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KEYWORDS Abstract A fluorescent nanoprobe based on sodium lignosulfonate derived carbon quantum dots
SLS-CQDs; (SLS-CQDs) was fabricated through a facile and sustainable one-step hydrothermal treatment. The
An “on—off-on” fluorescent obtained SLS-CQDs had excellent fluorescence properties and were applied to detect total Mn and
nanoprobe; ascorbic acid (AA). The fluorescence of SLS-CQDs could be effectively quenched by Mn based on a
Mn; static quenching process and recovered by the addition of AA. An “on—off-on” fluorescent nanop-

Ascorbic acid

robe was established to determine total Mn and AA with the detection limits of 6.9 pug/L and

0.65 M with the corresponding linear ranges of 0.25-2.25, 5-25 mg/L, and 5-110 uM, respectively.
This nanoprobe could accurately detect total Mn in surface water and AA in Vitamin C effervescent
tablet samples. The proposed method is simple and can be performed easily, indicating that SLS-
CQDs might be used in environmental monitoring, food and drug testing.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lignin is the second most abundant renewable natural biomass on
earth and accounts for approximately 30 % of the organic carbon in
the biosphere (Upton and Kasko, 2016). It has a wide application
potential and is inexpensive, accessible, and fragrant (Kai et al.,
2016; Zhu et al., 2016). As a byproduct generated in the paper/pulp
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industry and the biomass refinery process (Aro and Fatehi, 2017),
50-70 million tons of lignin is produced and mainly disposed of by
burning to produce thermal and electric energy (Upton and Kasko,
2016), which leads to serious secondary pollution and a huge waste
of biomass. As an alternative raw material, lignin might also be used
to prepare novel materials for wastewater treatment (Zhang et al.,
2018; Zhang et al., 2020), high-performance catalysts for producing
clean energy, and sensors for detecting chemicals (Carrier et al.,
2013; Chen et al., 2013; Kibet et al., 2012), but merely accounting
for 2 % (Kai et al., 2016). Therefore, developing a novel application
of lignin is necessary.

Carbon quantum dots (CQDs) are advanced fluorescent carbon
nanomaterials with many desirable properties (Georgakilas et al.,
2015; Gong et al., 2015a; Hu et al., 2016; Jiang et al., 2015; Liu
et al., 2017b). They are widely used in fluorescent sensing, biological
imaging, and drug delivery (Ding et al., 2013; Gong et al., 2016;
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Kong et al., 2014; Wang et al., 2018; Zhu et al., 2022). Several studies
have used lignin to prepare carbon quantum dots (Chen et al., 2016; Li
et al., 2018; Liao et al., 2020; Myint et al., 2018; Niu et al., 2017; Pei
et al., 2021; Yang et al., 2020; Zhu et al., 2021). Aromatic polymers
are excellent precursors for preparing CQDs. They can generate high
densities of electron cloud as fluorophore groups conjugating with
unsaturated bonds, eventually triggering fluorescence emission. How-
ever, the types of lignin precursors mainly used in previous studies
include alkali lignin (Li et al., 2018; Liao et al., 2020; Zhu et al.,
2021), kraft lignin (Myint et al., 2018; Pei et al., 2021), pre-
hydrolyzed lignin (Yang et al., 2020), cellulolytic enzyme lignin (Niu
et al., 2017), or not mentioned (Chen et al., 2016). Additionally, the
use of a doping element can effectively improve the performance of
carbon quantum dots for detecting chemicals (Song et al., 2019). For
example, N incorporated in the carbon matrix offers surface reaction
activity, restrains non-radiative decay processes, and facilitates elec-
tron transfer (Xu et al., 2017). Instead of adding chemicals containing
S, P, O, and N, lignin might be used as it contains these elements. In
this study, lignosulfonate lignin containing S was used to prepare
CQDs with doped S, which has rarely been investigated in previous
studies. Doped S is common in CQDs, which is because the electroneg-
ativity of the S atom is similar to that of the C atom. The fabrication of
CQDs is a complex process, which is due to sophisticated precursors
(e.g., sodium lignosulfonate melamine formaldehyde (Pan et al.,
2021) or purification processes (e.g., centrifugation, dialysis, and silica
column chromatography (Rai et al., 2017; Wang et al., 2020). Thus, a
simple process is required to prepare CQDs.

Manganese and ascorbic acid (AA) were selected as representative
chemicals in the environment. Excessive Mn in surface water and
groundwater threatens human health owing to its toxicity, bioaccumu-
lation, persistence, and potential hazard (Abdolmohammad-Zadeh
and Sadeghi, 2012; Goldhaber, 2003; Lemos et al., 2009). Various
methods are used to detect Mn, including atomic absorption spectrom-
etry (AAS) (Vieira et al., 2011), inductively coupled plasma atomic
emission spectrometry (ICP-AES) (Liu et al., 2017a), inductively cou-
pled plasma mass spectrometry (ICP-MS) (Wu et al., 2021; Zhu et al.,
2019), electrochemistry (EC) (Qiu et al., 2011), etc. However, these
methods are time-consuming and require expensive and bulky equip-
ment (Najeeb et al., 2018). A simple method using fluorescence nanop-
robes was developed to detect Mn species, but they responded
differently to Mn(VII) (Ding et al., 2017a; Du et al., 2018a; Gong
et al., 2017b; Hu et al., 2020; Liu et al., 2020a) and Mn(IT) (Kumar
et al., 2019; Najeeb et al., 2018; Narayanan and Han, 2017; Nie
et al., 2017; Xu et al., 2021b), which led to difficulties in detecting total
Mn. The amount of total Mn is an indicator of water quality for the
World Health Organization (WHO) and environmental agenda in
China, Japan, etc. Thus, a nanoprobe needs to be established that
can be directly used for the rapid and sensitive detection of the total
Mn. AA is essential for humans and is used for treating diseases, such
as common cold, mental illness, infertility, and coronary heart disease
(Li et al., 2014; Sun et al., 2008). Thus, detecting AA is important,
which can be conducted by various CQD nanosensors (Gong et al.,
2017; Song et al., 2019; Wang et al., 2021). However, better methods
are needed to detect AA in samples.

In this study, we prepared sodium lignosulfonate-derived carbon
quantum dots (SLS-CQDs) using a facile and sustainable one-step
hydrothermal method with simple filter purification and assessed its
application in the detection of total Mn and AA. The results showed
that the as-synthesized SLS-CQDs exhibited high performance in
detecting total Mn and AA via an “on—off-on” nanoprobe. The pres-
ence of Mn decreased the fluorescence of SLS-CQDs through a static
quenching process. The addition of AA partially induced the subse-
quent restoration of fluorescence. We quantified the total Mn in water
samples and AA in Vitamin C effervescent tablets using the SLS-
CQDs.

2. Experimental

The materials and characterization are listed in the Supple-
mentary Material.

2.1. Preparation of the SLS-CQDs

Sodium lignosulfonate (0.05 g) was dissolved in ultrapure
water (10 mL) under ultrasonic dispersion for 20 min, and
then, EDA (0.2 mL) was added. The mixture was diverted to
a 50 mL Teflon autoclave and heated up to 160 °C for 4 h.
A dark brown product was obtained and purified using filter
paper to remove large particles after cooling to ambient tem-
peratures. It was further filtered through a 0.22 pm microp-
orous membrane. Finally, the solution was lyophilized to
obtain the solid products of SLS-CQDs.

2.2. Detection of total Mn based on the SLS-CQDs

The as-prepared solid products of SLS-CQDs were dissolved
in ultrapure water to make a 10 mg/mL solution of SLS-
CQDs. To determine the selectivity of the SLS-CQDs to Mn,
some metal ions, anions, and amino acids were added to the
aqueous solution of SLS-CQDs (1 mg/mL) for measuring the
fluorescence intensity. To evaluate the interference of various
metal ions, anions, and amino acids to Mn, the above test solu-
tion was added to 1 mg/mL of SLS-CQDs. Then, Mn was
added to the above mixture, and their fluorescence intensities
were recorded. Fluorescence titration was performed to obtain
the linear range and detection limit of total Mn. All tests were
performed at Ao of 402 nm.

2.3. Detection of AA in SLS -CQDs-Mn system

We mixed 30 mg/L of Mn with 1 mg/mL of SLS-CQDs solu-
tion to obtain the SLS-CQDs-Mn probe. By similarly intro-
ducing additional interferents, the selectivity and anti-
interference efficacy toward AA was assessed (vide supra).
When the excitation wavelength was at 402 nm, a fluorescence
titration experiment was performed to calculate the linear
range and detection limit of AA.

2.4. Pre-treatment of actual samples

All water samples were collected from Dongchuan and Bei-
chuan rivers, Lyuliang, Shanxi, China, and immediately acidi-
fied with concentrated nitric acid to minimize precipitation and
absorption on container walls. In the lab, 100 mL of water
sample was digested with 5 mL of HNO; and 3 mL of HCI
on a hot plate until the mixture was almost dried. The residue
was dissolved with dilute nitric acid to 50 mL, and the pH was
maintained above 1.5. Finally, the solution was filtered
through a 0.45 um microporous membrane for use.

All samples of Vitamin C effervescent tablets were pur-
chased from a local pharmacy in Lyvliang, Shanxi, China. A
tablet was weighed and dissolved in 100 mL of ultrapure water
with constant stirring for about 30 min. The solution was
diluted to a suitable concentration for testing.
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3. Results and discussion

3.1. Characterization of the SLS-CQDs

The SLS-CQDs were prepared at 160 °C for 4 h via a one-step
hydrothermal route (Scheme 1). First, SLS was used as the C
and S source and depolymerized under ultrasonic dispersion,
followed by hydrothermal synthesis with the addition of
EDA, which was the source of N. A TEM analysis (Fig. 1A)
showed that the SLS-CQDs were uniformly dispersed on the
copper grid, and the lattice spacing was approximately
0.34 nm. The particle size of SLS-CQDs was 1.90-6.22 nm
with a mean size of 3.89 + 0.2 nm (Fig. 1B). The SLS-CQD
particles did not have an ideal spherical morphology, and
the edges of the particles were irregular. This might be because
SLS was folded into microspheres in the synthetic process, and
carbon dot particles existed on the surface of the microspheres
(Myrvold, 2008). The AFM image (Fig. 1C and 1D) showed
that the average height of SLS-CQDs was 2.85 nm, and the
SLS-CQDs were distributed uniformly in water. The zeta
potential was —21.7 mV (Fig. S1), indicating that the SLS-
CQDs were negatively charged and the system was relatively
stable.

To determine the structure and surface functional groups of
the SLS-CQDs, XPS, FTIR, elemental analysis, and EDX
were used. As depicted in Table S1, the SLS-CQDs were com-
posed of C 25.28, N 16.06, H 5.16, S 5.12, Na 3.69 and O (cal-
culated) 44.69 wt%, which was similar to the composition
found using EDX (Fig. S2). The empirical formula of the
SLS-CQDs probably was CrsHgsO35N14S,Na,. The XPS sur-
vey scan (Fig. 2A) showed six binding energy peaks at
1,071.5, 531.5, 494.0, 399.5, 284.8, and 168.5 eV corresponding
to Na 1s, O 1s, Na KLL, N 1s, C 1s, and S 2p, respectively.
The C 1 s XPS spectrum (Fig. 2B) showed five peaks at
284.5, 285.0, 285.5, 286.5, and 288.2 eV, which were related
to C=C, C—C, C—N, C=N/C—0, and C=0—N, respec-
tively (Dong et al., 2013; Liu et al., 2012). In the O 1 s spec-
trum (Fig. 2C) the peaks at 531.7 and 532.1 ¢V contributed
to O=C—0 and C—0O—C/C—OH (Chao et al., 2020). In the
N 1 s spectrum (Fig. 2D), the three peaks at 399.5, 400.5,

and 401.5 eV indicated amino N, pyrrolic N, and graphitic
N, respectively (Chao et al., 2020; Gao et al., 2021). As
depicted in Fig. 2E, S 2p had three prominent peaks at
168.0, 168.9, and 169.8 eV, which indicated C—S, S—O, and
—C—SO, (x = 2, 3, and 4), respectively (Gong et al.,
2017b). In the FTIR spectrum (Fig. 2F), the stretching vibra-
tions of O—H or N—H bonds (3,447 cm™!) were detected
(Yang et al., 2019). The major stretching vibration peaks of
SLS were still retained in the SLS-CQDs, suggesting the pres-
ence of similar surface functional groups. The major stretching
peaks for the O—H/N—H groups (3,447 cm™!), C=0
(1,605/1,579 cm™'), C—O/C—N (1,135 ecm™'), and C—S
(622 cm™') were more prominent in SLS-CQDs than in SLS
(Pei et al., 2021; Xu et al., 2021¢; Yang et al., 2019). The peaks
of the stretching vibration of C=C=0/C=N (2,117 cm™}),
C=C (1,485 cm™"), C—N (1,327 cm™"), and para substitution
of benzene (820 cm ™) appeared on the spectra of SLS-CQDs
(Gao et al., 2021; Song et al., 2019). The shift at 1,605 cm™"
could be ascribed to the evaluation of C—O, which increased
the delocalization of © electrons. The increase in the intensity
of O—H and N—H enabled the formation of the H bond,
which decreased the bond force constant K and peak shift.
These results indicated that SLS-CQDs are functionalized with
nitrogen and sulfur atoms, SLS-CQDs are rich in hydrophilic
groups on the surfaces, and more multiple-carbon rings are
formed (Pei et al., 2021). The high content of C—N improved
the fluorescence quantum yield (Zhu et al., 2021), probably
due to the created lattice defects and replacement of C in the
sp? carbon domain (Liu et al., 2020b; Zhang et al., 2016).
The fluorescence quantum yield of the SLS-CQDs was
10.23 % (Fig. S3). These results suggested that SLS-CQDs
are hydrophilic and stable.

3.2. Optical properties of the SLS-CQDs

As shown in Fig. 3A, a strong absorption peak at 243 nm was
detected in the UV — vis absorption spectrum of SLS-CQDs
(purple line), which was caused by the m-n* transition of aro-
matic sp> domains from the carbon core (Liu et al., 2015).
Additionally, a weak absorption peak at 330 nm was also
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N
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Scheme 1

A diagrammatic illustration of the fabrication of SLS-CQDs.
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Fig.1 (A) A TEM image, (B) a particle size distribution histogram, (C) an AFM image, and (D) the average height of the as-synthesized
SLS-CQDs.

detected, induced by the n-nt* transition of the surface moieties
with nitrogen atoms (Gong et al., 2015b). The optimal excita-
tion wavelength (green line) and emission wavelength (red line)
were located at 402 nm and 492 nm, with a stokes shift of
90 nm. From the inset photograph of Fig. 3A, the SLS-
CQDs solution was found to emit bright blue-green fluores-
cence under 365 nm ultraviolet irradiation. Additionally, the
3D fluorescence diagram of SLS-CQDs under different e
was studied (Fig. 3B). When the excitation wavelength moved
from 350 nm to 460 nm, the emission peak was red-shifted
from 476 to 519 nm. The excitation-dependent emission prop-
erty is universally reported for carbon quantum dots, which is
attributed to the t* —n transition of the surface-attached func-
tionalities (Dong et al., 2013; Gong et al., 2019; Gong et al.,
2016).

3.3. Stability of the SLS-CQDs

The fluorescence intensity of the SLS-CQDs under conditions
of changes in pH, NaCl saline solution, hydrogen peroxide
(H»0,), UV irradiation, and xenon lamp irradiation is shown

in Fig. S4. With the increase in the NaCl concentration, the
fluorescence intensity of the SLS-CQDs did not change
(Fig. S4A). The effect of pH is shown in Fig. S4B; the fluores-
cence intensity of SLS-CQDs showed negligible changes under
a wide pH range of 1.5-9.0, especially when the pH was
between 1.5 and 6, and the change in the fluorescence intensity
was less than 1 %. The fluorescence intensity of SLS-CQDs
was above 80 % under 1.0 mol/L of H,O, (Fig. S4C), suggest-
ing that the as-prepared products had good antioxidant stabil-
ity. After continuous UV (180 min; Fig. S4D) and xenon lamp
(120 min; Fig. S4E) irradiation, the fluorescence intensity of
the SLS-CQDs showed no noticeable changes, indicating
favorable photostability of the SLS-CQDs.

3.4. SLS-CQDs nanoprobe for total Mn determination

To evaluate the selectivity of the system, 0.5 mM of 17 kinds of
metal ions (Fig. S4A), 17 kinds of anions (Fig. S4B), and 20
kinds of amino acids (Fig. S4C) were used to produce small
changes in the fluorescence intensity, except Mn>* and Mn
(VII). The fluorescence intensity could be quenched by both
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Mn>* and Mn(VIL). Subsequently, a standard solution of sin-
gle Mn (1,000 mg/L) was used to determine the quenching
results, which was due to the following reasons. First, the
Mn standard solution was manufactured by dissolving man-
ganese metal using nitric acid, and the solution was dominated
by Mn(II). Common divalent manganese salts, such as man-
ganese chloride, are easily oxidized in the air while being dis-
solved in water, which can affect the accuracy of
fluorescence titration results. If acid is added to the dissolu-
tion, the pH needs to be controlled precisely, and the operation
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(A) An XPS survey scan, (B) C 1s XPS, (C) O 1s XPS, (D) N 1s XPS, (E) S 2p XPS, and (F) FTIR spectra of SLS and SLS-CQDs.

is difficult. However, the medium of the manganese standard
solution was 1.0 mol/L of HNOj3, which could not be oxidized
in the air, and the system was stable and easy to operate. Sec-
ond, from the perspective of detecting total manganese in sam-
ples from the environment, the sample was acidic after
digestion. The digestion process was also similar to the prepa-
ration process of the manganese standard solution which could
improve the accuracy of detection. Third, manganese can exist
in the form of Iron- Manganese Oxide in different environ-
mental samples and is mainly converted to Mn(II) after diges-
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(1.0 mg/mL). The inset displays images of the SLS-CQDs under daylight (left) and 365 nm UV light (right). (B) The 3D fluorescence
diagram of SLS-CQDs at excitation wavelengths from 350 nm to 460 nm.

tion. Although Mn(VII) can also quench the fluorescence of
SLS-CQDs, it does not interfere with the detection of total
Mn in actual samples.

As the concentration of Mn increased, the fluorescence
intensity decreased (Fig. 4A). Then, a nanoprobe was con-
structed to detect Mn based on the SLS-CQDs. The anti-
interference performance of a nanoprobe is a desirable prop-
erty. The high concentration (1.0 mM) of metal ions, anions,
and amino acids had negligible effects on the fluorescence
intensity of SLS-CQDs, whereas, the fluorescence intensity
was quenched by Mn (11 mg/L, 0.2 mM, Fig. S6), which indi-
cated that the SLS-CQDs had good anti-interference to the
determination of Mn. The fluorescence titrations were used
to assess the sensitivity and linear response range of the SLS-
CQDs to Mn determination. The optimal concentration of
SLS-CQDs was 1.0 mg/mL (Fig. S7A). The fluorescence spec-
tra of SLS-CQDs with various concentrations of Mn are
shown in Fig. 4A. With the addition of Mn from 0 to
160 mg/L, the fluorescence intensity of SLS-CQDs decreased.
The equilibrationtime was 5 min (Fig. S7B). The titration
trend diagram of SLS-CQDs with various concentrations of
Mn is shown in Fig. S8. The pH decreased during titration
because the medium of the standard solution of Mn was
1.0 mol/L of HNO;. The calculated pH change was 0.80—
3.60 with the concentration of Mn between 0.25 mg/L and
160 mg/L. The fluorescence intensity was almost stable when
the pH was above 1.5 in the acidic environment (Fig. S4B).
When the concentration of Mn reached 30 mg/L in the titra-
tion process, the pH of the solution dropped to 1.5. Therefore,
to remove the interference of pH changes, 0-30 mg/L of Mn
was selected to obtain the linear relationship. Two excellent
linear relationships were obtained in the range of 0.25-
2.5 mg/L (Fig. 4B) and 5.0-25.0 mg/L (Fig. 4C), indicating
that the probing property of SLS-CQDs in the determination
of total Mn was effective. The limit of detection (LOD) was
calculated to be 6.9 pg/L, based on three times the standard
deviation rule (1).

LOD = 3c/S (1)

Here, o represents the standard deviation of six blank mea-
surements, and S represents the slope of the calibration curve.
Compared to previously reported methods for the detection of
Mn (Table 1), although the LOD in this study was not lower

than the LOD in the traditional method for direct detection
of Mn, the proposed SLS-CQD nanoprobe was comparable
to those used in the other methods for the detection of Mn
(I1) or Mn(YII). However, our nanoprobe was simpler and
can determine total Mn quickly and directly.

To investigate the quenching mechanism of Mn determina-
tion, the fluorescence lifetime was first evaluated. As shown in
Fig. 4D and Table S2, the average fluorescence lifetime of the
SLS-CQDs was 4.09 ns. When 5 mg/L of Mn was added to
SLS-CQDs, the average lifetimes of SLS-CQDs was 4.10 ns.
The fluorescence lifetime of SLS-CQDs remained almost
unchanged with the addition of Mn, indicating that a static
quenching process or the inner filter effect (IFE) might have
occurred (Zu et al., 2017). The IFE occurs when the absorption
spectrum of the quencher in the detection system overlaps with
the excitation or emission spectra of CQDs (Zu et al., 2017).
No significant overlap was observed (Fig. S9A), demonstrating
that the IFE did not occur. As shown in Fig. S9B, after adding
different concentrations of Mn, the disappearance of the peak
of SLS-CQDs was observed at 243 nm, indicating the occur-
rence of static quenching. Therefore, the quenching between
the interaction of SLS-CQDs and Mn was probably due to sta-
tic quenching. In this quenching process, a non-fluorescent
complex was formed through the interaction between SLS-
CQDs and Mn (Scheme 2). Additionally, the forming com-
plexation between Mn and reactive moieties containing N
and S suppressed m*—n transition, and consequently,
quenched the fluorescence (Mohagheghpour et al., 2022; Xu
et al., 2021a). As a hard acid, Mn(I) tended to bind to N
and O atoms on SLS-CQDs, according to the HASB principles
(Joshi et al., 2016; Ruan et al., 2016).

3.5. SLS-CQDs-Mn nanoprobe for AA determination

For the SLS-CQDs-Mn system, AA can partially restore the
fluorescence of SLS-CQDs-Mn. The fluorescence quenching
of SLS-CQDs-Mn probably occurred due to the formation
of a non-fluorescent complex between SLS-CQDs and Mn,
which suppressed m*—n transition of the surface-attached
functionalities. AA, as a complex reagent, was competitive to
complex with Mn, compared with SLS-CQDs, thus decompos-
ing the non-fluorescent complex between SLS-CQDs and Mn
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(A) Fluorescence quenching of SLS-CQDs in the presence of Mn (0-160 mg/L). The linear relationship between the fluorescence
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indicates the ratio of the fluorescence intensity of the SLS-CQDs in the
decay curve of SLS-CQDs (1.0 mg/mL) without and with Mn.

absence of Mn to that in the presence of Mn. (D) The fluorescence

Table 1 Comparison of the proposed SLS-CQD nanoprobe with previously reported methods for detecting Mn.
Methods Object Linear range (mg/L) LOD (ug/L) Ref.
Flame AAS Mn 0.0024-0.1 0.7 (Lemos et al., 2009)
Graphite furnace AAS Mn - 4.1 (Tokman et al., 2004)
ICP-AES Mn 0.0075-10 2.2 (Manousi et al., 2022)
ICP-MS Mn 0.02-2 0.62 (Wu et al., 2021)
Electrochemiluminescence Mn(VII) 0.0055-16.5 44 (Qiu et al., 2011)
Colorimetric determination Mn(II) 0.0055-0.275 2.86 (Najeeb et al., 2018)
Phosphorescence detection Mn(VII) 0.0275-5.5 13.2 (Deng et al., 2017)
Fluorescent oligomer detection Mn(VII) 0-6.6 21.6 (Ding et al., 2017a)
Fluorescent CQDs detection Mn(VII) 0.55-11 2.66 (Du et al., 2018a)
Mn(VII) 0.00275-5.5 0.7 (Hu et al., 2020)
Mn 0.25-2.5, 5-25 6.9 This work

and further liberating surface-attached functionalities from
Mn complexation. The recovered fluorescence of SLS-CQDs-
Mn was directly related to the content of AA, which con-
tributed to the application of SLS-CQDs-Mn in the detection
of AA. The chelation effect between Mn and AA was previ-
ously reported (Gong et al., 2017b). However, when SLS-
CQDs were paired with a large amount of Mn, it was more dif-

ficult for AA to capture; thus, showing no recovery at high
concentrations (Scheme 2).

Based on this perspective, a nanoprobe for detecting AA
was established. In the SLS-CQDs-Mn system, the suitable
concentration of Mn was 30 mg/L (Fig. SI0A) with an incuba-
tion time of 2 min (Fig. S10B). With the addition of AA, the
fluorescence intensity of SLS-CQDs increased partially
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Scheme 2 The potential mechanism of “on—off-on” for determining Mn and AA by SLS-CQDs.

(Fig. 5A). Finally, the recovery rate was almost 70 % when
150 uM AA was added to the sensing system, indicating that
the testing system could not be cycled in this study. From
the titration trend diagram of AA (Fig. 5B), an excellent linear
relationship in the range of 5-110 uM was observed (Fig. 5C).
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Fig. 5
of SLS-CQDs-Mn at various concentrations of AA (0-150 uM). F/F,

The limit of detection (LOD) of AA was calculated to be
0.65 pM. Compared to other fluorescence methods for the
detection of AA (Table 2), the constructed sensor had a low
LOD, which was comparable to the LOD of the previous
methods or better than most fluorescence sensors reported.
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(A) The fluorescence responses of the SLS-CQDs-Mn system to different concentrations of AA. (B) The titration trend diagram

is the ratio of the fluorescence intensity of the SLS-CQDs-Mn in the

presence of AA to that in the absence of AA. (C) The linear relationship between F/F, and AA concentration in the range of 5-110 pM.

(D) Selectivity of the SLS-CQDs-Mn system for detecting AA.
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Table 2 Comparison of previously reported fluorescence methods for AA detection with the method in this study.

Nanomaterial Linear range (M) LOD (uM) Ref.

N,S,P-CNDg,, 0.5-120 1.2 (Gong et al., 2017b)

Water-soluble CDs 5-350 3.11 (Wang et al., 2021)

CDs-SiO, 0-70 3.17 (Zhao et al., 2021)

Mn-CDs 3-140 0.9 (Chu et al., 2020)

N-doped CDs 0-150 0.02 (Lv et al., 2020)

SLS-CQDs 5-100 0.65 This work

Table 3 The analytical results for the detection of Mn in water samples.

Water Samples Initial amount (mg/L) Added Detected RSD Recovery
(mg/L) (mg/L) (Y%o,n = 6) ()

1 0.11 2 2.08 3.85 98.50

2 0.18 2 2.11 2.78 96.33

3 0.21 2 2.25 4.03 102.17

4 0.17 2 2.13 3.12 98.17

5 0.24 2 2.19 2.94 97.33

Table 4 The analytical results for the detection of AA in VC effervescent tablets.

vC Initial amount (mg/g) Found in solution (uM) Added Detected RSD Recovery

Samples (nM) (1M) (%, n = 6) ()

1 108.82 26.09 20 45.82 4.25 98.65

2 107.41 25.74 20 45.82 3.64 100.40

3 109.27 26.25 20 45.94 4.35 98.45

4 109.91 26.37 20 45.82 5.02 97.25

5 108.52 26.05 20 45.36 5.31 96.55

The detection response time of SLS-CQDs to Mn and AA,
as shown in Table S3, was 5 min and 2 min, respectively. These
values were considerably different from those of other research
systems (Ding et al., 2017b; Dong et al., 2021b; Du et al.,
2018b; Gong et al., 2017a). Gly, Ser, Val, Met, His, GSH,
Trp, Arg, Cys, Asn, Thr, Glu, Lys, Ala, Gln, Leu, Gallic acid,
and GTP were selected to measure the selectivity for determin-
ing AA. No noticeable enhancement effects were observed
(Fig. 5D), showing good selectivity and anti-interference of
the AA sensor. Our results implied that the SLS-CQDs-Mn
“turn-on” fluorescence nanoprobe is an ideal sensing platform
for the detection of AA.

3.6. Detection of Mn and AA in actual samples

To evaluate the feasibility of the proposed fluorescence sensing
method, the analysis of Mn and AA in the actual samples was
conducted according to the proposed method.

As depicted in Table 3, the sample recoveries were 96.33
%-102.17 % with the relative standard deviation (RSDs)
between 2.78 % and 4.03 % (n = 6) in water samples. This
demonstrated the reliability of the sensing platform detecting
Mn. The SLS-CQDs-Mn fluorescent sensing platform was
applied to detect AA in the VC effervescent tablets, and the
results are shown in Table 4. The specification of the VC effer-
vescent tablets showed that each VC tablet weighed about 4.2 g
and contained 460 mg of AA. As shown in Table 4, the initial
amount of AA in the VC effervescent tablets were 108.82,

107.41, 109.27, 109.91, and 108.52 mg/g, respectively, which
fit the instruction. The quantitative spike recoveries ranged
from 96.55 % to 100.40 %, with an RSD of less than
5.31 % (n = 6). These results showed that the sensing platform
could provide reliable data for the detection of AA in actual
samples.

4. Conclusion

To summarize, sodium lignosulfonate-derived carbon quantum dots
(SLS-CQDs) were fabricated by a facile and sustainable one-step
hydrothermal method. The as-prepared SLS-CQDs had excellent
chemical and optical stabilities. An “on—off-on” nanoprobe for selec-
tive and sensitive detection of total Mn and AA was established. The
determination of Mn was based on the static quenching process, and
the detection of AA was according to the competition between SLS-
CQDs and AA. The proposed fluorescence method has many advan-
tages for detecting Mn and AA, such as a wide linear range, low
LOD, high selectivity, simplicity, and fast analysis. The availability
of the nanoprobe was verified by surveying the content of total Mn
and AA in samples. The as-constructed SLS-CQDs might be used in
various applications, which include fluorescence nanoprobe, environ-
mental water quality monitoring, and food sample testing.
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