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ABSTRACT: A strip of tethered rhodamine carbon nanodots
(C-dots) was designed for selective detection of Al3+ ion using a
Förster resonance energy transfer (FRET)-based ratiometric sens-
ing mechanism. The probe consisted of rhodamine B moieties
immobilized on the surface of water-soluble C-dots. Upon ex-
posure to Al3+, the rhodamine moieties showed a much en-
hanced emission intensity via energy transfer from the C-dots
under excitation at their absorption wavelength. The detection
mechanism was related to the Al3+-induced ring-opening of
rhodamine on C-dots through the chelation of the rhodamine
6G moiety with Al3+, leading to a spectral overlap of the
absorption of C-dots (donor) and the emission of ring-opened
rhodamine (acceptor). In addition, a paper-based sensor strip
containing the tethered rhodamine C-dots was prepared for practical, versatile applications of Al3+ sensing. The paper-based
sensor could detect Al3+ over other metal ions efficiently, even from a mixture of metal ions, with increased emission intensity at
long-wavelength emission via FRET. Sensing based on FRET of C-dots is color-tunable, can be recognized with a naked eye, and
may provide a new platform for specific metal-ion sensing.
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■ INTRODUCTION

The recently discovered carbon nanodots (C-dots) represent a
fascinating class of carbonaceous and fluorescent nanomaterials
consisting of a discrete quasispherical shape with sizes below
10 nm.1,2 C-dots present a number of advantages over other fluo-
rescent materials in their high solubility in water, high chemical
resistance, easy functionalization, high resistance to photo-
bleaching, low toxicity, and good biocompatibility.1−6 C-dots
can be prepared by various synthesis routes including arc
discharge, combustion, hydrothermal preparation, microwave
pyrolysis, laser ablation, and plasma treatment.1,2,7−12 Accord-
ingly, the fabrication of C-dots is not source-limited, that is,
C-dots can be prepared from a wide variety of materials, such
as small organic molecules,13,14 egg,15 carbohydrate,16 and
silk,17 that have been explored in versatile applications such as
bioimaging,18,19 chemosensors,20−22 temperature sensors,23

drug carriers,24,25 photocatalysts,26 and photothermal therapy.27

Although this new category of nanomaterials is considered to
be a potential candidate to substitute for quantum dots, some
of the shortcomings should be eliminated, for instance, their
inability to emit strong long-wavelength fluorescence and to
dissolve in organic solvents other than water.28,29

Förster resonance energy transfer (FRET)-based ratiometric
probes involve the observation of target-triggered ratiometric
changes in the fluorescence intensity at two different wavelengths,
which could provide correction for eliminating environmental

effects, leading to minimization of any possible noise and
increase in the dynamic response.30−33 Rhodamine derivatives
have been proven an efficient acceptor and are thereby used as
FRET-based ratiometric probes for various metal ions.34−37

Rhodamine derivatives with a spirolactam (closed) form are
colorless and nonfluorescent, whereas those with an open-ring
amide form induced by suitable metal ions give rise to a pink
color appearing with strong fluorescence.38−40

Monitoring metal ions is critical in the fields of environ-
mental protection and human health. Among many metal ions,
the Al3+ ion has been proven to have many detrimental effects on
the human body, including neurotoxicity, Parkinson’s disease,
Alzheimer’s disease, and cancer.41,42 Therefore, a variety of sens-
ing techniques were developed for this ion during the past
decades, including spectrofluorometry,43−46 atomic absorption
spectroscopy,47,48 and voltammetry.49−51 Although numerous
Al3+ sensors have been developed so far, the design of structurally
simple and efficient devices for improving the sensitivity of solid-
state detection still remains challenging. Moreover, among such
detection methods, fluorescent probes for Al3+ based on FRET
have been rarely developed because of the complicated architec-
ture of energy donor and acceptor.
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Inspired by the outstanding features of C-dots, we propose
using C-dots as an energy donor and the rhodamine moiety as
an energy acceptor for the modulation of FRET to detect Al3+.
In FRET-related applications, covalent coupling is used for
the immobilization of rhodamine on the surface of C-dots for
specific recognition. To our knowledge, FRET-based detection
mechanisms using C-dots have been rarely reported.52 Similar

to our work, a C-dots-based sensor for Hg2+ has been recently
reported.53 However, Lan et al. reported that the mercury ion
quenched the C-dots while preserving the initial fluorescence of
rhodamine, in which case FRET did not occur. Until now, most
of the sensing protocols based on fluorescent materials have
been demonstrated mainly in their solution, which limits their
practical usefulness. The main advantages of solid sensors over
solution sensors are the easy handling and facile incorpora-
tion into devices.54−56 In this work, a paper-based sensor strip
containing the C-dots conjugated with a rhodamine moiety was
prepared to demonstrate the practical application of C-dots
in the detection of metal ions. Here, FRET was exploited on
the paper upon exposure to Al3+. This will be more practical for
Al3+ detection than a solution-based system because of the use
of commercial filter paper with its availability and convenience.
This is a promising sensor platform to achieve a paper-based
sensor in a practical application.

■ EXPERIMENTAL METHODS
Materials. Acrylic acid, dichloromethane, dimethyl sulfoxide

(DMSO), and ethanol were purchased from Samchun (Korea). 1,2-
Ethylenediamine, rhodamine 6G (R6G), succinic acid, N,N-
dimethylformamide (DMF), N-(3-(dimethylamino)propyl)-N′-ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
N,N′-dicyclohexylcarbodiimide (DCC), and 4-(dimethylamino)-
pyridine (DMAP) were purchased from Sigma-Aldrich and used as
received. Metal-ion solutions of Cd2+, Cu2+, Fe3+, Fe2+, Mg2+, Ni2+,
Al3+, and Zn2+ were prepared from their perchlorate salts; a solution
of Hg2+ was prepared from its cyanide salt. Standard stock solutions
of all ions were prepared using deionized water or ethanol. Dialysis
membranes (MWCO of 13 000) were purchased from Aldrich.

Synthesis of C-dots. Acrylic acid (5.49 g, 80.0 mmol) and 1,2-
ethylenediamine (5.35 mL, 80.0 mmol) were dissolved in deionized
water (20 mL). Next, the transparent solution was put into a micro-
wave oven (700 W) and heated for 7 min. After cooling to room
temperature, water (20 mL) was added to the mixture to dissolve
the synthesized C-dots. The obtained yellowish solution was filtered
through a cellulose acetate syringe filter (pore size of 0.2 μm) and

Figure 1. Spectroscopic overlap between emission of C-dots in
aqueous solution (solid line, excitation wavelength λex = 350 nm) and
absorption (dotted line) and emission spectra (■, excitation wave-
length λex = 526 nm) of R6G (lactam ring opened by acid treatment)
in ethanol solution.

Scheme 1. Synthesis of C-dots-R6G

Scheme 2. Schematic Illustration for the FRET-Based Detection Mechanism of the C-dots-R6G in Response to Al3+a

aInset photographs were taken under UV illumination (365 nm).
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dialyzed against pure water through a dialysis membrane (MWCO of
13 000) for 48 h. Finally, C-dots were dried in a freeze-drying oven.
Synthesis of R6G-NH2. R6G (4.80 g, 10 mmol) was dissolved in

ethanol (60 mL). Next, 1,2-ethylenediamine (5 mL) was added drop-
wise with vigorous stirring at room temperature. After the addition, the
mixture was heated to reflux with stirring for 12 h until the fluo-
rescence of the solution disappeared. After the reaction, the mixture
was cooled to room temperature, and the solvent was removed under
reduced pressure. The resulting precipitates were collected by filtration
and washed with cold ethanol three times (20 mL each). The crude
product was purified by recrystallization from acetonitrile and dried
under vacuum (3.02 g, yield 65%). 1H NMR (300 MHz, CDCl3)
δ = 7.95 (dd, 1H), 7.47 (dd, 2H), 7.08 (dd, 1H), 6.36 (s, 2H), 6.25
(s, 2H), 3.53 (t, 2H), 3.23 (q, 4H), 2.37 (t, 2H), 1.92 (s, 6H), 1.34 ppm
(t, 6H).
Synthesis of R6G-COOH. R6G-NH2 (200 mg, 0.4 mmol) and

succinic acid (50 mg, 0.4 mmol) were dissolved in dry DMF in N2
atmosphere. EDC (80 mg, 0.4 mmol) and NHS (50 mg, 0.4 mmol)
were added to the reaction mixture and stirred at room temperature
for 24 h. The solvent was removed under vacuum, then purified by
silica-gel column chromatography (silica gel; ethanol/hexane as eluent)
to afford R6G-COOH (112 mg, 46%). 1H NMR (300 MHz, CDCl3)
δ = 7.95 (dd, 1H), 7.47 (dd, 2H), 7.08 (dd, 1H), 6.36 (s, 2H), 6.25
(s, 2H), 3.53 (t, 2H), 3.23 (q, 4H), 2.95 (t, 2H), 2.88 (t, 2H), 2.37
(t, 2H), 1.92 (s, 6H), 1.34 ppm (t, 6H).
Characterization. 1H NMR spectra were recorded on a Bruker

DRX-300 spectrometer with tetramethylsilane as the internal standard
(Korea Basic Science Institute). UV−vis absorption spectra were taken
with a PerkinElmer Lambda 35 spectrometer. Photoluminescence
spectra were collected on a Varian Cary Eclipse equipped with a xenon
lamp excitation source. IR spectra were recorded on a Bruker FT-IR
spectrometer using KBr pellets (600−4000 cm−1). Transmission elec-
tron microscopy (TEM) images were obtained on JEOL JEM-3010
operating at 200 kV accelerating voltage, using the images acquired
with an ORIUS-SC 600 CCD camera (Gatan, Inc. Warrendale, PA).
The sample for TEM was prepared by dropping a C-dots solution
onto a 300 mesh copper grid coated with a carbon film. The X-ray
photoelectron spectrum (XPS) of the sample was measured on a
MultiLab 2000 XPS (Thermo VG Scientific). The zeta potentials of
the C-dots were determined using a Malvern.
Synthesis of C-dots-R6G. C-dots (10 mg) and R6G-COOH

(10 mg, 0.018 mmol) were dissolved in dry DMSO in N2 atmosphere.
DCC (340 mg, 1.64 mmol) and DMAP (200 mg, 1.64 mmol) were
added to the reaction mixture and stirred at room temperature for
24 h. The mixture was extracted with dichloromethane and water to
remove unreacted C-dots. Then, the organic phase was collected and
dried in a vacuum oven.
Preparation of Paper-Based Strips of C-dots-R6G and Metal-

Ion Sensing Test. Cellulose-based filter paper (ADVANTEC no. 2)
was cut into a circle with a diameter of 0.25 cm and immersed in an
ethanol solution of C-dots-R6G (1 mg/mL). After 5 min, the filter
paper was removed from the solution and air-dried. The paper-based
strip containing C-dots-R6G was exposed to metal ions in aqueous
solution. After 5 min, the paper-based strip was removed from the
aqueous solution and air-dried at room temperature. The changes in
the fluorescence of the strip were investigated with a digital camera
(Canon EOS 450D) and fluorescence spectrometer. The color shades
of the digital images were analyzed using Photoshop (Adobe) to
separate shades of red, green, and blue colors to a single-channel
grayscale. The ImageJ software (National Institute of Health, USA)
was used to analyze the JPEG images and to obtain numerical single-
color coordinate values, which could disinguish the color of interest
without background color.

■ RESULTS AND DISCUSSION

C-dots were synthesized via the microwave-assisted pyrolysis
process using acrylic acid and 1,2-ethylenediamine as the car-
bon source and surface passivation agent, respectively, which
enabled us to obtain C-dots with the amino functional group

(Scheme S1).57 The FT-IR spectrum showed that the C-dots
had characteristic absorption bands of C−N at 1288 cm−1 and
N−H at 3270 cm−1, which indicated that the C-dots were
successfully functionalized with the amine groups (Figure S1a).
XPS revealed that the C-dots mainly consisted of C, O, and N
elements, indicative of the presence of hydroxyl, amino, and
carboxylic acid groups on the surface (Figure S1b). Moreover,
the N 1s spectrum of the C-dots corresponded to the signals
from the N−H group (399.63 eV). A typical TEM image of
C-dots with a diameter of 5−20 nm can be observed in Figure S1c.
The zeta potential of C-dots was determined to be +41.3 mV,
mainly because of the presence of the amino groups on the
surface of C-dots.
UV−vis absorption and fluorescence spectra of C-dots were

investigated in aqueous solution (1 mg/mL) (Figure S2a). The
absorption band was observed at 300 nm. The fluorescence
spectra of the C-dots were highly dependent on the excitation
wavelength (Figure S2b); therefore, any suitable excitation
wavelength of C-dots could be employed to match a specific
energy acceptor. The emission band position varied according
to the different excitation wavelengths, primarily because of
different emissive sites on the C-dots.59−61 Upon excitation at
340 nm, the C-dots solution showed blue emission with the

Figure 2. (a) Changes in emission spectra and (b) intensity ratios of
C-dots-R6G at 560 and 410 nm upon exposure to Al3+ in ethanol
solution. I560 and I410 correspond to the intensity of emission at 560
and 410 nm, respectively.
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most intensified intensity around 410 nm, and the emission
band was gradually red-shifted with excitation wavelength variation.
The FRET efficiency was strongly dependent on the follow-

ing conditions: (1) The emission band of the donor should
overlap with the absorption band of the acceptor. (2) The
distance between both species should be in close proximity
(less than 10 nm).62 One of the advantages of C-dots as elec-
tron donor was that their emission wavelength can be manip-
ulated by choosing different excitation wavelengths thus
ensuring adaptability to any kinds of energy acceptors. For
efficient FRET, the excitation wavelength of 350 nm was
selected for excitation of C-dots (the energy donor) because
the fluorescence at 350 nm excitation overlapped with the ab-
sorption band of R6G (the energy acceptor) to ensure the FRET
process (Figure 1). Therefore, feasible energy transfer from
C-dots to the rhodamine moiety was theoretically established.
R6G-COOH was synthesized in two steps using R6G as the

starting material (Scheme S1). Intermediate R6G-NH2 was
prepared in a reaction between R6G and 1,2-ethylenediamine
according to the previous report.58 R6G-NH2 was reacted with
succinic acid to obtain R6G-COOH. The chemical structures
of R6G-NH2 and R6G-COOH were confirmed by 1H NMR
and FT-IR. R6G-COOH was designed to become immobilized
on the surface of C-dots through the reaction between the

carboxylic acid group in R6G-COOH and the amino group
in C-dots to form an amide linkage. Finally, rhodamine
spirolactam was successfully incorporated in C-dots via the
conventional DCC/DMAP method to obtain C-dots-R6G
(Scheme 1).
FT-IR spectra revealed the changes in the functional groups

on the surface of C-dots upon surface modification (Figure S3).
The as-prepared C-dots showed the characteristic bands at
1630 cm−1 for CC stretching, 2870 and 2940 cm−1 for C−H
stretching, and a broad band at 3270 cm−1 corresponding
to amine and hydroxyl groups. Upon surface modification
with R6G-COOH, the characteristic absorption band of amide
CO stretching at 1670 cm−1 was observed, which indicated
that the rhodamine moieties were successfully incorporated in
the C-dots.
The amount of rhodamine moiety immobilized on the sur-

face of C-dots was calculated from a calibration curve of rhodamine
plotted with known concentrations of the open form of R6G-
COOH at maximal absorption wavelength (λmax = 526 nm)
using UV spectroscopy (Figure S4). It was found that the
rhodamine moiety was introduced on the surface of C-dots at
5.80 × 10−2 mg/mg. Moreover, the fluorescence intensity of
C-dots-R6G under excitation at 350 nm (absorption of C-dots)

Figure 4. (a) Changes in emission intensity and (b) intensity ratios of
the paper-based strips of C-dots-R6G at 560 and 410 nm upon
exposure to Al3+ in aqueous solution. I560 and I410 correspond to the
intensity of emission at 560 and 410 nm, respectively.

Figure 3. (a) Changes in fluorescence spectra and (b) intensity ratios
of C-dots-R6G in response to various metal ions in ethanol. [metal
ions] = 1 × 10−3 M.
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was found to be more intensified than that under excitation
at 526 nm (absorption of the open form of R6G), which
demonstrated that the FRET process occurred spontaneously
from the C-dots to the rhodamine moiety (Figure S4c).
The schematic illustration for the selective detection of

Al3+ using C-dots-R6G is presented in Scheme 2. The C-dots
serve as the energy donor as well as the conjugation site for
the rhodamine moiety. The nanohybrid system showed only blue
emission at 410 nm from C-dots because unopened rhodamine
could not absorb the energy from C-dots’ blue emission,
leading to no FRET. Upon exposure to Al3+, the spirolactam
ring in the rhodamine moiety opened, and the absorption of
the open form of rhodamine overlapped the emission of
C-dots, in which the rhodamine moiety could serve as the
energy acceptor, finally emitting yellow.
The addition of Al3+ to C-dots-R6G solution resulted in

gradual decrease in the emission intensity at 410 nm with
concomitant increase in the emission at 560 nm, exhibiting the
blue-to-yellow emission color change. This could be clearly
observed by the naked-eye under UV illumination (inset photos

in Scheme 2). This phenomenon can be explained by the fact
that the introduction of Al3+ induced dual changes in emissions,
suggesting that the ratiometric detection of Al3+ was possible
(Figure 2a). The limit of detection (LOD = 3σ/m, where σ is
the standard deviation of the blank measurements, and m is the
slope of the intensity vs sample concentration) of C-dots-R6G
in the solution for analysis of Al3+ was determined from the
emission ratio of the two wavelengths (I560/I410) and was found
to be 3.8 × 10−5 M (Figure 2b), which was comparable
to previous reports.63−66

The selectivity of C-dots-R6G in ethanol solution for various
metal ions was investigated by fluorescence measurements. The
intensity ratio (I560/I410) was nearly unchanged in the presence
of other metal ions (Figure 3). The addition of Al3+ contributed
a considerable fluorescence enhancement at 560 nm because
of FRET. This result indicated that C-dots-R6G exhibited
specificity toward Al3+ over other metal ions. Evidence of the
FRET process in the presence of Al3+ can be drawn from the
data obtained using various excitation wavelengths (Figure S5).
In the presence of Al3+, the C-dots-R6G showed much en-
hanced emission intensity when excited at 350 nm (absorp-
tion of C-dots) rather than at 526 nm (absorption of the
rhodamine moiety). In contrast, in the presence of Fe3+, the
emission excited at 526 nm was intensified compared to that at

Figure 6. (a) Changes in fluorescence spectra and (b) ratios of
fluorescence intensities (I560/I410) of paper-based strip of C-dots-R6G
in response to various metal ions in aqueous solution. [metal ions] =
5 × 10−3 M.

Figure 5. (a) Changes in the color of paper-based strips of C-dots-
R6G in the presence of Al3+. The photographic images represent the
paper-based strips of C-dots-R6G under UV illumination (365 nm).
(b) Intensities of red (R), green (G), and blue (B) channel images
were obtained using Photoshop and ImageJ software to analyze the
JPEG images. The heights of bars indicate the relative intensity of
colors.
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350 nm, indicating that the FRET occurred only in the pres-
ence of Al3+.
Encouraged by the detection performance of C-dots-R6G in

solution, we proceeded to investigate the detection potential of
C-dots-R6G in the paper-based sensor strip. Cellulosic filter
papers with immobilized C-dots-R6G were prepared by the
immersion of the filter paper in ethanolic C-dots-R6G solution.
We used filter papers as a sensing platform because of their
interesting features, including the possibility of making a low-
cost device, wide availability, ease of use and handling, and light
weight, making them good media for analytical chemistry.67

The C-dots-R6G-containing paper-based strip was exposed
to an aqueous solution of Al3+ for 5 min and then dried before
the fluorescence measurement. The emission changes of the paper-
based sensor strip upon exposure to different concentrations of Al3+

are shown in Figure 4a. Similar to the case of the detection in
solution, as the concentration of Al3+ increased, the emission
intensity of the sensor strip at 560 nm increased, whereas at
410 nm the intensity decreased. This result was attributed to
the occurrence of FRET from the C-dots to the rhodamine
moiety.
The relationship between the intensity ratios (I560/I410) and

the concentration of Al3+ was determined quantitatively (Figure 4b).
The fluorescence ratio showed a good linear relationship with
the concentrations of Al3+ in the range of 1 × 10−4−1 × 10−2 M,
whose linearity (R = 0.9943) was better than that of detection
in the solution (R = 0.988). The LOD from the paper-based
strip showed a sensitivity of 3.89 × 10−5 M, similar to that
of the solution, but had a range of detectable concentrations
of Al3+ (0−1 × 10−3 M) broader than that of the solution.

Figure 7. Changes in the color of paper-based strips of the paper-based strip of C-dots-R6G in the presence of various metal ions of 5 × 10−3 M in
aqueous solutions. The photographic images represent the paper-based strips of C-dots-R6G under UV illumination (365 nm). Intensities of R, G,
and B channel images were obtained using Photoshop and ImageJ software to analyze the JPEG images.
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This indicated that the paper-based sensor was more effective
and had better performance than the solution-based sensor.
Photographs of the paper-based strips containing C-dots-

R6G were taken with a digital camera, and the images of color
changes upon exposure to metal cations were analyzed using
ImageJ software.68,69 The color shades of the digital photo-
graphs were separated and converted into color values of red
(R), green (G), and blue (B).70 Figure 5a shows the changes in
fluorescence color of the paper-based strip upon the addition of
different concentrations of Al3+. The changes in emission colors
(blue to greenish-yellow) can be clearly observed as the con-
centration of Al3+ increases. To further elucidate that the
changes in emission color resulted from FRET from C-dots to
the rhodamine moiety, the emission colors were analyzed
(Figure 5b). Upon exposure to Al3+, the intensities of long-
wavelength emissions (R and G from the energy acceptor)
increased, whereas the intensity of short-wavelength emission
(B from the energy donor) decreased because the lactam ring
of the R6G moiety was open and thereby a spontaneous FRET
process occurred from the C-dots to the rhodamine moiety.
To investigate the specificity of the paper-based strip of

C-dots-R6G toward Al3+, the fluorescence changes of the strip
were studied in the presence of various metal ions. The sensor
strip exhibited quite good selectivity for Al3+ with an emission
color change to yellow, indicative of the high specificity of the
paper-based sensor strip toward Al3+ over other metal ions
(Figure 6). Results of color-intensity analysis of the paper-based
strip in the presence of various metal ions including Al3+,
Mg2+, Cu2+, Co2+, Ni2+, Mg2+, Zn2+, Fe3+, and Fe2+ are shown in
Figure 7. The C-dots-R6G-based strip exhibited high selectivity
toward Al3+ over other metal ions in terms of increased
intensities in R and G and reduced intensity in B compared to
the blank, indicative of the spontaneous energy transfer. The
highly enhanced intensities in R and G of the strip toward Al3+

might be ascribed to the high specificity of the Al3+-induced
ring-opening reaction of the spirolactam structure of C-dots-
R6G through chelation with the rhodamine moiety. The
increase in the intensities of R and G and concomitant decrease
in the intensity of B in the case of Fe3+ and Fe2+ resulted from
the enhancement of yellow-emitting, ring-opened rhodamine
moiety as well as quenching of the blue-emitting C-dots upon
direct interaction with iron ions not from the FRET; this can
also be found in previous results.53

In addition, competition experiments of the C-dots-R6G
paper-based strip were performed in a mixture of other metal
ions (Figure S6). Even in the mixture of metal ions, the sensor
strip was responsive only to Al3+, exhibiting intensified yellow
fluorescence at 555 nm, indicating that the emission of the
paper-based strip toward Al3+ was not affected by the presence
of the other metal ions and demonstrating that our probe,
C-dots-R6G paper-based strip, has potential applications in
detecting Al3+ even in a contaminated solution that was mixed
with other metal ions.

■ CONCLUSIONS
We have designed and synthesized rhodamine-appended
C-dots to use as a FRET-based ratiometric probe for Al3+ in
aqueous solution. The probe showed two well-resolved
emission peaks of blue-emitting C-dots and yellow-emitting
rhodamine moiety in the presence of Al3+, which benefit FRET-
based sensing (energy transfer from C-dots to the rhodamine
moiety). In addition, such C-dots could be embedded to
fabricate a paper-based sensor strip, in which the detection of

Al3+ was performed in an aqueous solution. The paper-based
sensor was based on the changes in the fluorescence response
to Al3+ via the FRET process and resulted in high specificity to
Al3+, in which Al3+ induced the ring-opening of the rhodamine
group. Such paper-based sensors provide a novel strategy for
the design of selective probes for other targets with the poten-
tial advantages of easy handling, light weight, easy incorpo-
ration into devices, simplicity, cost effectiveness, and environ-
mental friendiness. We expect that the probe offers a new
approach for developing low-cost and selective sensors in
diverse applications.
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