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ABSTRACT: The construction of tunable white-light-emitting materials has garnered A host-guest composite

Rutin detection

increasing attention in the scientific community. In this study, N-doped carbon dots (N-

CDs) were surface-modified with carboxylatopillar[S]arene (CP[S]) using an EDC—
NHS coupling reaction to create CCDs. CCDs were then conjugated with rhodamine
6G (R6G) through host—guest interactions to fabricate the CCDs—R6G composites.
These composites produced two-color fluorescence emission peaks at 447 and 557 nm L 4 A

when excited by a wavelength of 340 nm. Excitingly, white-light emission (0.28, 0.30)

can be readily achieved by varying the R6G concentration. To further explore potential ~White-light emission

Quenching

applications, a new detection method for rutin (RT) based on the inner filter effect
(IFE) was developed. Experimental results verify the practicality and reliability of the fluorescence sensor based on CCDs—R6G

composites for RT detection in real samples.

1. INTRODUCTION

Tunable multicolor luminescent materials have garnered
significant attention due to their potential applications in
biological imaging, light-emitting diodes, fluorescent sensors,
photoelectric devices, and anticounterfeiting.' ~> Among these
materials, tunable white-light-emitting materials have attracted
particular interest due to their advantages in visual observation.
Conventional methods for obtaining such materials typically
involve multiple components that emit different colors of light,
including organic molecules, polymers, lanthanide-based
metal—organic frameworks, semiconducting quantum dots,
and more.° > However, due to the environmental concerns
associated with metals and the costly and laborious process of
organic synthesis, it is crucial to develop inexpensive,
environmentally friendly, and sustainable white-light-emitting
materials.' "

In contrast to conventional approaches, the supramolecular
assembly approach based on macrocycles has emerged as a
novel method for fabricating tunable white-light-emitting
materials. This is because the host—guest interactions
facilitated by macrocycles enable charge and energy transfer.
Pillar[n]arene, a commonly used macrocyclic molecule,
possesses stable structures, simple functionality, and superior
host—guest properties. It finds applications in gas adsorption
and separation, metal—organic frameworks, sensors, stimuli-
responsive materials, biomedical applications, and more.'®”*°
Additionally, the noncovalent nature of host—guest inter-
actions imparts these materials with controllable, stimuli-
responsive, and reversible properties.””*”

Carbon dots (CDs) have also made noteworthy advance-
ments in fields such as biological imaging, catalysis, sensing,
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light-emitting diodes, and others.”®** Researchers have been

captivated by their high stability, low toxicity, excellent
emission properties, and ease of modification.”* ™" Rhodamine
6G (R6G), known for its exceptional optical properties such as
high fluorescence quantum yield, large molar extinction
coeflicient, and emission wavelength in the long-wave region
(>500 nm), is widely used in fluorescence applications.”>*
Given that most CDs emit blue light when excited by UV light,
R6G with its reddish-orange emission serves as an ideal
cooperating emitter, as it complements the blue emission to
produce white light.

In this study, we modified the surface of N-doped carbon
dots (N-CDs) by coupling carboxylatopillar[S]arene (CP[S])
through an EDC—NHS reaction, resulting in the formation of
CCDs. The CCDs—R6G composites were then created by
attaching R6G onto the surface of CCDs via a host—guest
interaction. This interaction effectively prevents the polymer-
ization of dyes on the CCD surface and enhances the
fluorescence emission. Under excitation at a wavelength of 340
nm, the CCDs—R6G composites exhibit two-color fluores-
cence emission peaks at 447 and 557 nm. Interestingly, by
adjusting the concentration of R6G, we can achieve white-light
emission with CIE 1931 coordinates of (0.28, 0.30), presenting
a new strategy for dimming. Moreover, the excitation
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wavelength of the CCDs—R6G composites overlaps with the
ultraviolet absorption peak of rutin. By utilizing the internal
filtration effect (IFE), the dual-color fluorescence of the
CCDs—R6G composites can be quenched, enabling the
fluorescence detection of rutin (Scheme 1).

Scheme 1. Schematic Illustration of the Preparation Process
of CCDs—R6G Composites and Their Application in the
Field of Rutin Fluorescence Sensing
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2. MATERIALS AND METHODS

2.1. General Information. Rhodamine 6G (R6G), citric
acid, ethylenediamine, N-hydroxysuccinimide (NHS), and 1-
ethyl-3-(3-(dimethylamino)propyl)carbodimide hydrochloride
(EDC-HCI) were purchased from Aladdin. NaOH was
obtained from Energy Chemical. Chlorine salts (Na*, K%,
Ca*, Mg“), gallic acid, ascorbic acid, glucose, fructose, lysine,
cysteine, and rutin were bought from Sinopharm Chemical
Reagent Co., Ltd., China. Carboxylatopillar[S]arene (CP[ )
was synthesized according to our published procedure.”'

Transmission electron microscopy (TEM) images were
acquired by using a JEM 2100F instrument operating at an
accelerating voltage of 200 kV. Fourier transform infrared
(FTIR) spectra were obtained by using a Bruker Vertex 80 V
spectrometer. Powder X-ray diffraction (PXRD) measurements
were conducted by using a PANalytical B.V. Empyrean powder
diffractometer. Ultraviolet—visible (UV—vis) spectra were
recorded using a Shimadzu UV-2550 instrument. Thermogra-
vimetric analysis (TGA) was performed on a Q500 instrument.
Fluorescence spectra were recorded in quartz cuvettes by using
a Shimadzu RF-5301PC spectrophotometer. { potentials were
recorded on a Particle Sizing Systems Z3000 instrument.

2.2. Preparation of N-Doped Carbon Dots (N-CDs). N-
doped carbon dots (N-CDs) were synthesized using the
method described in a previous study.Ar2 In summary, a
solution containing ethylenediamine (33S yL) and citric acid
(1.051 g) dissolved in water (10 mL) was subjected to heating
at 200 °C for a duration of 5 h. The reaction solution
transitioned from colorless to brown, indicating the successful
formation of N-CDs. Subsequently, N-CDs were obtained
through the processes of dialysis and vacuum drying.

2.3. Preparation of CCDs. CP[S] (50 mg) was dispersed
in deionized water (50 mL) and subjected to sonication for §
min. Subsequently, EDC (300 mg) and NHS (540 mg) were
added to the solution. After an additional sonication period of
20 min, N-CDs (50 mg) were introduced, and the resulting
mixture was stirred at room temperature for 24 h. Following
this, NaOH (50 mg) was added and stirred with the reaction
mixture for 2 h. Upon completion of the reaction, the solution
was dialyzed at room temperature for 3 days to eliminate the
impurities.

2.4. Fluorescence Sensing Determination of Rutin. An
83.48 uM stock solution of R6G was prepared by using
double-distilled water, while CCDs were dissolved in double-

distilled water to create a 1.0 mg mL™" aqueous solution. A
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Figure 1. (a) TEM image of CCDs. (b) PXRD patterns of CP[5], N-CDs, and CCDs. (c) TGA curves of N-CDs and CCDs. (d) FTIR spectra of

CP[5], N-CDs, and CCDs.
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Figure 2. TEM images of (a) CCDs—R6G and (b) N-CDs—R6G. (c) Fluorescence emission spectra of CCDs—R6G composites in the presence of
different concentrations of the R6G aqueous solution. The concentration of CCDs was 0.133 mg/mL. (d) CIE 1931 chromaticity diagram showing

the emissions of fluorescence by changing the R6G concentration.

total of 265 uL of the CCD solution and 200 uL of the R6G
solution were combined in a 2 mL cuvette. Subsequently,
varying concentrations of rutin (RT) ethanol solution, ranging
from 0 to 200 uM, were added to the cuvette, and the volume
was adjusted with an aqueous solution to maintain a constant
volume. All samples were prepared and measured at room
temperature. Fluorescence measurements were conducted
using excitation and emission slit widths of 3 and 3 nm,
respectively, with an excitation wavelength of 340 nm.

2.5. Preparation of Real Samples. To assess the
practicality of the suggested fluorescence sensing approach in
practical samples, rutin tablets were supplemented with diverse
rutin concentrations ranging from 0 to 20 M. Subsequently,
the CCDs—R6G and rutin samples with varying concentrations
were combined and subjected to a 10-min incubation period at
ambient temperature. Ultimately, the fluorescence emitted by
rutin in the pharmaceutical samples was measured using the
proposed CCDs—R6G probe. This entire process was repeated
three times to ensure accuracy and consistency in the
measurements.

3. RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) was used to
characterize the morphology of N-CDs, revealing the presence
of small, spherical nanoparticles with a diameter of 30 nm (as
depicted in Figure S1). Relatively, CCDs exhibited an average
diameter of 40 nm (as shown in Figure 1a), indicating that the
particle size changed significantly before and after the
modification of CP[S]. The formation of the desired crystal
structure was confirmed by analyzing the powder X-ray
diffraction (PXRD) patterns of CCDs, as depicted in Figure
1b. The observed peaks exhibited a high degree of
concordance with N-CDs and CP[5]. In addition, the UV—
vis spectra of CCDs contained two characteristic peaks
appearing at 293 and 342 nm (Figure S3a), which were
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Table 1. CIE Coordinates of FL. Emissions at Different R6G
Concentrations for CCDs—R6G Composites

R6G concentration CIE
uM X Y

0 0.15 0.12

6 0.20 0.19

8 0.21 0.21
10 022 0.23
12 0.23 0.24
14 0.25 0.27
17 0.26 0.29
19 0.28 0.30

consistent with the characteristic absorption peaks of N-CDs
and CP[S], respectively. Due to a reduction in the number of
free amino groups after an EDC—NHS coupling reaction, the
fluorescence intensity of CCDs decreased compared to N-CDs
(Figure S3b).

Moreover, the Fourier transform infrared (FTIR) spectra of
N-CDs, CP[5], and CCDs were also obtained (Figure 1d). In
the FTIR analysis, the ring vibrations at 937 cm™' and the
phenyl plane bending vibrations at 1500 cm™" were observed
on both CP[5] and CCDs.*’ The appearance of the same
characteristic peaks reflected that CP[S] was successfully
assembled on the surface of CCDs. Similarly, the distinctive
N—H band (1575 cm™) was clearly detected in both CCDs
and N-CDs, providing additional confirmation that the
composition of CCDS encompasses CP[5] and N-CDs.*!
Furthermore, the utilization of thermogravimetric analysis
(TGA, as shown in Figure 1c) allowed for the determination of
the quantity of the CP[S] ring present on the surface of CCDs.
The observed mass reduction at approximately 200 °C can be
attributed to the thermal decomposition of the amino and
oxygen functional groups situated on the surface of N-CDs,
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Figure 3. (a) UV—vis absorption spectra of RT (black line) and the excitation spectra of the CCDs—R6G composites (red line). (b) Fluorescence
quenching degrees of the CCDs—R6G composites in the presence of various cations and other chemical compounds at the concentration of 100
uM. (c) Fluorescence spectra of rutin in ethanol solution upon addition of different amounts of rutin (0—20 uM). (d) FL emission spectra of
composites with a good linear relationship at 447 and 557 nm versus different rutin concentrations.

Table 2. Analytical Results of RT in Real Samples from the Fluorescence Sensor””®

samples added RT/uM from CCDs/uM*® recovery/%
1 0 not detected
2 S 5.40 + 0.16 107.64
3 10 10.56 + 0.21 106.45
4 15 15.45 + 0.30 103.70
S 20 19.90 + 0.42 99.62

RSD/%" from R6G/uM* recovery/% RSD/%“
not detected
3.19 4.78 + 0.14 95.42 2.30
3.10 9.76 + 0.15 96.63 1.38
2.04 15.0S§ + 0.19 100.31 1.95
3.32 19.10 + 0.34 96.97 2.21

“Analytical results for the detection of rutin in tea samples (n = 3). bResults were expressed as the mean of three determinations + standard
deviation (SD). “Relative standard deviation (RSD) was defined as (SD/mean) X 100%.

resulting in a substantial mass loss of 44.52% up to 800 °C.**
Additionally, the TGA analysis revealed that CCDs experi-
enced a mass reduction at around 280 °C, which can be
attributed to the pyrolysis of CP[5].** By subtracting the mass
loss of N-CDs, it was estimated that the weight reduction
caused by the pyrolysis of CP[S] in CCDs accounted for
approximately 14.66%.

Under ultraviolet (UV) light excitation, the CCDs exhibited
a pronounced blue fluorescence. This observation served as the
impetus for the investigation of a fluorescent substance capable
of emitting an orange hue, with the ultimate goal of
establishing a luminescent system that produces white light.
Following meticulous deliberation, the dye commonly known
as rhodamine 6G (R6G) was selected due to its cost-
effectiveness, elevated fluorescence quantum vyield, and
remarkable resistance to photodegradation. Additionally,
R6G exhibited a strong affinity toward CP[S] on the CCDS
surface via host—guest interaction, forming the CCDs—R6G
composites.

The transmission electron microscopy measurements, as
depicted in Figure 2a, indicated that the average particle size of
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the CCDs—R6G composite remained at 40 nm, exhibiting no
substantial alteration. Under daylight conditions, the CCDs in
water exhibited a faint yellow hue, while the CCDs—R6G
mixture and pure R6G displayed distinct shades of pink
(Figure S4). The UV—vis spectra of CCDs—R6G exhibited
three distinct absorption peaks at 293, 348, and 531 nm, as
depicted in Figure SS5a. The findings indicate that the
preparation of the CCDs—R6G composites was accomplished
successfully. Furthermore, two prominent fluorescence emis-
sion peaks were observed, aligning with the characteristic
emission peaks of both CCDs and R6G, as illustrated in Figure
SSb. The emission amount at 447 nm exhibited a gradual
decrease, while the emission intensity at 557 nm showed an
increase with the increase in the R6G concentration (Figure
2c). The fluorescence colors of the CCDs—R6G composites
demonstrated a linear transition from the blue to white region,
as evidenced by the CIE 1931 chromaticity diagram (Figure
2d). Notably, the concentration of R6G at approximately 19
UM resulted in the observation of white-light emission at
coordinates (0.28 and 0.30) (Table 1).
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However, the control group, a mixture of N-CDs and R6G
(known as N-CDs—R6G), did not exhibit white-light emission,
as evidenced by Figure S6 and Table S1. The TEM
measurements revealed an increase in the average particle
size to approximately 200 nm for the N-CDs—R6G
composites, as depicted in Figure 2b. Additionally, the {
potential of the pristine N-CDs, initially measured at —22.08
mV, significantly decreased to —18.65 mV upon the
introduction of R6G, as shown in Figure S7. This decrease
can be attributed to the electrostatic interaction between the
R6G molecules and negatively charged N-CDs. The variation
in emission at 557 nm suggests that R6G molecules were
adsorbed onto the surface of N-CDs, leading to a decrease in
the emission intensity. These observations indicated that
CCDs—R6G composites prepared by host—guest interactions
have unique fluorescence properties.

CCDs—R6G composites introduced a novel approach for
detecting rutin (RT). The absorption spectra of RT were
observed to peak at 360 nm, which coincided well with the
excitation spectra of the CCDs—R6G composites (Figure 3a).
Consequently, the fluorescence intensity of the CCDs—R6G
composites was effectively suppressed through the process of
inner filter effect (IFE) in the presence of these two
substances.””~** In order to assess the selectivity of CCDs—
R6G composites, the potential interference from common
cations (K', Na*, Mg*, Ca’*) and compounds (gallic acid,
ascorbic acid, glucose, fructose, lysine, cysteine, and RT) was
examined under identical experimental conditions. As depicted
in Figure 3b, RT demonstrated an effective fluorescence
intensity reduction in the CCDs—R6G composites. Con-
versely, the impact of other potential interfering substances on
the fluorescence intensity of the CCDs—R6G composites is
deemed insignificant.

The emission spectra of the CCDs—R6G composites were
recorded at various concentrations of RT (0—20 uM), as
depicted in Figure 3c. At a concentration of 20 uM, a
significant decrease in the spectral peak was observed at 447
and 557 nm. Figure 3d demonstrates a strong linear correlation
between the fluorescence intensity and the concentration of
RT (0—-20 uM) from CCDs and R6G, with coefficients of
determination of 0.988 and 0.997, respectively. The limit of
detection (LOD) for RT was determined to be 0.371 and
0.265 uM, using the signal-to-noise ratio method with a
threshold of S/N = 3. These findings suggested that the
CCDs—R6G composites served as a suitable probe for
quantitative analysis.

To assess the analytical performance of the fluorescence
sensor based on CCDs—R6G composites in rutin tablet
samples, the obtained results using the standard addition
method are presented in Table 2. Analysis of Table 2 revealed
that the RT detection outcomes of the sensor for
pharmaceutical samples, as determined by the linear plot at
447 nm from CCDs and 557 nm from R6G in Figure 3d,
exhibited consistency with the predetermined RT concen-
tration values. The average recovery of CCDs ranged from
99.56 to 107.74% (R6G exhibited a range of 95.4—100.3%),
with corresponding RSD values of CCDs ranging from 2.03 to
3.31% (R6G exhibited a range of 1.38—2.31%). These findings
provide further confirmation of the sensor’s reliability and
accuracy.

4. CONCLUSIONS

In conclusion, CP[5] was covalently modified with N-CDs via
an EDC—NHS coupling reaction to produce CCD composites.
Subsequently, CCDs—R6G composites were formed by
immobilizing R6G onto the surface of CCDs through a
host—guest interaction. The inclusion of CP[S] effectively
mitigates dye aggregation on the CCD surface, resulting in
white-light emission. To further advance the application of
CCDs—R6G composites, a novel rutin (RT) detection method
based on IFE was developed. This method exhibits robust
resistance to interference, excellent stability, and high
reliability. The CCDs—R6G composites were successfully
employed in the analysis of real samples.
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