
absorbance band at 460 nm (by 80 nm), with a clear isosbestic
point at 410 nm (Fig. 5a). The relative absorbance intensity ratio
(As60/A380) was found to increase in line with increasing
concentrations of inactive Cs. According to this unique color
change behavior, we expect that the quenching of the absor-
bance intensity at around 380 nm due to the binding of Cs to the
CG moiety reduces the electron transfer, thus suppressing the

RSC Adv., 2017, 7, 48374-48385 | 48379
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internal charge transfer process and causing the red shift in
absorbance intensity.**™** Moreover, the coordination of cesium
ions to nitrogen atoms in the azo functional group suppresses
the photo-induced electron transfer quenching process, thus
leading to an enhancement in absorbance intensity.***
Compared to the color change of the CG chemo-indicator
solution seen by the naked eye, we successfully distinguished

48380 | RSC Adv., 2017, 7, 48374-48385

the color change with a limit of detection on the order of 300 pug
L~! of Cs ions, which indicated a higher sensitivity than any
other chemosensor system (Fig. 5a, inset). Fig. 5b shows that
the absorbance intensity around 460 nm was increased and
attained saturation when inactive Cs concentration reaches
0.7 mg L. Additionally, the stability of the CG solution was
investigated at different pH levels. The relative absorbance

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Colorimetric response for Cs detection. (a) UV-Vis titration spectra of CG-Cs"™ complexation in a solution. (b) Changes in relative
absorbance intensity ratio (A460/A3g0) of CG to various concentrations of Cs. The inset in (b) shows the linear detection regression for liquid
chemo-indicator. (c) Photographs for selective binding study for CG chemo-indicator. (d) Changes in absorbance intensity and (e) normalized

absorbance of CG chemo-indicator in the presence of different metal

intensity ratio to Cs ions increased in line with the increase in
PH to 6 due to the electrostatic interactions between the Cs ions
and the CG indicator, as shown in Fig. S4.1 This increase in
absorbance intensity was associated with an increase in the
mutual electrostatic interactions between them in line with pH
values, resulting in the formation of a red-shifted band. In
contrast, the intensity ratio (A4e0/Asgo) sharply decreased in
acidic and basic pH because the Cs binding force to the CG
indicator was inhibited by H" or OH™ ions, which induce the
hydration or dehydration effect. Based on these results, the pH
6 was chosen as an optimum value for the detection of inactive
Cs, and will thus be applied to the rest of the study. We next
demonstrated the selectivity experiments of the CG aqueous

This journal is © The Royal Society of Chemistry 2017

ions (0.5 mg LY.

chemo-indicator towards inactive Cs in the presence of several
metal ions such as Li*, Mn**, Cu**, Hg**, Co*", sr**, Mg”", Fe*",
Fe®", and AI’" in water (each of these was added to 0.5 mg L™ %).
As shown in Fig. 5c, there was no significant variation in the
color of the CG aqueous chemo-indicator for metal ions, except
radionuclides such as Cs, Sr, and Co ions, which still main-
tained their distinctive light in yellow color. The selectivity of
the CG can also be confirmed by a UV-vis analysis, compared
with the coexisting metal ions, showed that only the Cs ions can
induce UV absorbance enhancement in an aqueous solution
(Fig. 5d). The quantitative nature of the selective detection of Cs
by CG in the solution is shown in Fig. 5e. The distinct relative
absorbance ratio of the Cs ion might be the cause of the distinct
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red orange color of the CG chemo-indicator containing cesium.
Chrysoidine G is highly absorbing, monovalent and possesses
low molecular weight with simple chemical structure among
other azo dyes. When Cs is added to chrysoidine G, the Cs react
with the -N=N- double bond of CG and binds with it. This
complexation is selective for Cs among other cations such as
Mn*", Cu®**, Hg*", Co*", sr**, Mg>", Fe**, Fe**, and A" with
a remarkable color discrimination rapidly. The selective
complexation of Cs may be attributed to (i) the size of the
hydrated Cs ions, and (ii) the entropic free volume and spatial
arrangement of azobenzene and the amino groups present in
the CG.*** Also, the mobility of monovalent Cs* cations are
higher than that of the divalent (Mn>*, Cu**, Hg>*, Co>", sr**,
Mg>*, and Fe**) and trivalent (Fe*" and AI**) cations and offers
an acceptable mobility match for the low molecular weight CG.
Thus Cs provides the highest possibility for binding with CG
and exhibited maximum detection sensitivity. This study
suggests that other metal ions showed weak to negligible
competition in terms of the performance of the CG chemo-
indicator for colorimetric detection.

3.5. Job's plot

To further understand the binding phenomenon and the stoi-
chiometry of the complex formation, the Job's plot for absor-
bance intensity was determined by changing the molar ratio of
inactive Cs (X, = [Cs"])/([Cs"] + [CG])).*! The total concentrations
of CG and Cs were fixed at 10 uM, by continuously varying the
molar fraction of Cs. The maximum absorbance intensity was
observed in complexes of Cs, where the molar fraction of Cs was
0.3. The plot of the relative absorbance intensity ratio versus Xy,
as shown in Fig. S5 indicates that the complex formed between
CG and Cs follows a 2 : 1 stoichiometry binding process.

3.6. Reversible CG chemo-indicator reaction

To facilitate a better understanding of the coordination between
CG and cesium, a reversible experiment was performed by
adding a 1 N NaOH aqueous solution into an aqueous sample
containing 0.5 mg L ™" of inactive Cs with a CG chemo-indicator
(Fig. 6). It was observed that the color of the solution recovered

()

Cs* OH- H*
YO YO YA
o D L

Nl Bl

! 5 |
! - ' —
o — . — >

Fig. 6
complexation processes.
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its original light yellow state. For the achievement of the
reversibility experiment, the color and absorbance of CG-Cs"
complex should be simultaneously recovered through the
bonding of Cs to interact with other strong binding forces.
Thus, the original color of the CG aqueous chemo-indicator
turned back to red orange when injected again into a 1 N HCI
aqueous solution (Fig. 6a). This reversibility procedure was
successfully repeated in eight cycles, as shown in Fig. 6b. The
ability to selectively detect Cs is attributed to a kind of com-
plexing environment similar to that of cryptates. The selective
sensing of Cs can be proposed by considering the formation of
the cavity on the CG equivalent to that of cryptates. Cryptates
consist of a polycyclic ring with both N and O atoms which
effectively co-ordinate with the alkali metal ions. In our case, CG
act as cryptand (an ideal cation receptor) which forms highly
stable complexes (cryptates) with metal cations (Cs') which are
of an appropriate size for the cryptant cavity (or crypt). The
hydrated Cs' spheres whose size matches with that of the
cryptates are occupied solely by binding groups of the cryptant
and the Cs" ions are centrally sited in the cryptant cavity. The
electron density of the nitrogen atoms is directed toward the
inside of the intramolecular cavity and appreciably complexed
with electrophilic cesium ions. The effect of pH on the sensing
of Cs ions revealed that the sensor exhibited a better response to
a neutral pH, whereas it provided a poor signal of low sensitivity
at a higher or lower pH. Based on these results, we speculate
that the complexation of the Cs ion in the CG-flexible substrates
depends on the hydration radius of Cs. At higher and lower pH
values, the hydration radius of the Cs ion becomes less. Using
the hydration and dehydration behavior of the Cs ion in
response to lower and higher pH values, we successfully pre-
sented a method to fabricate the reusable sensor strip for the
detection of Cs using various flexible substrates impregnated
with a CG chemo-indicator.

3.7. Wearable CRS for the on-site detection of Cs

We have demonstrated different roles of CRS and applied
them to the simple “colorimetric wearable patch sensor”
proof of concept for nuclear disaster, as demonstrated in

(b)
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03 S R ¢

011

Absorbance at 460 nm
o
N
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(a) The reversibility behavior between CG and Cs. (b) Changes in the absorbance intensities of CG during step-wise complexation and de-
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Fig.7 (a) Simulation training for Cs contamination with applications of CRS. (b) A schematic illustration of the platform technology for inactive Cs

detection on hybridized colorimetric reusable sensor. The identifiers of the cell-phone was removed by reconstructing the image to prevent any

biasing or advertising effects of specific goods.

Fig. 7a. To prove the concept, we carried out simulation
training for colorimetric inactive Cs detection. Basically, CRSs
are used for detecting environmental contamination.
However, in the case of rain, human contamination is inevi-
table because contaminants such as Cs can be dissolved easily
in the atmospheric vapor. For this reason, the CRS is applied
to protective clothing (i.e., mask, glasses, and gloves) by
attaching the flexible CRS in the form of a wearable patch
sensor. According to this simulation, it is anticipated that
a newly developed CRS can be used for on-site detection in

This journal is © The Royal Society of Chemistry 2017

real-life situations. Finally, the diagram of proposed processes
for detecting inactive Cs is schematically shown in Fig. 7b.
The major advantages of CG-based detection of Cs using
appealing analytical features are illustrated in the following
points: (1) a facile and robust synthetic method using low-cost
materials; (2) high selectivity and good sensitivity; (3)
comparable multiple regeneration cycles (i.e., reversibility
and reusability); (4) simplicity and portability; (5) rapid
responsive detection time; and (6) a water-compatible sensing
system.
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4. Conclusion

In this paper, we described the development of a CG-based
novel colorimetric sensor on hybridized flexible substrates for
the on-site detection and monitoring of inactive Cs, a process
that facilitates the “naked eye” detection of Cs. By discrimi-
nating the color changes of the CRS in accordance with the
interaction of the CG chemo-indicator with Cs ions, we
successfully detected inactive Cs with a detection limit of 100 pg
L' and demonstrated the ability to quantify the sample solu-
tion through the conversion of mathematical RGB color values
from the image of the sensor strip. The colorimetric response of
the RGB values and the corresponding Cs concentrations
showed a well-matched relationship under dynamic environ-
mental conditions. The recycle test with reversibility indicated
that the detection process was stable even after eight consecu-
tive regeneration cycles. More importantly, this can be applied
to real samples as a photochromic paper sensor for environ-
mental monitoring. Water sample detection can be achieved by
gently dipping the hybridized reusable sensors in water, and the
results can be saved by using portable devices such as a smart
phone camera. This will allow on-site analysis of unknown
samples since the method does not require skilled operators for
the colorimetric detection of Cs. Also, the detection time can be
shortened to 3 s to change the color response, which offers
further evidence of the potential for on-site detection and real-
time monitoring. We believe that the newly developed colori-
metric reusable sensors could be expanded to real situations
that require sensing applications, particularly in the areas of the
environmental and the analytical sciences.
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