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Here, a ratiometric fluorescent test paper for the visual and on-site determination of environmental fluoride
ions was fabricated by inkjet-printing of the as-prepared “ink” onto a filter paper. The “ink” was prepared by
mixing the fluoride-sensitive organic probe (C-TIPS) with red CdTe quantum dots (QDs) in an optimal
proportion. The designed fluorescent fluoride probe shows a turn-on effect in the presence of fluoride
ions. With the aid of thee red fluorescence of CdTe QDs, the test paper exhibited a distinguishable
fluorescence color change from red to purple to blue under a UV lamp. The as-prepared ratiometric-
fluorescent test paper displayed a superior sensitivity and visual effectiveness to quantify fluoride ions,
with a detection limit of 0.285 uM which is lower than the World Health Organization (WHO) defined
limit (79 uM). Moreover, the test paper is highly applicable for the detection of fluoride ions in natural

Received 7th September 2017
Accepted 1st November 2017

DOI: 10.1039/c7ra09972j

Open Access Article. Published on 20 November 2017. Downloaded on 3/1/2026 5:37:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

Fluoride ions (F~), as one of the essential micronutrients to
humans and animals, provide strength to teeth and bones to
prevent dental cavities and osteofluorosis, and thus can be
widely found in toothpaste and used to cure bone diseases."”
For dental health, F~ is added into drinking water in many
countries and the maximum limit of F~ in drinking water is
79 pM (1.5 ppm), as recommended by the WHO.> Meanwhile, it
has been proved that excessive F~ is very harmful to our health
and leads to numerous diseases, such as dental and skeletal
fluorosis, kidney and gastric abnormalities, and even death.*®
Recent estimations show that about 200 million people, among
25 nations all over the world, are still threatened by excessive F—
from underground water or polluted water.® Therefore, it is an
urgent demand for human health to effectively quantify F~ in
drinking water. Traditional methods, including "°F NMR spec-
troscopy,” ion-selective electrodes® and ion chromatography,’
inevitably require relatively cumbersome equipment,
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waters in a very simple, cost efficient and on-site way.

complicated pre-treatments of samples, and professional
operators, which hinder their application in the convenient and
effective detection of F~.

Compared to these conventional approaches, fluorescent and
chromogenic probes have been developed for the detection of F,
owing to their advantages of excellent sensitivity/selectivity and
simple operation."®*® The reported strategies have mainly
focused on the following three approaches, F-induced cleavages
of chemical bond (Si-O/Si-C and B-O bonds), and the formation
of hydrogen bonds with F~ and F -substituted metal
complexes."*** Among them, the F~-triggered selective cleavages
of the Si-O bond approach exhibits a higher specificity and
sensitivity."** However, most of the reported studies depended
on sophisticated fluorescent instruments, which pose difficulties
to meet the requirements of on-site assays.

Fluorescent test paper,*** like pH test paper, is one of the
most convenient methods for on-site assays, and hence many
efforts have been devoted to developing new fluorescent paper
sensors. Organic dyes, quantum dots (QDs), carbon dots, and
up-conversion nanomaterials have been applied to fluorescent
test paper for the visual detection of various target analytes,
such as explosives, heavy metal ions, and biological mole-
cules.®**® In the present work, a ratiometric fluorescent “ink”
for the selective detection of F~ was prepared by mixing a non-
fluorescent F~ probe and red QDs in an optimal proportion, in
which the fluorescence of the probe can be lighted up by F~
while the red fluorescence of the QDs remains constant. The
two independent fluorescence emission peaks used in ratio-
metric fluorescent sensing can effectively eliminate background
interferences and improve the sensitivity of the sensor by self-
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calibration.* The “ink” displayed dramatically recognizable
fluorescence color responses to F~, therefore achieving effective
visualization assays of F~. On the basis of the above results, we
could further prepare the test paper sensor for the visual
detection of F~ by inkjet-printing the “ink” onto a piece of filter
paper. Compared to “turn on/oft” fluorescent systems, the as-
prepared ratiometric fluorescent test paper could display
a superior selectivity and better visual effectiveness to quantify
F~ because the naked eye is more sensitive to the variations of
color than those of brightness.* Moreover, the ratiometric
fluorescent test paper could be further applied to the visual
assays of F~ in environmental waters.

Experimental
Reagents and materials

All the chemicals used were analytical grade. 7-Hydrox-
ycoumarin, triisopropylsilyl chloride (TIPSCI), NaH, 3-mercap-
topropionic acid (MPA), Te powder, NaBH,, and CdCl,-2.5H,0
were purchased from Sigma-Aldrich. NaOH, H,SO, (98%),
tetrahydrofuran (THF), methanol, and ethanol (EtOH) were
supplied by Sinopharm Chemical Reagent Company, Ltd.
(Shanghai, China). Dry THF was obtained by distillation after
being refluxed with sodium metal (benzophenone as indicator).
Ultrapure water (=18.2 MQ) was prepared by a Millipore water
purification system. The solutions of anions were prepared
from NaF, NaCl, NaBr, Nal, NaClO,, NaNOj;, NaAc, NaH,PO,,
NaHCOj3;, NaNO,, and NaSCN. They were dissolved in sterilized
ultrapure water. Caution: The NaH is a fire hazard, so it should
be used carefully and handled only in small quantities.

Collection and storage of human urine

Human urine samples, collected from healthy volunteers with
informed consent, were stored in a 4 °C refrigerator for further
use. All experiments were performed in compliance with the
Ethical Committee Approval of China and approved by the
ethics committee at the Institute of Intelligent Machines
(Chinese Academy of Sciences).

Instruments

'H and "*C NMR spectra were performed on a Bruker Ultrashield
spectrometer using TMS as the internal standard. The peak
multiplicities are shown by the abbreviations: s, singlet; d,
doublet; m, multiplet. High-resolution mass spectra (HR-MS)
were measured using an Agilent Q-TOF 6540 mass spectrom-
eter. Fluorescence spectra were measured by a Cary Eclipse fluo-
rescence spectrophotometer. Fluorescent photos were taken
under an AGL-9406 UV lamp (365 nm excitation) with a Canon
600D digital camera. HPLC spectra were performed using a C18
column under methanol/water (7 : 3, v/v) mobile phase conditions
and the intensities were detected by a 375 nm UV detector.

Synthesis of 7-((triisopropylsilyl) oxy)-2H-chromen-2-one (C-
TIPS)

According to the reported method,** the fluorescent probe C-
TIPS was synthesized as follows: 7-hydroxycoumarin (162 mg,
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1 mmol) was first dissolved in 30 mL of dry THF, then NaH
powder with 70% purity (68.6 mg, 2 mmol) was added into the
solution. After stirring for 30 min at 0 °C under a nitrogen
atmosphere, TIPSCI (390 mg, 2 mmol) was dropped into the
mixture and continuously stirred at room temperature over-
night. After the reaction was completed (monitored by TLC),
1 mL of EtOH was added into the reaction solution to quench
the residual NaH, and the generated precipitate was filtered off.
Then the filtrate was concentrated under vacuum. Finally, the
residue was purified through a silica gel column eluted with
petroleum ether/ethyl acetate (50 : 1, v/v) to afford C-TIPS as
a colorless solid with a yield of 89.7%. '"H NMR (400 MHz,
CDCl;) 6 7.63 (d, ] = 9.5 Hz, 1H), 7.37-7.29 (m, 1H), 7.26 (s, 1H),
6.87-6.74 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 1.35-1.22 (m, 3H),
1.16-1.06 (m, 18H); "*C NMR (100 MHz, CDCl;) 6 161.31, 159.89,
155.76, 143.47, 117.47, 113.29, 113.07, 107.62, 79.10-74.66 (m),
17.92, 12.74; HR-MS (m/z, ESI) calculated for C;3H,,03SiNa m/z
= 341.1549 [M + Na]. Found m/z = 341.1540.

Synthesis of CdTe QDs

CdTe QDs were prepared based on a reported method.*” Te
powder (128 mg) and NaBH, (200 mg) were added into 5 mL of
ultrapure water at 0 °C with N, protection, and then the mixture
was stirred for 6 h to obtain NaHTe solution. At the same time,
CdCl,-2.5H,0 (460 mg) and MPA (420 pL) were added into
200 mL of ultrapure water, and the pH value was adjusted to 11
with diluted NaOH aqueous solution, and then N, was bubbled
into the solution for half an hour to remove dissolved O,. Then,
10 mL of 0.5 M H,SO, was injected into the prepared NaHTe
solution above, and the H,Te gas produced was bubbled into
the mixture of CdCl, and MPA under an inert N, atmosphere.
When the color of the mixture changed to orange, the gas
bubbling was halted. After continuously refluxing for another 2
days, CdTe QDs with a red emission at 630 nm were prepared.
Finally, the QDs were purified by precipitation with acetone and
dispersed in the mixture solution of ethanol/water (7 : 3, v/v) for
further use.

Preparation of test paper

The preparation method was according to the reported refer-
ence. ** Firstly, a common ink box of a commercial inkjet printer
was washed with ultrapure water until the ink was completely
cleared away, and dried thoroughly. Secondly, the as-prepared
ratiometric fluorescent solution was injected into the vacant
cartridge as ink. Then, commercially available filter paper was
stuck onto a piece of A4 paper. Finally, a square pattern of 4 x 4
cm” was computer-printed onto a piece of filter paper repeat-
edly, 40 times, and then the paper was cut into smaller pieces of
3.5 x 1 cm?” for the visual detection of F~.

Detection of F~ in real samples using test paper

Tap water, lake water, well water and human urine were chosen
as the real water samples. Initially, the F~ concentrations of real
samples were determined by ion chromatography. Then 0, 9, 25,
and 91 puM standard F~ solutions were spiked into samples.
Further, samples spiked with F~ were dropped onto the test

This journal is © The Royal Society of Chemistry 2017
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paper and left for 20 min. The fluorescent spectra of the test
paper were recorded by a spectrometer at an excitation wave-
length of 375 nm, and fluorescence pictures were taken by
a camera under a 365 nm UV lamp.

Results and discussion
The synthesis and characterization of probe C-TIPS

The non-fluorescent F-sensitive probe was prepared according
to the reported method. Here, 7-hydroxycoumarin was chosen
as the initial mother fluorophore because of its simple structure
and easy modification. A nucleophilic substitution reaction of
commercially available 7-hydroxycoumarin with TIPS-CI
produced the compound C-TIPS in an appreciable yield
(89.7%) (Scheme 1). The chemical structure of C-TIPS was
characterized by 'H NMR, *C NMR and high-resolution mass
spectrometry (HR-MS), as shown in Fig. S1-S3 (ESIT).

The fluorescence of the hydroxycoumarin moiety was
quenched by covalently coupling with the TIPS group.** Upon
the addition of F~, the recovery of blue fluorescence from
nonfluorescent C-TIPS clearly indicated that F~ triggered the
removal of the TIPS moiety from compound C-TIPS, producing
the highly fluorescent hydroxycoumarin (Scheme 1). To confirm
the fluorescent sensing mechanism, the reaction of C-TIPS with
F~ was monitored by HPLC and MS spectra. As shown in Fig. S5
(ESIt), C-TIPS with a high purity only displayed a single peak at
11 min in HPLC spectra. After 1 mM F~ was added into the
solution of C-TIPS, it was clearly observed that the peak at
11 min disappeared and a new peak at 4 min was found in
HPLC, indicating the reaction of C-TIPS with F~. For further
identification of the final product of C-TIPS with F~, HR-MS
spectra were investigated. The peak of C-TIPS at m/z =
341.1540 was clearly observed (Fig. S3, ESIT). After the reaction
with F~, the peak of C-TIPS disappeared, and a new peak at m/z
= 161.0246 was detected, which was identical to that of 7-
hydroxyl coumarin (Fig. S4, ESIf). The above experimental
results provide strong evidence that F~-induced the cleavage of
the Si-O bond.

The construction of a ratiometric fluorescent system

We employed red CdTe QDs as an internal standard to construct
a ratiometric fluorescent system. Red CdTe QDs were ideal as
they possess many excellent optical merits, including high
extinction coefficients and high fluorescent quantum yields,
together with other potential advantages: (1) inertness to F—
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Scheme 1 The synthetic route of probe C-TIPS and the reaction
mechanism of C-TIPS with F~.
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(Fig. S6, ESIt), (2) assisting the mixing system to exhibit a wide
color variation, (3) suitable excitation spectra, narrow emission
peaks, and excellent photochemical stabilities.** Significantly,
the broad absorbance and excitation wavelength range of CdTe
QDs covered the absorbance and excitation wavelength of 7-
hydroxycoumarin and C-TIPS (Fig. S7 and S8, ESIf), demon-
strating that the ratiometric fluorescent solution could be
excited by the same excitation source. The ratiometric fluores-
cent solution for the sensing of F~ was obtained via the simple
mixing of CdTe QDs and C-TIPS in an optimal ratio (Fig. 1A
illustrates the detection mechanism). Upon the addition of
increasing concentrations of F, the ratiometric fluorescent
solution exhibited a series of noticeable color alterations from
the original red to ultimately blue, while the C-TIPS solution
only gave a brightness change (Fig. 1B and C). Obviously, the
color evolution was easier to discriminate with the naked eye
than only the brightness change.

As is well known, the fluorescent ratio of blue/red plays a key
role in tuning the emission color. If the ratio was not suitable,
the intermediate color of red and blue would be shown as
purple, greatly narrowing the color variation range.*** Conse-
quently, we studied systematically the relationship between the
ratios and visual fluorescent color changes by adjusted the
proportion of C-TIPS and CdTe QDs. As shown in Fig. S9 (ESIT),
it was found that when the fluorescent intensity ratio of red:
blue was 1 : 5 or below, the fluorescent spectra of the mixture
showed a wide spectral coverage in the visual range and a rich
color alteration from the original red to ultimately blue (the
inset of Fig. S9, ESIT). Compared with the ratios of 1:7,1: 10
and 1: 15, the ratio of 1 : 5 exhibited the richest color change

}}%@%}Efo@;\lo &
QDs )\ b F

Gos
g% 3

B
F (uM)
0 2 6 12 18 24 36 48 60100300
C
F (uM)
0 2 6 12 18 24 36 48 60100 300
Fig. 1 (A) The ratiometric fluorescent sensing mechanism of the

mixture of C-TIPS/CdTe QDs to F~. The visual effects of (B) the mixture
of C-TIPS/CdTe QDs, (C) only C-TIPS, in EtOH/H,O (7 : 3, v/v) after the
addition of different concentrations of F~ for 20 min. The corre-
sponding photos were taken under a 365 nm UV lamp.
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from red to peach to purple and to the final blue. Thus, the
fluorescent intensity ratio of the 1 : 5 red/blue was selected as
the optimal ratio in the following experiments. The solvent
system for the fluorescence detection of F~ was optimized, and
7 : 3 EtOH/H,0 proved to be the ideal solvent in the detection
system (Fig. S10, ESIY).

The detection of F~ with the mixture solution of C-TIPS/CdTe
QDs

A fluorescent titration experiment was performed to evaluate the
sensitivity of the mixture solution of C-TIPS/CdTe QDs to F~, and
the corresponding fluorescent spectra were recorded by a fluo-
rescence spectrophotometer. As shown in Fig. 2A, along with
increasing the concentration of F~, the fluorescence intensity at
455 nm (I,55) increased gradually, and the fluorescence intensity
at 630 nm (Is30) kept very steady. The variation of the intensity
ratios of the two emission peaks (I455/Is30) resulted in a distin-
guishable fluorescent color change from red to purple and to
blue, which is available for the visual quantification of F~. As
shown in Fig. 2B, the fluorescence intensity ratio (I455/Zs30) Was
closely related to the dosage of F~ and displayed a good linearity
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Fig.2 (A) Fluorescence spectra of the mixture of C-TIPS/CdTe QDs in
EtOH/H,0 (7 : 3, v/v) after the addition of different concentrations of
F~ for 20 min (Aex = 375 nm). (B) Plots of fluorescence ratios I455/l630
versus F~ concentrations.
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with the F~ concentrations in the range of 0 to 60 uM, with
standard deviation R*> = 0.99825. The detection limit (3¢) was
calculated to be 0.285 uM. Compared with the detection limit of
previously reported Si-O bond-breaking probes (Table S1, ESIT),
our strategy has a comparatively lower detection limit, which is
lower than the WHO defined limit (79 pM) in drinking water. The
results indicated that the mixing system of C-TIPS/CdTe QDs
could actually satisfy the requirements for the trace analysis of F .

The selectivity to F~ of the mixing solution of C-TIPS/CdTe
QDs

It was worth mentioning that there were a large number of anions
in the environmental water, potentially causing interference in
the detection of F . Therefore, it was very significant to test the
selectivity of the mixing system of C-TIPS/CdTe QDs towards F—
by monitoring the response of the fluorescence intensity (I4s5/
Is30) to these anions. Fig. 3 shows that F~ at 300 uM induced
a significant enhancement of the emission ratio of I,s5/Is30 by
about 55-fold, whereas 300 uyM Cl~, Br, I, ClO,~, HCO;,NO, ",
H,PO, , AcO™, NO;~ and SCN™ did not cause any obvious fluo-
rescence response, demonstrating that the mixing system dis-
played a high specificity to F~. In addition, the dynamics
experiments indicated that the reaction of C-TIPS with F~ was
completed in 15 min (Fig. S11, ESIt). The above results suggested
that the sensory system could be used for the quantification of F~
with high selectivity, outstanding sensitivity, and fast dynamics.

To further examine the practical reliability of the sensory
system, we applied it to sensing F~ levels in samples such as tap
water, lake water, well water, and human urine. First, the
natural amounts of F~ in lake water, tap water, well water, and
human urine were 9.3 uM, 9.1 uM, 9.0 uM, and 8.9 uM,
measured by ion chromatography, respectively. Then known
amounts of F~ were spiked into samples. The eventual amounts
of F~ in the samples were measured according to the excellent
linear relationship shown in Fig. 2B. Table 1 and S21 show that
the sensory system worked quite well in lake water, tap water,
well water, and human urine, with a recovery of more than
96.5%, indicating the potential application of the sensory
system for the analysis of F~ in real samples.

The preparation of a paper sensor and detection of F~ in real
samples

To endow the mixing system with simple and portable features,
we further developed fluorescent test paper for the visual
quantification of F~ to verify its dosage-sensitive ability. The
mixture of C-TIPS/CdTe QDs as ink was inkjet-printed onto
a piece of filter paper by operating a computer (the visual guide
is show in Fig. 4A). The filter papers without any background
fluorescence could effectively avoid disturbance to the detection
results. The C-TIPS/CdTe QDs mixture ink was evenly adhered
to the surface of filter papers by printing repeatedly 40 times,
and the as-prepared test paper emitted red fluorescence under
the 365 nm UV lamp. Importantly, the test paper remained
stable after being stored in a 4 °C refrigerator for 30 days
(Fig. S12, ESIT). When the aqueous solution of F~ was added
and infiltrated into the surface of test papers, dramatic color

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The selective fluorescence responses of the mixture of C-TIPS/
CdTe QDs in EtOH/H,0 (7 : 3, v/v) with the addition of various anions
at 300 uM (F~, CL7, Br—, I, ClO4~, HCO3~, NO,~, H,PO,~, AcO™, NO3~
and SCN™) for 20 min. (A) The fluorescence spectra (ex = 375 nm). (B)
The column chart. The inset shows the corresponding photos under
a 365 nm UV lamp.

changes were observed under a UV lamp. As shown in Fig. 4B,
each dosage (0, 2, 6, 12, 18, 24, 36, 48, 60, 100, 300 uM) induced
eye-distinguishable color evolutions from the original red to
peach to pink to purple to final blue, consistent with our
experimental results in solution.

Furthermore, to verify the dosage-sensitive efficacy and accu-
racy of test paper for the visual quantification of F~ in environ-
mental waters, the test paper was applied to detecting F~ in

Table 1 The recoveries of F~ spiked in local lake water and tap water
using the C-TIPS/CdTe mixture system

Lake water Tap water
Spiked F~ Found Recovery Found Recovery
(M) (M) (%) (uM) (%)
0 9.7 104.3 + 3.8 9.4 103.3 £+ 4.3
12 21.6 101.4 £ 2.9 21.5 101.9 £ 3.7
36 46.1 101.8 £ 4.1 46.3 102.7 £ 3.3
100 111.2 101.7 £ 3.7 111.5 102.2 £ 3.6
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Fig.4 (A) Visual guide to the preparation of the test papers by printing
C-TIPS/CdTe QDs ink onto a piece of filter paper. (B) Visualization of
F~ using the fluorescent test papers. (C, D) Visual detections of F~ in
tap water and lake water, respectively. The photos were taken under
a 365 nm UV lamp.

samples such as tap water, lake water, well water, and human
urine. When the natural F~ amounts in samples (~9 pM) were
detected by the as-prepared test paper, the visual outcome con-
formed to the color standard between 6 uM and 12 uM, as shown
in Fig. 4B. In addition, we spiked F~ at 9, 27, and 91 uM into
samples, and the detected concentrations of the F~ were in good
agreement with the colors exhibited at the 18, 36, and 100 uM
concentrations of F~ as shown in Fig. 4B (Fig. 4C, D and S13,
ESIt). The corresponding fluorescence spectra of test papers are
shown in Fig. S14 (ESIt). The detection results further confirmed
that the fluorescent test papers could actually be applied to the
visual detection of F~ in environmental water samples.

Conclusions

In summary, we have prepared a ratiometric fluorescent test
paper with high sensitivity and selectivity for the visual and on-
site quantification of F~. The ratiometric fluorescent system was
composed of the F~-sensitive organic probe and F -inert red
CdTe QDs. Upon the addition of F~, the blue fluorescence of the
organic probe could be lit up, while the red fluorescence of
CdTe QDs stayed unchanged, and consequently the test paper
exhibited a consecutive color evolution from the original red to
the final blue, with the lowest discernible dosage as low as 6 uM
by observation with the naked eye. Importantly, the fluorescent
test papers have successfully been used for the visual assays of
F~ in environmental waters. The strategy researched herein
proposes a promising method of ratiometric fluorescent test
papers for the determination of F~ and can also be extensively

RSC Adv., 2017, 7, 53379-53384 | 53383
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applied to the visual and on-site assays of multitudinous ana-
lytes in environments, medicines, and foods.
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