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Dansyl-modified carbon dots with dual-emission
for pH sensing, Fe** ion detection and fluorescent
ink
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In this work, a multifunctional ratiometric fluorescence (FL) nanohybrid (CSCDs@DC) was synthesized from
chitosan based carbon dots (CSCDs) and dansyl chloride (DC) at room temperature. The CSCDs@DC
revealed strong FL intensity, great stability and excellent anti-photobleaching properties. Herein,
CSCDs@DC was responsive to pH value in the range of 1.5-4.0 and exhibited color-switchable FL
properties between acidic and alkaline environments. In addition, CSCDs@DC showed good selectivity
and sensitivity towards Fe®* ions. A good linear relationship for the Fe®* ion detection was obtained in
the range from O uM to 100 pM, with a detection limit of 1.23 uM. What's more, CSCDs@DC can be used
as a fluorescent ink. It expressed superior optical properties after 3 months of storage or continuous
exposure to UV light for 24 h. This study suggested that CSCDs@DC had potential in the detection of pH
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Introduction

As we all know, pH and metal ions play important roles in the
environment, and biological and industrial areas, and both
have received great research interest in the past decade.“?
Monitoring the change of pH value is needed due to its great
impact.®* In the environment field, acid rain and raw sewage
result in the pollution of soil and water, which is attributed to
the change of pH values.* Besides, in the biological area, pH has
a close relationship with active compounds in biological
macromolecules.® Therefore, it is very important to measure the
pH variation in our surroundings. Nowadays, there are many
methods and techniques for pH sensing. In particular, optical
method has attracted a lot of attention in pH measurement
attribute to the good performance of rapid response, high
signal-to-noise ratio, and good sensitivity.® Metal ions play the
crucial roles in the metabolism.” Deficiency of Fe** ions in the
body may decrease oxygen delivery to cells, which would lead to
anemia. While excess Fe*" ions in a living cell can cause serious
damage such as liver and kidney diseases.® Moreover, Fe** ion
has an important effect on the environment. Indirectly, low
concentration iron in high nutrient low chlorophyll areas
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and metal ions, as well as showing promising application in the anti-counterfeiting field.

became the limitation for primary productivity (algal growth) in
vast areas of the oceans, which might result in the regulation of
the global climate via a reduction of the ability of the oceanic
phytoplankton to sink atmospheric CO,.° Therefore, it is very
important to quantify Fe’" ions content. To date, many
approaches have been utilized to evaluate the presence of Fe**
ions, such as inductively coupled plasma mass spectrometry,
atomic absorption spectrometry, spectrophotometry, and vol-
tammetry.'*** However, these methods are either time-
consuming, expensive equipment requirement or tedious
sample pretreatment. Therefore, it is necessary to find a rapid
and accurate method to detect Fe*" ions. Acid rain is an
important environmental pollutant, whose pH can reach 1.5-
4.5.** Acidic water with a pH of approximately 5.2 or even lower
can promote the corrosion of metal surfaces. pH can change the
solubility of heavy metals from construction and demolition
waste, and most heavy metals exist a secondary dissolution at
pH 5.3. Under lower pH condition, the desorption of metals
such as Fe will be increased significantly.’* Fe** ions released
from buildings or industrial wastes caused by acid rain has
caused serious environmental and health problems. Therefore,
the pH value and Fe*" ions content in acid rain need to be
monitored simultaneously. It would be interesting to develop
a multi-mode platform to address the issues by an all-in-one
strategy.

Recently, the fluorometric detection methods have been
applied in visualization inspections due to high sensitivity,
good selectivity and rapid response. Fluorescent carbon dots
(CDs) have been revealed to be a promising fluorescent material
because of the outstanding properties, such as good

RSC Adv, 2020, 10, 36971-36979 | 36971


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06097f&domain=pdf&date_stamp=2020-10-06
http://orcid.org/0000-0001-9749-055X

RSC Advances

fluorescence (FL) stability, strong water solubility, biocompati-
bility, low toxicity, abundant precursor sources and facile
functionalization property.**** Besides, doping is an effective
approach to improve the optical properties. For example, B, N,
S, and P could improve emission properties of CDs. Among
these, N-doping was very effective." The amino functional
groups on the surface of CDs can improve the water solubility,
reduce the potential biotoxicity and enhance the photo-
luminescence property.””* Thus, N-doped CDs had been
prepared by various methods and widely applied in sensing.
Chitosan (CS) is a natural copolymer, which is obtained by
deacetylation of chitin. CS contains the monomers of 2-ami-
noglucose and N-acetylaminoglucose,”® which makes it an
interesting precursor for N-doped CDs preparation. Janus et al.
synthesized N-doped chitosan-based CDs with high quantum
yield (11.5%) in a microwave radiation field. The CDs had
nontoxicity and could be a potential in biomedical applica-
tions.”® In summary, CS is a good raw material for N-doped CDs
that have good water solubility, photoluminescence property
and low toxicity.

There are a few reports about N-doped CDs fluorescent
methods for pH and Fe®* ions sensing. Wang et al. synthesized
N-doped CDs by hydrothermal carbonization. The N-doped CDs
displayed a remarkable emission enhancement when the pH
was increased from 2 to 10. And it showed a good linear rela-
tionship when the concentration of Fe** is in the range from
0 to 1.6 pM.** Chen et al. reported that N-CDs showed strong
orange fluorescence, certain water solubility property and
obvious FL quenching to Fe*" ions and pH. Furthermore, the N-
CDs exhibited outstanding biocompatibility and cell imaging
ability. The N-CDs were successfully introduced into HeLa cells
to detect intracellular Fe*".?® Nevertheless, most of these fluo-
rescent sensors depend on a single emission intensity change,
which can be affected by many factors including instrumental
efficiency, environmental conditions and the concentration of
probe molecules. Thus, ratiometric fluorescent sensors which
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Scheme 1 Illustration for the preparation of CSCDs@DC.
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can produce dual-emission fluorescence were developed.
Compared with the single-emission fluorescent response, the
ratiometric fluorescent sensor can eliminate the described
disadvantages and make the detection become more sensitive
and accurate.?® In addition, the ratiometric fluorescent sensor
can offer a built-in environmental interference correction,
which excludes the fluctuation of light excitation intensity.”
With these in mind, many CDs have been synthesized and
constructed as ratiometric FL sensors for pH, thiols, heavy-
metal. Sun et al. synthesized multicolor emissive carbon dots
as a ratiometric fluorescent sensor for Fe*" ions detection by
microwave irradiation.*® Xia et al. developed a kind of intrinsic
dual-emission CDs via a facile hydrothermal for ratiometric
fluorescent pH sensing.> However, few CDs based ratiometric
fluorescent sensors are used for pH sensing and Fe’" ions
detection simultaneously. Therefore, it is significant to design
a multifunctional ratiometric fluorescent sensor with CDs for
both evaluations directly.

Dansyl (1-(dimethylamino)-naphthalene-5-sulfonyl) fluo-
rophore has attractive properties due to its intense absorption
bands in the near UV and a strong FL in the visible region with
high emission quantum yields and easy derivation.*® In addi-
tion, dansyl fluorophore is sensitive to micro-environmental
change attributed to intramolecular charge transfer (ICT) and
easy to be introduced at the N-terminal of many compounds
containing amino group.*~** These characteristics make dansyl
fluorophore a core structure in most fluorescent sensors for
detecting anions and cations.*® There are some reports on the
synthesis of FL sensors by grafting dansyl fluorophore with
organic compounds, but such sensors need detect targets in
organic reagents. For example, Chen et al. synthesized a fluo-
ride selective fluorescent chemosensor based on sulfonamide
derivatives for fluoride ion detection in acetonitrile.’” Liu et al.
prepared a fluorescent sensor containing hydrazide and dansyl
groups for amino acid anions recognition in CHCI;.*® Origi-
nally, dansyl chloride (DC) can't dissolve in water, which limits
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its application. While, we found that the solubility can be
improved by grafting the dansyl fluorophore onto CDs through
the amino group. Furthermore, by combining dansyl fluo-
rophore and amino groups, sulfonyl groups can be converted
into sulfonamide groups with stronger electron absorption
ability, which is beneficial to ICT fluorescence emission.

In this study, we designed a multifunctional ratiometric FL
nanohybrid (CSCDs@DC) by grafting dansyl fluorophore onto
N-doped CDs (CSCDs), which can be employed as sensor in the
pH sensing and Fe*" ions detection. Furthermore, CSCDs@DC
was also investigated as fluorescent inks. CSCDs@DC showed
good selectivity, high sensitivity and great stability. The CSCDs
were prepared by hydrothermal treatment of CS. CSCDs@DC
was fabricated by modifying the CSCDs with dansyl fluorophore
at room temperature (Scheme 1). The chemical structure and
optical properties of CSCDs@DC were characterized by the
transmission electron microscopy (TEM), the Fourier transform
infrared spectroscopy (FTIR), the UV-vis spectrophotometry and
the FL spectrophotometry. Our study provided a new strategy
for developing the multifunctional fluorescence platform based
on carbon dots.

Experimental

Materials

Chitosan (CS, deacetylation degree = 95%, Aladdin Ltd.), dansyl
chloride (DC, Sigma-Aldrich). All other reagents used in the
experiment were analytical grade and used without further
purification. Ultrapure water was used throughout the experi-
ment. FeCl;, CaCl,, FeSO,-7H,0, CdN,Os-4H,0, Mg(NO3),-
-6H,0, Cu(NO;),-4H,0, BaCl,-2H,0, HgCl,, K,Cr,0,, Pb(NO;),
were purchased from Guangzhou Chemical Reagent Factory
(Guangzhou, China). Stock solutions of CSCDs@DC (1.0 mg
mL~") were prepared in the ultrapure water.

Preparation of CSCDs

CSCDs were prepared according literature and modified
accordingly.”® 1 g CS was dispersed in 20 mL ultrapure water by
stirring with a magnetic stirrer at room temperature. Then the
mixture solution was transferred to a poly(tetrafluoroethylene)
(Teflon)-lined autoclave and heated at 160 °C for 12 h. After the
reaction, the reactor was cooled down to room temperature
naturally. The brown-yellow product was centrifuged at
8000 rpm for 20 min and passed through a 0.22 pm micron
filter.

Synthesis of CSCDs@DC

The CSCDs@DC was prepared through a facile method. DC was
dissolved in acetone and then added into CSCDs solution. The
reaction mixture was stirred for 12 h at room temperature and
further removed the acetone by applying vacuum-rotary evapo-
ration. Then the mixture was centrifuged at 8000 rpm for 10 min
and passed through a 0.22 pm micron filter. Finally, the
suspension was dialyzed against ultrapure water through
a dialysis membrane (MWCO 500-1000 Da) for 24 h and then
freeze dried. The CSCDs@DC was dispersed in the ultrapure
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water as stock solution (1 mg mL ") for further study. The
synthetic mechanism for the preparation of the CSCDs@DC
was shown in Scheme 1.

Detection of pH

1 M HCI solution, 1 M NaOH solution and 0.1 M phosphate
buffer solution (PBS) were prepared and mixed with different
volume ratio to get solutions with different pH value (1.0, 1.5,
2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0). Then,
300 uL CSCDs@DC and 1.7 mL solution with different pH value
were pipetted into 4 mL cuvette. The FL intensity was then
measured with excitation at 330 nm. The relationship between
FL intensity and the pH value was studied.

Detection of Fe>* ions

The selectivity of CSCDs@DC as a sensor for the detection of
Fe®* ions was explored. The different metal ions including Ba*",
Ca**, cd*, cu®’, Fe*', Fe**, Hg*", Mg**, Pb*", Cr,0,°  at
a concentration of 100 uM were mixed with 0.4 mg mL™’
CSCDs@DC aqueous solution, respectively.** The effect of
typical interfering metal ions on the FL behavior of CSCDs@DC
was investigated to evaluate the selectivity of CSCDs@DC. The
sensitivity of Fe** ions detection was performed by adding
different concentrations of Fe*" ions at room temperature. The
pH of the mixed solution was adjusted to 6.0. The FL intensity
was measured with excitation at 330 nm.

Instrumentation

The transmission electron microscopic (TEM) image was per-
formed on a JEM-2100 microscope using an acceleration voltage
of 200 kV. Fourier transform infrared spectroscopy (FTIR)
experiments were conducted on a Bruker TENSOR 27 spec-
trometer in the form of KBr pellets. The UV-vis absorption
spectra were recorded on a TU-1901 UV-vis spectrophotometer
(China). FL emission spectra were recorded by a F-320 fluores-
cence spectrophotometer (China).

Results and discussion
Optimization of synthesis conditions of CSCDs@DC

To investigate the optical properties of CSCDs, DC and
CSCDs@DC, the absorbance and FL spectra were performed. In
Fig. 1a, compared the FL spectra of CSCDs, DC and CSCDs@DC,
the FL emission of CSCDs was at 412 nm, however, the FL
emission of DC was not observed. Furthermore, the FL emission
spectra of CSCDs@DC in aqueous solution showed the marked
dual emission peak positions at 412 nm and 500 nm under an
excitation of 330 nm. The solvatochromic effect of the FL
spectra of CSCDs@DC was determined. Fig. 1b shows that
CSCDs@DC exhibited a red-shift of 26 nm, when the solvent
polarity was increased gradually from DMF to H,0O: 474 nm in
DMF, 485 nm in CH3;CN, 500 nm in H,O. The FL intensity of
CSCDs@DC exhibited an obvious decreasing with increasing
solvent polarity. The results of solvatochromic effect indicated
a charge-transfer (CT) state.*>*! It was considered that the sharp
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FL intensity of CSCDs@DC at 500 nm was ascribed to ICT.>*** It
indicated the formation of fluorescent CSCDs@DC.

To establish the ratiometric fluorescent assay, the mass ratio
of CSCDs and DC was investigated in detail. As shown in Fig. 1c,
the ratio of the two fluorescent components had a significant
effect on the FL intensities of the sensor. The fluorescent
CSCDs@DC with different mass ratio had emissions at 412 nm
and 500 nm under an excitation of 330 nm. When the CSCDs/
DC ratio changed from 1:2 to 40:1, F4,/Fs500 changed
visibly. Firstly, when DC mass increasing, the amount of dansyl
group grafted onto the CSCD increased. Therefore, the FL
intensity at 500 nm increased. When the CSCDs/DC ratio was
20 : 1, F41, and F5o became nearer, suggesting a more flexible
scope of ratiometric variation.** By contrast, when the CSCDs/
DC ratio deviated from this value, a negligible peak at 412 nm
or 500 nm was observed. It was probably that too much CSCDs
or dansyl fluorophore could submerge the FL from each other.
Thus, a suitable ratio of 20 : 1 was adopted in the following
study.

Optical properties

The UV-vis spectra are shown in Fig. 1d. The three absorption
peaks at 210 nm, 242 nm and 310 nm were ascribed to the t-m*
transition of the C=C bond, the m-rt* transition of aromatic
sp” hybridization, and n-m* transition of the C=0 bond,***
respectively. CSCDs (red) had two absorption peaks at 210 nm
and 310 nm. CSCDs@DC (black) had three absorption peaks at
210 nm, 242 nm and 310 nm. The absorption peaks at 242 nm
attributed to the w-m* transition of aromatic sp> hybridization.

Paper

It indicated dansyl fluorophores were introduced onto CSCDs.
In addition, the effect of ionic strength on the FL stability of
CSCDs@DC was investigated. As shown in Fig. le, F,;, (red) and
Fso0 (green) of CSCDs@DC did not change obviously under
various concentrations of NaCl, which revealed that
CSCDs@DC was stable in the salt environments.

Structural features of CSCDs@DC

Fig. 2a and b show the TEM images of CSCDs and CSCDs@DC
with a scale bar of 20 nm. Fig. 2a expresses the spherical shaped
CSCDs particles are uniformly dispersed without apparent
aggregation. The particle size distribution of CSCDs was
calculated by Nano Measurer. The diameter of CSCDs is mainly
distributed in the range of 1.5-6.8 nm, with the mean diameter
of 3.6 nm. As shown in Fig. 2b, it was observed that CSCDs were
covered by DC. And larger particles were formed apparently in
the TEM image of CSCDs@DC. It indicates the formation of the
CSCDs@DC nanohybrid.

The FTIR spectra are shown in Fig. 2c. The peaks at 3600-
3200 cm~ ' were attributed to the stretching vibrations of O-H
and N-H.* The FTIR spectrum of CSCDs (the blue curve) indi-
cated that the absorption band 1600 cm ' was the bending
vibrations of amine group (-NH,).*” The absorption band at
1385 cm™ ' was associated with C-H and N-H bending vibra-
tions.*® The peak at 1077 cm™ " was ascribed to the stretching of
the C-0,* and the peak at 826 cm ™' was N-H deformation
vibration.® These peaks suggested that the function groups
(-NH,, -OH) existed on the surface of CSCDs. In the spectrum of
DC (the red curve), the peak at 1148-1252 c¢cm ' was
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(a) FL emission spectra of CSCDs@DC, DC and CSCDs. (b) FL spectra of CSCDs@DC in different solvents. (c) Effect of CSCDs/DC mass

ratio on the FL intensity at 412 nm and 500 nm. (d) UV-vis absorption spectra of CSCDs@DC and CSCDs. (e) F415 (red) and Fsog (green) with ion

strength.
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DC and CSCDs@DC.

corresponded to O=S=O0O asymmetric stretch indicated the
presence of sulfamate groups.’* Compared with the FTIR
spectra of CSCDs and DC, there were the characteristic peaks of
-NH,, N-H, -OH, and O=S=0 in CSCDs@DC (the black curve).
The absorption intensity at 1600 cm ' in the spectrum of
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Fig. 3

(a) TEM image of CSCDs (the inset is the particle size distribution histogram). (b) TEM image of CSCDs@DC. (c) The FTIR spectra of CSCDs,

CSCDs@DC was obviously weaker than in that of CSCDs. And it
was found that there was a new peak at 1640 cm™ " which was
ascribed to the amide bond.* It indicated the sulfonyl group in
the dansyl fluorophore converted into sulfonamide. These
results revealed that the dansyl fluorophores had connected to
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(a) FL spectra of CSCDs@DC at different pH values. (b) Influence of pH values on the FL intensity (F412/Fs00) of CSCDs@DC. Inset is linear

relationship of the ratiometric FL intensity (F412/Fs00) versus pH values. (c) Photo of CSCDs@DC aqueous solution with different pH values (1-12)
irradiated by 365 nm UV light. (d) FL reversibility against pH change between 1.0 and 12.0, repeatedly.
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the amino groups on the surface of CSCDs. The characterization
proved that the CSCDs@DC was synthesized using a facile
method.

pH-response property

In Fig. 3a, the effect of pH on the FL behavior of CSCDs@DC
was explored by changing the pH values from 1.0 to 12.0. In the
pH-response assay, the FL intensity of CSCDs@DC emission at
412 nm was basically stable. However, the FL intensity at
500 nm exhibited a decrease in acid solutions, whereas almost
no change was observed in neutral to alkaline solutions. As
shown in Fig. 3b, the ratiometric FL intensity (Fs12/Fs00) Of
CSCDs@DC decreased at different pH values from 1.0 to 4.0,
while changed negligibly at the pH values from 5.0 to 12.0.
Meanwhile, the inset in Fig. 3b showed a good linear relation-
ship of F41,/Fs00 against pH value in the range of 1.5-4.0,
(regression equation: y = —1.1089x + 5.1925, R> = 0.9910).
Compared with the reported CDs** which displayed a good
linear relationship in the range of 4.0 to 6.5, the CSCDs@DC
could accurately test the pH value of strong acidic solutions (pH
1.5-4.0). Given such property, the CSCDs@DC could be used as
a new kind of pH sensor.

Fig. 3c shows a gradient color change of CSCDs@DC solu-
tion with different pH values from 1.0 to 12.0 irradiated by
365 nm UV light. It exhibited blue color in acidic solution (pH =
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4) and green color in basic solution. It also indicated that Fy;,
was not affected by pH, and Fs,, had a quenching in an acidic
environment. The quenching of FL intensity at 500 nm might be
due to the reduction of ICT by the protonation of dimethyl-
amine at lower pH values.”"*® Therefore, Fs,, could be used as
the testing signal while F,;, as the internal standard signal in
pH measurements. In addition, the FL reversibility against pH
was carried out by adjusting the pH values between 1.0 and 12.0
repeatedly. As shown in Fig. 3d, the ratiometric FL intensity
(Fa12/Fs500) of CSCDs@DC presented a good reproducibility
between the strong acidic solution (pH 1.0) and the strong
alkaline solution (pH 12.0). CSCDs@DC exhibited good photo-
stability and FL reversibility in different pH solutions. Thus, it
can be applied as an excellent nanosensor for environment and
industry pH measurement.

Sensing of Fe*" ions

As shown in Fig. 4a, F5o0 under an excitation of 330 nm was
more decreased in the presence of Fe** ions than other metal
ions (Ba®>*, Ca®>*, cd*, cu®", Fe*', Fe**, Hg*", Mg**, Pb*",
Cr,0,°7), and F,;, changed less noticeably than Fso,. Therefore,
F412/F500 was used to indicate the change of FL. Only Fe*' ions
induced a distinct change of F41,/Fs00, whereas other metal ions
caused almost no change. Meanwhile, the influence of inter-
ference on sensing of Fe** ions was evaluated by adding Fe**
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Fig. 4 (a) Selectivity of CSCDs@DC (0.4 mg mL™?) aqueous solution for Fe** ions over other metal ions. The red bars represented the addition of
metal ions (100 uM for all the metal ions). The black bars represented the subsequent addition of 100 pM Fe>* to the CSCDs@DC aqueous
solution. (b) FL spectra of CSCDs@DC (0.4 mg mL™Y) with different concentrations of Fe>* ions at 330 nm. (c) FL emission ratios (F412/Fsoo) Of
CSCDs@DC (0.4 mg mL™) in the presence of different Fe* ions concentrations in the range from 0 pM to 300 uM. Inset is linear relationship
between F410/Fs00 and Fe** ions concentration in the range from 0 pM to 100 pM.
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Table1 Comparison of the performances of proposed sensor for Fe3*
jons

Fluorescent materials ~ Detection limit ~ Linear range  Reference
Cu-MOFs 1.56 uM 2-180 uM 60
N-CDs 32 uM 0-500 uM 61
NBCDs 7.50 uM 0-0.7 mM 62
N-CDs 0.28 uM 1-21 uM 63
BNQDs 0.3 uM 0-1 pM 64
CSCDs@DC 1.23 uM 0-100 uM This work

ions in the presence of other metal ions. With the subsequent
addition of Fe** ions into other metal ion solutions respectively,
F412/Fs90 was increased markedly. It revealed that the
CSCDs@DC had high selectivity and good anti-interference
ability for the Fe** detection.

Fig. 4b shows the FL quenching of CSCDs@DC at various
concentrations of Fe*' ions. The FL emission ratio (Fy12/Fse0)

Fig. 5 Photo of painting by CSCDs@DC under the UV light.

Three months later

)
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increased progressively with increasing the concentrations of
Fe" ions, which indicated that the sensing system was sensitive
to Fe*" ions concentration. The relationship between Fy1,/Fsq0
and Fe*" ions concentration was presented in Fig. 4c. A good
linear relationship was obtained in the range from 0 pM to 100
UM. The linear equation was Fy1,/Fsq0 = 0.0070Q + 0.3844 (R> =
0.9922), where Q was the concentration of Fe** ion. On the basis
of three times the standard deviation of 11 measurements of the
blank signal of CSCDs@DC aqueous solution, the limit of
detection (LOD) was 1.23 uM (LOD = 3¢/K) in the range of 0-100
UM.5*% The LOD was much lower than the Fe** ions permissible
level in drinking water (5.4 pM) proposed by the Environmental
Protection Agency (EPA).*® It was also comparable to the part
previous reported proposed sensor for Fe** ions listed in Table
1. Therefore, the CSCDs@DC for the detection of Fe** ions had
the superiority of wide linear ranges, low detection limit, simple
operation, excellent selectivity and high sensitivity.

When Fe*" ions were added to the as-prepared CSCDs@DC
aqueous solution, Fso, was obviously quenched. Upon the

1.5h

24 h

Fig. 6 Photo of painting by CSCDs@DC after continuous UV light exposure.

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 36971-36979 | 36977



RSC Advances

addition of an increasing amount of Fe’", Fso, gradually
decreased. There were sulfonamide and hydroxy groups existed
on the CSCDs@DC. It may originate from the complexation of
the N in sulfonamide and the O in hydroxy group with Fe**.5”
Such complexation promoted the abundant electrons in the
excited state of CSCDs@DC transferring to the 3d orbital of Fe**
and finally caused the strong FL quenching. Meanwhile, the
Fe**-centered d-d states placed below the fluorophore m-m*
states and can be used to deactive the fluorophore by electron
transfer.’®** Therefore, the ICT between CSCDs and dansyl
group was blocked, then Fs5, was visibly reduced.

Application in fluorescent ink

The strong FL intensity and great stability could also make
CSCDs@DC become a potential alternative of the existing
fluorescent inks. The CSCDs@DC aqueous solution was used to
write on a filter paper. As shown in Fig. 5, the filter paper under
365 nm UV light showed a bright green FL and a clear pattern
shape. After keeping for three months at room temperature and
ambient pressure, the pattern still emitted a clear and intense
green light under 365 nm UV excitation. It showed more
excellent FL stability compared with the report that the CDs still
had blue fluorescent characters after keeping a month.®
Furthermore, in Fig. 6, the hand-written patterns were still
clearly visible after continuous exposure of UV light for 24 h.
The results showed that the CSCDs@DC displayed strong
resistance to photobleaching. Zhao et al. studied the FL stability
and anti-photobleaching by irradiating GQD ink printed images
under UV light for 180 min.®® In comparison to this report, our
CDs ink hand-written patterns were more stable because the
patterns can still be seen clearly in 24 h UV illumination. It
indicates the CSCDs@DC ink is satisfactorily stable and retains
the FL property for a long time.®” Herein, this study proved that
the CSCDs@DC can be used as an alternative of fluorescent ink
in anti-counterfeiting, information storage and information
encryption fields.

Conclusions

A new multifunctional ratiometric fluorescent nanohybrid
called CSCDs@DC was synthesized from DC and CSCDs by
a simple method at room temperature. The characterization of
UV, FL, FTIR and TEM indicated that DC reacted with CSCDs by
incorporating the dansyl group onto the surface of CSCDs.
CSCDs@DC showed dual emission peaks at 412 nm and
500 nm. The FL intensity at 500 nm could respond to pH values
and Fe’* ions, while the FL intensity at 412 nm remained
constant. The FL intensity of CSCDs@DC was pH dependent
and performed a good linear relationship in the pH range of
1.5-4.0. In addition, CSCDs@DC enabled convenient detection
of Fe*" ions with a low LOD (1.23 uM). Importantly, the detec-
tion of pH values and Fe*" ions content was executed simulta-
neously by both visible and FL variation. Moreover, the
CSCDs@DC aqueous solution written on a filter paper
expressed excellent FL stability and anti-photobleaching. The
study indicated that the CSCDs@DC could be a kind of
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promising material used in environmental, biological, anti-
counterfeit applications and so on.
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