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Under the public spotlight, uranyl (UO2
2+) ions has attracted considerable attention for the extreme

radioactive and chemical toxicity to ourselves and our environment. Herein, we present a simple and
effective ratiometric fluorescence imaging method for the visualizing and quantitative detection UO2

2+

ions by cellphone-based optical platform. The sensing solution was prepared by mixing label-free red
carbon dots (r-CDs) and blue carbon dots (b-CDs) togetherwith a fixed photoluminescence intensity ratio
of 4:1. When UO2

2+ ions were added, the fluorescence of r-CDs can be selectively quenched, while the
fluorescence of b-CDs remains stable without spectral changes. With the gradually increase the amounts
of UO2

2+ ions, the different response of dual-color CDs resulted in a signification color evolution from
deep red to dark purple under the ultraviolet (UV) light illumination. Then, a cellphone-based optical
platform was constructed for directly imaging the color change of the samples, and the built-in
Colorpicker APP quickly output the red, green and blue (RGB) channel values of these images within one
second. Interesting, therewas a linear relationship between the ratio of red and blue (R/B) channel values
and UO2

2+ ions concentration from 0mmol/L to 30.0mmol/L (R2 = 0.92804) with the detection limit of
�8.15mmol/L (signal-to-noise ratio of 3). In addition, the optical platform has also been applied to the
quantification of UO2

2+ ions in tap water and river water sample. With the advantage of low-cost,
portable, easy to operation, we anticipate that this method would greatly improve the accessibility of
UO2

2+ ions detection even in resource-limited areas.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Uranyl (UO2
2+) ions, as an important component of nuclear fuel,

have attracted significant attention due to their extreme radioac-
tive and chemical toxicity for ourselves and our environment [1,2].
For example, the inappropriate exposure of human body to UO2

2+

ions can lead to serious DNA damage and health problems, such as
nephrotoxicity, congenital malformations, childhood leukemia,
and lung carcinoma [3–6]. Although various laboratory instru-
ments have been used for highly sensitive and accurate UO2

2+ ions
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assays, such as atomic absorption spectrometry [7], X-ray
fluorescence spectrometry [8], inductively coupled plasma mass
spectroscopy [9], surface enhanced Raman spectroscopy [10], ion
chromatography and cathodic stripping voltammetry [11,12], these
sensing techniques are expensive, time-consuming, require
sophisticated instrument system, well-trained personnel, and
complex pretreatments and/or enrichment processes. Meanwhile,
possible sudden public nuclear leakage safety (such as Fukushima
nuclear leak) has also raised higher requirements for UO2

2+ ions
measurement. Consequently, from a public health perspective, it is
essential to develop a reliable, sensitive yet simple, inexpensive
and portable UO2

2+ ions detection method for improving and
protecting ourselves and our living environment safe.

Owing to the outstanding advantage of could observe the color
change by our naked eye to identify the target analyte, fluorescent
colorimetric methods is widely used in the fields of clinical
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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diagnosis, environmental pollutionmonitoring, food safety testing,
and other fields [13–19]. For example, Ye et al. reported a water-
stable anionic terbium(III) metal-organic framework-based fluo-
rescent colorimetric test paper, which serve as naked-eyes
practical responsive detectors for UO2

2+ ions assay [15]. However,
these methods can only realize semi-quantitatively detection at
most, because our eyes are insensitive to distinguish the slight
color change for revealing the trace amounts of analytes [20].
Therefore, to further improve the accuracy and sensitivity of color
changes discrimination is the key to achieve the on-site and rapid
determination of UO2

2+ ions concentration by fluorescent colori-
metric method.

Recently, the cellphone has become more and more important
as an optical sensing platform for its incomparable data comput-
ing, display, and storage capabilities [21–23]. One interesting
strategy is to use the high-pixel resolution cameras integrated in
the cellphone, after taking a suitability fluorescent imaging, these
images can be easily converted into the related color information
by the build-in application, which directly displays as RGB (red,
green and blue) [24,25], HSV (hue, saturation and value) [26] or
CMYK (cyan, magenta, yellow and black) values [27] for
determining the analyte concentration [28]. The major advantage
of this strategy is the perfect combination themerits of fluorescent
colorimetric method and cellphone-based optical platform [24].
The fluorescent colorimetric method could allow for rapid
preliminary screening of UO2

2+ ions by our naked eye, and
cellphone-based optical platform would greatly improve the
accuracy of the assay. Therefore, here we propose a simple and
effective ratiometric fluorescence imaging method for the
visualizing and accurate detection UO2

2+ ions by field-portable
cellophane-based optical platform.

The architecture of ratiometric fluorescence sensing mecha-
nism based of dual-color label-free carbon dots (CDs) for visually
detecting UO2

2+ ions have briefly illustrated in Fig. 1a. The label-
free red carbon dots (r-CDs) and blue carbon dots (b-CDs) were
prepared by the reported solvothermal method with a slight
modification [29,30]. The detail of synthetic experimental
procedures can be found in Supporting information. The ratio-
metric fluorescence sensing system was obtained with simply
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Fig. 1. (a) Schematic illustration of the ratiometric fluorescent sensing mechanism
for visually detecting UO2

2+ ions. (b) The fluorescence spectra of dual-color CDs
sensing systemwith absence or presence of UO2

2+ ions. (c) The fluorescence spectra
of r-CDs and b-CDs with absence or presence of UO2

2+ ions.
mixing the r-CDs and b-CDs solution together. Due to the excellent
water solubility and non-specific recognition group on the surface
of b-CDs (Fig. S1 in Supporting information), the fluorescence of b-
CDs remains unchanged, thus providing a reliable reference signal
for the ratiometric detection of UO2

2+ ions (Figs. 1b and c).
Meanwhile, the amino group of r-CDs play a crucial role in
donating the reactive sites for UO2

2+ ions discrimination. Because
of the coordination of UO2

2+ ionswith the amino group leads to the
formation of r-CDs/UO2

2+ complexes, which induced the remark-
able quenching to the fluorescence from the r-CDs (Fig.1c) [31–33].
The different response of dual-color CDs sensing solution induced
the photoluminescence color continually changes from deep red to
dark purple under a 365 nm ultraviolet (UV) lamp, which can be
conveniently distinguished by our naked eyes (Fig. 1a).

The hypothesis of complexation coordination has been
demonstrated by the measurements of UV–vis absorption
spectra as shown in Fig. 2a. Upon the addition of UO2

2+ ions
into r-CDs aqueous solution, the 486 nm absorbance peak
gradually disappeared and a new absorbance band at 578 nm
appeared and become stronger. With the increasing addition of
UO2

2+ ions, the color of the r-CDs eventually changed from light
orange to blue-violet. Similar color changes were also observed
on adding UO2

2+ ions into the pure p-phenylenediamine (p-PDA)
solution (Fig. S2 in Supporting information). On the other hands,
TEM images directly showed the monodisperse r-CDs turn into
the aggregate situation after the addition of UO2

2+ ions (Figs. 2e
and f). The dynamic light scattering (DLS) measurements clearly
showed that the average hydrodynamic diameter of r-CDs in the
presence and absence of UO2

2+ ions are �43.82 nm and
�531.2 nm, respectively (Fig. S3 in Supporting information). It
is a little surprising that the particle sizes of r-CDs and the
aggregated r-CDs are much larger than those measured by TEM,
however these results are in accordance with a previous report
which revealed the excellent hydrophilicity of r-CDs [33]. All
results illustrate that the UO2

2+ ions cause the aggregation of r-
CDs, and then the aggregation determines the fluorescence
quenching of r-CDs solution from another point of view. In
contrast, the UV–vis spectrum and TEM images of b-CDs have
litter change even after the addition of UO2

2+ ions (Figs. 2b–d).
Therefore, the ratiometric fluorescence spectra and color evalua-
tion can be attributed to the aggregate-caused fluorescence

[(Fig._2)TD$FIG]

Fig. 2. Evolutions of UV-vis spectra of r-CDs (a) and b-CDs (b) after the addition of
UO2

2+ ions. The inset photos show the corresponding colors under daylight. TEM
images of b-CDs (c, d) and r-CDs (e, f) before and after the addition of 250.0mmol/L
UO2

2+ ions.
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quenching effect (ACQ) due to the coordinated interaction of the
amino ligand of p-PDA on the surface of r-CDs to UO2

2+ ions.
To optimize the analytical performance of the ratiometric

fluorescence sensing system, effect of pH was careful studied
(Figs. S4 and S5 in Supporting information). As showed in Fig. S4,
the photoluminescence intensities ratios of the ratiometric
fluorescence sensing system keep stable in pH range from 6.00
to 9.50. When the pH is less than 6.00 or higer than 9.50, the
fluorescence of b-CDs and r-CDs decreased obviously, which can be
attributable to the result of protonation or deprotonation of
�COOH,�OH, -NH2 and -NHR groups on the surface of carbon dots.
Meanwhile, the uranium can exist in various chemical formswhich
depending on the pH values of the medium [16]. Uranium
primarily exists as UO2

2+ ions at pH 4.00. At higher pH, the
detection of UO2

2+ ions were not possible to achieve due to the
uranium mainly exists in the insoluble form of UO2(OH)2 and
UO2(OH)3�, which do no coordinated with the amine groups to
quench the fluorescence of r-CDs (Fig. S5). Therefore, in this
ratiometric fluorescence sensing system, the UO2

2+ ions detection
should be conducted using the medium at pH 7.00 and UO2

2+ ions
at pH 4.00.

In order to obtain of the widely fluorescence color changes for
visually detecting UO2

2+ ions, the response of different fluores-
cence intensity ratios of r-CDs and b-CDs to UO2

2+ ions were
tested and the related color changes was recorded in Figs. S6 and
S7 (Supporting information). When the fluorescence intensity
ratios of r-CDs and b-CDs (I624/I445) was adjusted to 4/1, an
extremely noticeable fluorescence color change from deep red to
dark purple was obtained. In Fig. 3, the fluorescence intensity
ratios (I624/I445) were continuously decreased with the amount of
UO2

2+ ions increasing. Even if the amount of UO2
2+ ions was as low

as 2.00mmol/L, the value of I624/I445 was still decreased�3.45% by
compared with the absence of UO2

2+ ions. With the further
increasing UO2

2+ ions concentration to 30.0mmol/L, the value of
I624/I445 was decreased by �55.21%. In the range from 0mmol/L to
30.0mmol/L, there was a good linear relationship with a
correlation coefficient of 0.98427. The limit of detection (LOD)
was estimated to be 0.73mmol/L based on the definition of three
times to the standard deviation of the blank signal. Upon the
addition of 250.0mmol/L UO2

2+ ions, the fluorescence intensity
ratio was decreased by �82.62% and reached the maximum in
5min (Fig. S8 in Supporting information), indicating that the
interaction between UO2

2+ ions and r-CDs rapidly achieved an
equilibrium. Meanwhile, a series of noticeable color changes from
deep red to red, deep magenta, dark magenta, deep purple, and
dark purple were observed under a UV lamp, which is more
sensitive and reliable than the single-fluorescence r-CDs quench-
ing method (Fig. S6). These fluorescence color change have been
confirmed by Commission Internationale de L’Eclairage (CIE)
[(Fig._3)TD$FIG]

Fig. 3. (a) Fluorescence spectra of the ratiometric fluorescent sensing system with
the increasing of the concentrations of UO2

2+ ions. The inset photos show the
corresponding fluorescence color changes under 365 nm UV illumination. (b) The
simulated correlation between the fluorescence intensity ratio I624/I445 and UO2

2+

ions concentration. The inset is the linear relationship of I624/I445 versus UO2
2+ ions

in the range from 0mmol/L to 30.0mmol/L.
coordinates (Fig. S9 in Supporting information). The ratiometric
fluorescence sensing system without UO2

2+ ions had dark red
emission with CIE coordinates of (0.4978, 0.3212). As the UO2

2+

ions concentrations increased, a substantial blue-shift tendency in
the CIE coordinate was observed from red (0.4665, 0.3064;
10.0mmol/L) to deep magenta (0.4384, 0.2940; 20.0mmol/L), dark
magenta (0.4066, 0.2814; 30.0mmol/L, deep purple (0.360,
0.2649; 60.0mmol/L), and dark purple (0.2875, 0.2427;
250.0mmol/L). These results indicated that the reliable of color
variations in our ratiometric fluorescence sensing system from
another aspect.

To further evaluate the reliable of the ratiometric fluorescence
sensing system, a series of selectivity and anti-interference
experiments were conducted on the effect of different ions to
the fluorescence intensity under the same condition. As shown in
gray bars in Fig. S10 (Supporting information), no significantly
change in the ratio (<5.50%) was detected with the addition of
1.0mmol/L Na+, Zn2+, Pb2+, Ba2+, Cu2+, Mg2+, Ni2+, Cl�, CO3

2–, HCO3
–,

NO3
� and SO4

2– into the system. Thefluorescence responsewas not
influenced even if 4-fold excesses of the interfering ions coexisted
(blank bars in Fig. S10). It should be noted that the addition of Fe3+

and Al3+ also causes serious quenching to the ratiometric
fluorescence sensing system (�80%), and thus bring interferences
for detecting UO2

2+ ions in real water samples. However, Fe3+ and
Al3+ influence can be easily eliminated by a simple pretreatment
with sodium citrate for the formation of 1 + 1 complex. After the
simple pretreatment, the fluorescence responses of the sensing
system to the UO2

2+ ions were nearly the same. These data
indicated that the ratiometric fluorescence sensing system had an
excellent selectivity and anti-interference ability for UO2

2+ ions
detection.

The above series of color changes also provided a possible way
for the field-portable determination of UO2

2+ ions by a cellphone-
based optical platform device as the fluorescent signal reader
(Figs. 4a and b). The more detail of the internal structure of the
cellphone-based optical platform was shown in Fig. S11 (Support-
ing information). After warming for �2min, the ultraviolet light
from the 365 nm LED excited the sample solution in the quart
cuvette to produced fluorescence. After a suitability fluorescent
imaging, the built-in Colorpicker APP could directly analysis these
digital images (Fig. 4c) and quickly output the Red, Green and Blue
(RGB) channel values of these images within one second (Fig. S12
in Supporting information). Fig. 4d shows the ratio of red channel
to blue channel is closely related to UO2

2+ ions concentration from
0mmol/L to 250.0mmol/L. A correlation can be established
between the R/B and UO2

2+ ions concentration from 0mmol/L to
30mmol/L, and the coefficient is calculated to be 0.92804with LOD
of 8.15mmol/L based on three times deviation (3d/slope). This
method displayed a broader linear range and its response time is
comparable to or even much lower than the most of the existed
fluorescence methods listed in Table S1 (Supporting information).
Though its LOD performance was not as excellent as the
semiconductor-type quantum dots sensing system, our method
provided a wider range of fluorescent color variations and avoided
the use of highly toxic semiconductor-type quantum dots.
Moreover, the low-cost, portable, easy-operation advantage of
our constructed cellphone-based optical sensing platform is more
attractive than previously reported nanosensors without the need
of elaborate equipment.

To further assess its adaptability of field-portable cellphone-
based optical platform in real water sample, the concentration of
UO2

2+ ions was detected by spiking a known concentration of
UO2

2+ ions to tap water and river water. The river water samples
were first filtered to remove any particulate suspension. Tap
water sample were directly applied without any pretreatment.
The estimated recoveries of the measurements and the relative
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Fig. 4. (a) The structure and the light path diagram of the cellphone-based optical platform device. (b) The picture of the assembled cellphone-based optical sensing platform
device. (c) The luminescent images of the sensing systemupon additions of different amounts of UO2

2+ ions,whichwere directly taken by the cellphone digital camera. (d) The
simulated correlation between the ratio of R/B values versus UO2

2+ ions concentration. The inset is the linear relationship of R/B versus UO2
2+ ions in the range from 0mmol/L

to 30.0mmol/L.
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standard deviation (RSD) are shown in Table S2 (Supporting
information). At low concentration, the recoveries and RSD for river
wateraremuchhigher than tapwater. Thispositive interferences for
detecting UO2

2+ ions could be attributable to the complicated
interfering cations in real river water, such as Fe3+ and Al3+ ions.
Reversely, the recoveries and the RSD exhibit satisfactory results at
high concentration. Therefore, cellphone-based sensing system has
been demonstrated to performwell in relatively cleanwater for the
field-potable detection of UO2

2+ ions.
In this paper, a simple and effective ratiometric fluorescence

imaging method was developed for the visualizing and quantita-
tive detection UO2

2+ ions by cellophane-based optical platform.
The ratiometric fluorescence sensing system showed an obvious
color change from dark red to dark purple with the concentration
of UO2

2+ ions gradually increased to 250.0mmol/L, which could be
directly observed by our naked eyes. Most interestingly, the color
change of the sensing system can be digital identified by our
cellphone-based optical platform for the accurate and quantitative
detection of UO2

2+ ions within �5min. The detection limit was
found to be as low as 8.15mmol/L in aqueous solution. All these
distinguished properties greatly improve the accessibility of UO2

2+

ions detection even in resource-limited areas.
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