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Abstract

lllegal release of hypertoxic Cr®" cause huge threat to environment and human health. Thus, constructing low-
cost, low-toxic, highly stable and sensitive sensors for Cr®* sensing is urgently required. Carbon dots (CDs)
have been widely employed for monitoring Fe**, pH, amino acids and antibiotics, but rarely served as probes
for Cr®* detection. In this research, N-CDs derived from biomass waste (distillers’ grains, DGs) were directly
obtained by one-step hydrothermal method, which present superior selectivity toward Cr®* and exhibit a low
Cr®" detection limit of 0.1 pM. Based on the characterization and analysis results, a possible detection
mechanism based on internal filter effect was proposed for explaining the fluorescence quench by Cr®* addition.
Notably, the resulted N-CDs+Cr®* composite showed a specific affinity toward ascorbic acid (AA) with a 0.2
1M detection limit. In addition, the use of N-CDs as invisible inks in security applications is also explored. In
summary, this “on-off-on” N-CDs-based nano-sensor has the advantages of simplicity, convenience, fast
response, high selectivity and sensitivity, and has potential for environmental industry.
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I. INTRODUCTION

Over the past few decades, industrial and other anthropogenic processes have constantly released heavy
metal ions (Hg*", Pb?*, Cd**, As**, Ni**, Cr®*, Cu®*, Zn*") into the environment [1-3]. Mercury ions can damage
the human nervous and immune systems, leading to mental disorders or toxic brain death. Cadmium ions can
cause symptoms such as kidney damage or anemia, while lead ions can cause intellectual development disorders
and complications such as epilepsy and paralysis in children. Arsenic ions can cause cancer and toxic shock [4-
11]. Cr®, one of the hypertoxic metal ions, is acknowledged that it is a strong mutant substance that can induce
carcinogenesis when directly discharged into water even at a low density. Thereby, the fast response and in-site
determination of Cr®* in environmental samples is of great significance [12-17]. Recently, the well-accepted
methods for Cr®* sensing including chromatography, fluorescence spectrometry, electrochemical analysis and
atomic absorption spectrometry have been well documented. Nevertheless, these strategies are still troubled by
the complex process of sample pretreatment and expensive equipment [18-20]. Therefore, a highly sensitive and
low-cost fluorescent platform for Cr®* sensing is urgently required. However, some studies have shown that
ascorbic acid (AA) may provide a certain degree of protection against the toxicity of chromium ions. AA is an
important vitamin in human diet and has been used for the prevention and treatment of common cold, mental
illness, cancer, and AIDS [21]. Among the various methods for detecting AA, fluorescence detection has been
widely studied due to its low cost, simplicity, speed, and high sensitivity [22]. In recent years, researchers had
developed multiple sensing platforms. For example, Laboratory et al. synthesized compatible silver
nanoparticles using flower extract of Plumeria as raw material, and the detection line for Cr®* is as low as 95 + 2
pM [23]. Guo et al. synthesized bovine serum albumin stabled gold nanoparticles as detection probes for Cr®*
with a detection limit down to 120 nM [24]. Tian et al. developed an intelligent hydrogel grating detector, which
realized real-times detection of Cr®* with a detection limit 9 M in water. Marchesi et al. reported Tb*" and Eu®*
ions were encapsulated in the inorganic layers of a synthetic saponite clay as a sensor for Cr®* detection. Sofia et
al. have designed a new microporous metal-organic framework with sensitive response to Cr® ions, and the
detection limit was 4 ppb [25-27]. However, these sensors and detection methods still have some problems. For
example, the detection limit of some detection methods is high, and the preparation method of sensing materials
is complicated. Some testing equipment is not portable, the test results are not real-time. Therefore, it is
necessary and challenging to design and develop new sensing platforms and methods that are portable, easy to
operate, highly selective and highly sensitive.
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Carbon dots (CDs), 0-D carbon nanomaterial, has drawn considerable attention due to its low cost, low
toxicity, good biocompatibility and high photochemical stability [29-30]. Benefitting from these merits, great
efforts have been devoted to developing CDs-based sensors for metal ions (Hg®*, As**, Pb*, Fe**, cu®, AI*",
Zn*), as well as molecules such as Amino acid (Alanine, Isoleucine, Leucine, Valine, Tryptophan),
ciprofloxacin, glutathione, dopamine and nitrite [31-38]. However, these probes were rarely sensitive for Cr°*
and most of them were prepared from commercial resource. In contrast, biomass/biomass waste derived CDs are
more attractive and deserve more interest input. For example, Bandi et al. successfully synthesized carbon dots
(CDs) using waste cigarette butts as the precursor material. The obtained CDs exhibit blue fluorescence and
good stability, with a detection limit as low as 0.13 uM for Fe** [39]. Rao and colleagues used Cinnamomum
plants hydrothermal method to prepare CDs with sensitive response to AI** in the concentration range of 0.2 —
100 pM, and the detection limit was as low as 0.73 pM [40]. Boruah used sugarcane bagasse as a raw material
for the preparation of probes for the detection of F* with a detection limit of 0.348 uM [41]. Nevertheless,
finding an environmentally friendly and easily available carbon source are always the goal pursued by
researchers. Recently, a large number of biomass waste Distillers Grains (DGs) have caused a lot of resource
waste and environmental pollution [42]. DGs are a by-product of the brewing industry, which is rich in a lot of
nutrients such as crude fiber, crude protein, non-nitrogen extract, amino acids and various vitamins and other
bioactive substances [43]. If it is not dealt with in time, it will deteriorate and seriously pollute the surrounding
environment. The annual output of Chinese DGs is as high as 72.49 million tons, most of them are used for feed
preparation, edible fungus culture, anaerobic fermentation biogas recovery of DGs and so on [44]. Interestingly,
from another point of view, DGs is a good carbon source for preparing fluorescent CDs, which provides a new
idea for the recycling of biomass waste. But only a few efforts were made in this regard. Nkeumaleu et al.
studied a method of synthesizing carbon dots from distiller's grains for the detection of Cu?* [45]. Kazak et al.
reported a carbon material with a specific surface area of up to (189 m?/g) synthesized from DGs for adsorption
of Victoria Blue B [46]. Recently, Man et al. have reported the synthesis of carbon dots from DGs and their
application for fluorescence detection of Fe®* [47]. At present, there is no evidence of using DGs as a carbon
source to produce carbon dots for detecting Cr®* and AA.

In this study, we explored the use of DGs as source material for the production of highly fluorescent N-
doped CDs (N-CDs). The N-CDs were systematically characterized by various analytical techniques, and their
N-CDs was synthesized by one-step hydrothermal method with ethylenediamine as surface passivating agent.
The stability of N-CDs under high ionic strength, pH, temperature, storage, and continuous irradiation
conditions was evaluated. N-CDs exhibited bright and stable fluorescence in aqueous solution, with a quantum
yield of 23%. Using N-CDs as an "on-off-on" fluorescence probe, the detection of Cr®* and ascorbic acid (AA)
showed high selectivity and sensitivity, with determined detection limits and response ranges (The limit of
detection (LOD) is 0.1 uM and 0.2 uM) for Cr®* and AA detection. In addition, N-CDs also showed good light
stability and great water solubility after 30 days. Without further functional modification, N-CDs can be directly
used as a fast, highly selective and highly sensitive Cr®* detection sensor and an "on-off-on" fluorescence sensor
for AA. Furthermore, we have prepared fluorescent polymer films by incorporating N-CDs into polyvinyl
alcohol (PVA). Also these N-CDs were applied as invisible ink for security applications.

111  Material

FE(NO3)3, FE(NO3)2, CU(NO3)2, Mg(NO3)2, NI(NO3)2, KNOj3;, NaNOs, CO(NOg)z, Cd(NOg)z, Zn(N03)2,
AgNO;, Pb(NO3),, AI(NOs)s, Ca(NOs),, K,Cr,0;, phosphate buffer pH 7.2, PVA (Mw 31,000-50,000), AA,
Gly, Glu, Lys, L-ser, L-eys, GSH, Phe were obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
Distiller's grains from Sichuan Yibin Baijiu Factory. Deionized water was used throughout the experiment as the
solvent. The solution of Cr®* was prepared from K,Cr,0;. The solutions of metal ions were prepared from their
nitrate salts.

1.1.2 Fabrication of N-CDs

Here, we report the preparation of N-CDs from DGs by a simple hydrothermal method. The method of
preparing N-CDs from DGs was shown in Scheme 1. Typically, 0.50 g DGs and 200 pL Ethylenediamine
(EDA) were dispersed in 15 mL Deionized water. The solution was centrifuged for 10 minutes to remove
insoluble substances, then transferred to a Teflonlined autoclave where it is heated at 200°C for 5 hours. The
naturally cooled solution was centrifuged at 8000 rpm for 10 minutes to remove large particles. Then freeze-
dried into a powder and stored in a refrigerator at 4°C for subsequent use.
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1.1.3 Characterization and apparatus
The structural properties and elemental composition of N-CDs were characterized by the following
instruments. The transmission electron microscope (TEM) was performed by JEM-1400 Flash analyzer. Raman

spectra were tested by using the Horiba scientific-LabRAM HRevolution (Japan). The powder X-ray diffraction
(XRD) pattern was investigated from Bruker D8 Advance X-ray diffractometer. The Raman spectra was
measured Thermo Fisher DXR spectroscopy. The Fourier transform infrared (FTIR) spectroscopy was acquired
using Bruker Tensor spectrometer. The X-ray photoelectron spectroscopy (XPS) data was performed by PHI-
5000VersaProbelll spectrophotometer. The optical properties of N-CDs were explained by the characterization
results of such instrumentation. The ultraviolet—visible (UV-Vis) absorption spectra were revealed through
Hitachi U-2900 spectrophotometer. The fluorescence spectroscopy was presented by Horiba FluoroMax 4
fluorescence spectrometer.

1.1.4 Fluorescence detection of Cr® and AA

Solutions of all metal ions used in this experiment are prepared from corresponding salts in DD water. At
room temperature, 1 mL of Deionized water is added to 1 mL of N-CDs aqueous solution(0.1 mg/mL), the
emission spectra of this sample are recorded at an excitation wavelength of 340 nm, and the emission intensity
at 430 nm is denoted as FO. Prepare solutions of Cd*', Ca*', La*", Fe*, Cu®’, AI’’, Li’, Ba*", Zn*', K', Co”’,
Mg**, Ce®", Na®, and Fe’* with a concentration of 1 mM. Add 200 uL of N-CDs solution and 200 pL of ion
solution respectively to a 2 mL centrifuge tube, and then add 1600 pL of Deionized water to obtain a mixed
solution with a uniform metal ion concentration of 1 mM. Record the fluorescence spectrum of the liquid at
room temperature at an excitation wavelength of 340nm and record the emission intensity as F. A similar
procedure was followed for the quantitative determination of Cr®". In typical measurements, ImL of N-CDs
solution is mixed with ImL of different concentrations of Cr®solution, and the fluorescence intensity under
340nm excitation is recorded. Prepare 0.2 mL of the above mixture of N-CDs solution and Cr®" solution was
used with 2 mL of 1 mM of various ions (AA, Gly, Glu, Lys, L-ser, L-eys, GSH, Phe) were mixed and shaken
well. The fluorescence spectra of liquids were recorded at room temperature at excitation wavelength of 340 nm.

1.1.5 Calculation of fluorescence QY
The QY is calculated using the following equation:
_ s ArE
s = Pr I As 77122
@ stands for QY, I mean the integrated area of the fluorescence intensity, A is the absorbance, n denotes the
refractive index of the solvent, and S and R represent the sample and reference, respectively.

1.1.6 Preparation of N-CDs/PVA anti-counterfeiting film

1.2 g PVA was added into 18 mL Deionized water, then the mixture was heated to 80°C. After the PVA was
dissolved in water, 4.0 mg/mL N-CDs was added to the PVA solution under vigorous stirring. The obtained
solution was used for preparing flexible-transparent N-CDs/PVA composite film by using our home-made
instrument.

1.1.7 Stern Volmer plots and determination of limit of detection.

The experimental PL data were fitted using the Stern VVolmer equation:

FO/F == Ksv [Q] +1

where FO is the PL intensity of N-CDs in water, F is the PL intensity in the presence of the contaminant, Ksy is
the Stern—Volmer quenching constant (slope of the concentration dependent response), and Q is the quencher
concentration. Then, the limit of detection (LOD) was calculated using the formula 3c/K (o is standard
deviation and K is the slope of the calibration plot)
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Scheme 1. Schematic Representation of the Synthesis of Fluorescent N-CDs form DGs

1. RESULT AND DISCUSSION
The results obtained are as discussed below

2.1 Morphology and Structure of N-CDs.

To better evaluate the morphology, structural and chemical composition of N-CDs influencing on the
optical properties, it was characterized by TEM, AFM, XRD, Raman, FT-IR, XPS and other techniques. TEM
images (Fig. 1a) shows that the N-CDs is dispersed uniformly and presented in quasi-spherical morphology [48].
The size of the as-prepared N-CDs is distributed in the range from 2.5 to 5 nm, with an average size of 3.5 nm
(inset of Fig. 1a). By the high-resolution TEM (HRTEM) (Fig. 1b), the carbon core of the N-CDs has distinct
lattice stripes of 0.21 nm which resembles the 100 facets of graphite [49-51]. In addition, the AFM image of N-
CDs (Fig.1c and Fig. 1g) was also recorded, and it can be seen that the height of the N-CDs was around 4 nm
with a multi-layerstacked structure [52]. The microcosmic structure of N-CDs was further investigated by XRD
and a sharp diffraction peak near the center at 20 = 22.4- belongs to the (100) crystalline plane of graphite which
indirectly supports the results obtained in the HRTEM image [53]. Two distinct Raman spectral bands were
detected, as shown in Fig le, with the D band and G band. The D band represents the disordered carbon and
indicates a defect in the structure of N-CDs, which is caused by the doping of other atoms such as N and O
elements and could regulate the fluorescence performance of N-CDs [54]. The G band represents the graphitized
ordered carbon structure peak. The ID/IG ratio is greater than 1, which indicates that more defect sites appeared
in the N-CDs structure [55]. The surface functional groups of CDs were characterized through Fourier transform
infrared (FTIR) spectroscopy. The broad vibrational band in the range of 3600—3400 cm ™' can be attributed to
the stretching vibrations of N—H and O—H. A strong band at 2944 cm™' is attributed to the stretching modes of
C-H stretching vibration. The peaks at 1740 cm™ C=C and 1643 cm ' are ascribed to the C=0. the peak at 1470
cm’ implies the presence of C—N, and there is also a peak at 1093 cm™ which belongs to C—O bond [56-58].
These functional groups improve the hydrophilicity and stability of the N-CDs in an aqueous system, which is
conducive to the applications of N-CDs in the area of fluorescence probes.

To further validate the above characterization results, The XPS spectra of the N-CDs show three peaks
at 285.0, 398.8, and 530.6 eV, which are assigned to the C 1s, N 1s, and O 1s, as depicted in Fig. 2. In addition,
the high-resolution XPS spectra of C 1s (Fig. 2a) can be well deconvoluted into four surface components,
corresponding to sp2 (C=C/C-C) at binding energy of 284.8 eV, C—N at 285.4 eV, C-0 at 286.2 eV, and C=0 at
287.9 eV. The spectra of Ols at 532.4 eV and 530.6 eV represent the peaks at C—O and C=0, respectively (Fig.
2b). The spectrum of N 1s (Fi. 2c) exhibits three peaks at 399.1 and 400.8 eV, related to pyrrolic-N and amino
groups, respectively [59-62]. That indicates that N was doped into the graphite structure in the N-CDs. The
surface components of the N-CDs determined by the XPS are in good agreement with FT-IR results.
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Figure 1: (a) TEM image, particle size distribution (insets). (b) HR-TEM images. (c) AFM images of N-
CDs. (d) XRD pattern. (¢) Raman spectra. (g) AFM images of N-CDs.

2.2 Fluorescence Performance of CQDs.

The optical properties of the N-CDs were investigated (Fig. 2). The UV—vis absorption spectra
displayed two absorption regions of the three N-CDs. Fig. 2¢ shows the UV-—vis absorption and
photoluminescent spectra of N-CDs under different excitation wavelengths. The absorption spectrum displays
two resolved bands around 260 and 330 nm, which can be ascribed to the n—n* transition of carbonic core center
and n—* transition of heteroatomic surface functionalities or molecule center, respectively [63].

(a) Cls (b Ols (C)
;'.
z z z
£ = . ] Pyrrolic-N
g g Cc-0 A : =
= =
Amino
291 288 285 282 536 535 534 533 532 531 530 529 528 406 404 402 400 398 396 394
(d) Binding Energy (eV) (e) Binding Energy (eV) f\ Binding Energy (eV)
( o —— 3200m
e g 3300m
- I" 340nm
2 - 800 350nm
2 < Ex Em =~ A 360nm
$ > - >
bt £ — 3 A 370nm
E - £ g = nm
% 1(7_4:1 cm ; H ? s
£ £ 410
g Y. - ; iz 400 nm
= C Z < =
N-H H
1470 cnf = 2001
aNy )9 em”!
=0 Abs
4000 3500 3000 2500 2000 1500 1000 500 200 250 300 350 400 450 500 550 600 650 700 400 600

Wavenumber (cm™!) Wavelength (nm) Wavelength(nm)

Figure 2: High-resolution spectra of (a) C 1s, (b) N 1s, and (c) S 2p peaks. (d) FT-IR spectra. (e) UV-Vis,
best excitation and emission fluorescence spectra. (f) Emission spectra at different wavelengths of
excitation.

N-CDs aqueous solution glows bright blue under 365 nm UV light, and it appeared transparent and pale

yellow under daylight (inset of Fig. 2e). The corresponding excitation spectrum shows two peaks, which can be
ascribed to core and surface excitations. Like most of the fluorescent CDs, N-CDs also exhibited excitation
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tunable emission behavior. A steady increase in Aex from 320 to 410 nm resulted in a red shift in the emission
peak position along with a concurrent first increase and then decrease in the emission intensity (Fig. 3f). The
maximum emission peak centered at 430 nm was observed under the excitation of 340 nm with a large stokes
shift of 90 nm.[64] As a result, an aqueous solution of CDs fluoresces blue under a 365 nm UV lamp (see
illustration in Figure 3e). The quality of carbon points is closely related to raw materials, synthesis methods and
surface chemical properties involved. Using quinine sulfate (0.1M H2SO4 as solvent, QY = 0.54) as reference,
the QY of N-CDs is 23% by slope method. Visible excitation and emission, relatively high QY, and biomass
waste as raw materials indicate that N-doped CDs have great application potential in analyte sensing.

Outstanding probes should demonstrate excellent fluorescence stability under diverse conditions. As
evident in the Fig. 3a, the fluorescence intensity of N-CDs is virtually constant over a period of up to 60 days.
The N-CDs maintains excellent fluorescence emission without interference for up to 120 min when irradiated
with either 365 nm UV lamp (Fig. 3b). As shown in Figure 6, changing the pH of the solution can lead to a
change in emission intensity. Within the pH range of 6-11, no significant changes in recorded emission intensity
were observed, highlighting the advantageous characteristics of fluorescent probes in complex biological
systems and practical applications. Additionally, to assess the adaptability of N-CDs in diverse biological
environments, it was observed that fluorescence loss did not exceed 5% of its initial value in 0.01-2.0 M NaCl
solutions, indicating its exceptional resistance to ionic interference (Fig. 3d). The above experiment highlights
the excellent stability of N-CDs fluorescence imaging.
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Figure 3: Effect of (a) storage time (b) UV irradiation (c) PH and (d) ionic strength on fluorescence
intensity of N-CDs .

2.3 N-CDs Fluorescent Sensors for Detecting Cr®* lons and AA.

Due to the excellent optical properties of N-CDs, we are encouraged to further study the potential
sensing applications of N-CDs. According to previous reports, the surface functional groups of CDs can
selectively interact with metal ions and produce fluorescence changes; thus, we have studied the fluorescence
response of N-CDs toward various biologically and environmentally important metal ions, such as Cd*", Ca*",
La®", Fe*', Cu™", A", Li", Ba®', Zn*", K', Co™, Mg2+, Ce™", Na', Fe’" shown in Fig. 4c, among all ions, only
Fe’* caused a severe decline in the PL intensity, which unveiled the applicability of N-CDs as highly selective
turn-off fluorescent probes for Cr®" detection. The method has good specificity for Cr®*, and can meet the high
selectivity requirements for Cr®" in practical applications. Finally, Fig. 4b presents the relationship between the
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concentration of Cr®" and the fluorescence intensity of N-CDs, with a linear response in the range of 0.01-200
uM (R2 =0.99534) and the LOD of 0.10 pM (S/N=3), which was much lower than the maximum concentration
(0.96 uM) of Cr®" in drinking water permitted by the WHO [65]. This means that our IFE-based fluorescence
method is sensitive enough to monitor the concentration of Cr®" in drinking water. This N-CDs based “turn-off”
fluorescent probe via IFE provides obvious advantages of simplicity, convenience, and rapid implementation
and thus has potential application for the detection of Cr®" in the environmental industry.

Since Cr®" and AA can react under very mild conditions, the reduction reaction of Cr®" in the presence
of AA has received extensive attention. In this work, AA had the function of turning on the fluorescence signal
of N-CDs+Cr®" in Fig. 6d. Therefore, under the identical conditions, we explored the effects of some reducing
agents and vitamins (AA, Gly, Glu, Lys, L-ser, L-eys, GSH, Phe) on the fluorescence signal of CDs+Cr®
system. From Figure 5f, it can be seen that AA has specificity in restoring fluorescence, because AA reduces
Cr® to a low valence state, it can eliminate the IFE effect of N-CDs+Cr®", thereby restoring the fluorescence of
N-CDs [66-68]. For this reason, the N-CD+Cr®" system could behave as a “turn-on” fluorescent sensor for
detection of AA. As shown in Figure 5d, the fluorescence of the N-CD+Cr®" and AA mixture was enhanced
gradually with increasing concentration of AA. A good linear relationship of fluorescence intensity and AA
concentration is observed from 0.01 to 125uM (Fig. 6e), with a linear equation of I = 0.02193 [AA] (umol/L) +
1.15513 (R = 0.997). The corresponding detection limits were 0.2uM. Generally, the above results provide a
sensitive and broad detection range for the determination of AA. This N-CD+Cr®" based “turn-on” fluorescent
nanosensor provides obvious advantages of simplicity, convenience, and rapid implementation.
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Fig.4: (a) Fluorescence intensity response of CDs with increasing concentration of Cr®*. (b) Relationship
between F/FO and the concentration of Cr®" ions in the range of 0—200pM. (c) Fluorescence response
(F/F0) of CDs toward various metal ions. (d) Fluorescence intensity response of CDs+Cr®" with increasing
concentration of AA. (e) Relationship between F/FO and the concentration of AA in the range of
0.01-125uM. (f) Fluorescence response (F/F0) of CDs+Cr®" system toward various commonly interfering
species.

2.4 Fluorescent Ink and Polymer.

In this work, the resulting N-CDs have unique properties, including excellent thermal and light stability
as well as good visible light region transparency, which makes them suitable candidates for fluorescent ink
applications. To explore this, we filled the N-CDs water solution with a sketch pen and wrote some text on
commercial filter paper. We can clearly see the SUSE logo under 365 UV irradiation from Fig. 6a. As shown in
Fig. 6b, the word "SUSE" is clearly visible under ultraviolet light (showing blue fluorescence). It is worth
mentioning that even after 30 days (when stored under environmental conditions), the information on the filter
paper remains consistent and can be reproduced. N-CD has high biocompatibility and can be safely used as an
ink pad to form human fingerprints that do not contaminate fingers. (Fig. 6¢) These observations indicate that N-
CD can be used as stealth ink to load important information for secret communication and has enormous
potential in anti fraud applications [70].
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NK SHEETS OF PAPE

Figure 3: Information loaded on commercial filter paper using N-CDs invisible ink under 365 nm UV
light. (a) N-CDs as fluorescent ink for seals, (b) N-CDs as confidential ink for writing on filter paper, (c)
N-CDs formed fingerprints under 365 nm UV light. N-CDs/PVA film (d, e) under 365 nm UV light, (f)
under daylight.

11l. CONCLUSION

In summary, we have successfully demonstrated a simple one-step hydrothermal method for the
production of highly fluorescent (QY = 23%) N-doped N-CDs from DGs for the first time. Moderate reaction
conditions, using biomass waste materials as starting material, and multifunctional nature of the formed
products (N-CDs) make our method economical and scalable. The as-produced N-CDs were well characterized
and explored for multiple applications. Bright and stable fluorescence coupled with high biocompatibility made
N-CDs a potential candidate for fluorescence detection sensors. They were successfully applied as “on—off—on”
fluorescent probe for the sequential detection of Cr®* and AA. N-CDs were further employed as invisible ink for
loading data and forming fingerprints. The “visible—invisible” and “UV-—visible” properties of N-CDs promise
their applicability in anticounterfeiting. Furthermore, the N-CDs/PVA films with strong and stable emission
might find direct or indirect applications in various optical/optoelectronic devices, ranging from fluorescent
displays to LEDs.
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