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ARTICLE INFO ABSTRACT

Editor: Dr Xianwei Liu High-efficient conversion of the waste biomass into eco-friendly novel bifunctional materials for selective
monitoring and effective removal of mercury ions (Hg?") is of great significance to achieve the environment
sustainable development, but has not attracted enough attention. Herein, we exploited glutathione (GSH)
assisting waste tobacco leaf as the biomass-related precursors to successfully yield a novel red fluorescence
emission biomass-based carbon nanodots (CDs) with a remarkably large Stokes shift of ~ 232 nm through one-
pot hydrothermal method. Owing to the synergistic Hg-S bond and the coordination effects of the Hg" to the
abundant -COOH, -NH, and ~OH groups on the surface of CDs, this proposed biomass-based CDs showed a red
fluorescence decrease response for Hg>" with a high selectivity and a lower detection limit of 0.45 pM in
environmental water samples. Furthermore, this binding endowed this proposed biomass-based CDs possessed a
high removal efficiency of above 99.4% for Hg?* as well. This work showed a novel insight into recycling the
waste tobacco leaf into novel, economic, efficient, reliable, and eco-friendly biomass-based CDs for simulta-
neously precise traceability and high-efficient removal of Hg?* pollution in environmental matrices.
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1. Introduction organic frameworks (COFs) [9,10], MoSez nanosheet [11], mesoporous
silica-based nanomaterials [12], or polymers [13,14] as the substrates
for successful achieving the simultaneous detection and removal of
Hg?". However, several unavoidable drawbacks seriously restrict their

popular applications. For example, the MOFs generally suffer from poor

As a typical heavy metal pollutant, the residual mercury ion (Hg?")
poses a serious threat to environmental health and food safety, because

it possesses high toxicity even at very low level [1-3]. In particular, with

the rapid development of economy and society, various production ac-
tivities lead to more and more serious Hg?* pollution in the surface
water and environmental water, thereby being ingested into human
body with the food chain cycle [4]. It has been proved that the long-term
exposure to Hg?" pollution will cause a series of side effects, such as
brain damage, insomnia, cognitive and motor impairments [5,6].
Therefore, it is of great significance to develop an efficient material for
achieving the simultaneous monitoring and removal of Hg?* in water
resources. Driven by this motivation, until now, vast efforts have been
contributed to employ metal organic frameworks (MOFs) [7,8], covalent
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stability, while COFs have bad solubility [15,16]. Meanwhile, the
preparation process of MoSe, nanosheet involves the utilization of
organic solvents, which breaches the purpose for ecological security.
Likewise, mesoporous silica-based nanomaterials or polymers need
complicated molecular design and time-consuming synthesis process. In
view of this situation above, more efforts are needed to continue to
explore stable and soluble novelty materials for simultaneous moni-
toring and removal of Hg?" in simple, environmentally friendly, effi-
cient way.

As a new type of fluorescent nanomaterials, carbon nanodots (CDs)
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have attracted tremendous attention due to their exceptional optical
properties (Manikandan V and Lee, 2022). At present, CDs are mainly
prepared from chemical materials (small molecules, polymers) or
biomass (plant, and animal derivatives, etc.) through different ways of
carbonization [17,18]. Common methods include hydrothermal, sol-
vothermal or microwave assisted hydrothermal/ solvothermal and so on
[19]. Both CDs prepared from commercial chemicals and biomass have
the advantages of small particle size, easy synthesis and good water
solubility [20-23,17]. Compared with CDs prepared from commercial
chemicals, the raw material of biomass-based CDs is
environment-friendly natural products, which has the advantages of low
cost, easy availability, green, and large quantity. Recently, the waste
resources-derived biomass-based CDs has inspired intensive research in
environment monitoring and treatment, because of its good properties
such as turning “waste” into “treasure”, low cost, and eco-friendly
[24-27]). Given these excellent features, in combination with the aim
on the renewable utilization and sustainable development demand, the
waste resources-derived biomass-based CDs might be a prominent
candidate for co-friendly simultaneous monitoring and removal of Hg?*
in water resources. Up to now, several biomass-based CDs derived from
the waste potato peels [28], bee pollen [26], tree leaves [29,30], Poa
pratensis [31], corn stalk shell [9,32,33], and peanut shells [34] have
been reported for detection of different analytes. A typical example was
that Liu et al. used waste sweet potato peels to synthesize fluorescent
biomass-based CDs to perform the precise detection of tetracycline an-
alogues [28]. Subsequently, Shan et al. extracted bee pollen waste to
prepare another biomass-based CDs that were able to allow the sensing
of Fe3* environmental water through the coordination effect of Fe3*
toward the functional groups on the surface of CDs [26]. Lately, Li’s
group exploited the waste Poa pratensis to propose a novel N-doped
biomass-based CDs for successful achieving the simultaneous of Fe>*
and Mn2* in water samples, owing to the coordination effect of the CDs
with Mn?* & Fe®* as well [31]. From these cases, no concerns have been
focused on developing the waste resources-derived biomass-based CDs
to carry out the simultaneous monitoring and removal of Hg?", even it
fits well with the environmental conservation and sustainable develop-
ment strategies.

Enlightened by these points above, we herein concentrated on
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exploring the waste resources to synthesize the versatile novelty
biomass-based CDs for yielding the detection and elimination of Hg?* in
a simple, precise, reliable, economic, and eco-friendly way. For this
purpose, we applied a one-pot hydrothermal method to synthesize a
novel waste tobacco leaf-derived biomass-based CDs upon the assistance
of GSH. Through in-depth analysis, this proposed biomass-based CDs
displayed a red fluorescence with emission wavelength of ~ 652 nm
with a remarkable Stokes shift of ~ 232 nm. It has been reported that the
integration of the large Stokes shift and red emission is beneficial to
yield the more sensitive fluorescence assay toward the targeting analytes
in complicated conditions with low background auto-fluorescence
interference [35,36], Yizhong, Tingting et al., 2020). Additionally, the
biomass-based CDs showed a strong and selective binding ability toward
Hg?" to form the ground-state complex Hg?"-CDs, because of the syn-
ergistic Hg-S bond and the coordination effects of the Hg?>" to the
abundant ~-COOH, -NHj3 and ~OH groups on the surface of CDs. As ex-
pected, the NIR fluorescent of CDs at ~ 652 nm was quenched, allowing
for the fluorescence assay for Hg?'. More significantly, this binding
ability of the proposed biomass-based CDs to Hg?* could be applied for
achieving the effective removal of Hg?" in contaminated water with a
high efficiency of 99.4 % (Scheme 1). This work revealed the promising
practical potentials of the waste tobacco leaf-derived biomass-based CDs
in Hg?" pollution traceability, control and remediation in an efficient,
low-cost, and eco-friendly way.

2. Materials and methods
2.1. Materials and reagents

Waste tobacco leaf was obtained from the Guizhou Academy of To-
bacco Science. Glutathione (reduced) (GSH), formamide, sodium ace-
tate, citric acid, and dimethyl sulfoxide (DMSO) were purchased from
Sinopharm Chemical Reagent Co. China. Barium chloride (BaCly), 1,4-
dioxane, 4-sulfophenyl isothiocyanate (SPI) sodium salt monohydrate,
1,3-propane sultone (PS), ferric chloride (FeCls), strontium chloride
(SrCly), magnesium sulphate (MgSO4), calcium sulphate (CaSO4), cobalt
chloride (CoCly), tin chloride (SnCly), lead acetate ( (CH3COO).Pb),
copper sulphate (CuSO4), manganese sulphate (MnSOj), zinc sulphate
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Scheme 1. The synthesis of this biomass-based CDs and schematic illustration for detection and removal of Hg?"
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(ZnS0O4), mercury sulphate (HgSOj4), platinum chloride (PtCly), palla-
dium nitrate (Pd(NO3) 3), aluminium chloride (AICl3), vanadium chlo-
ride (VCl3), chromium chloride (VCl,), nickel chloride (NiCl,), cadmium
chloride (CdCly), and silver nitrate (AgNO3) were purchased from
Shanghai Aladdin Biochemical Technology Co. China. All chemical re-
agents were used as received. Ultrapure water (Millipore) was used
throughout the experiments.

2.2. Apparatus

The absorption spectra of the samples were taken on a Carry 50
UV-vis absorption spectrometer (UV-vis); fluorescence spectra were
taken on an F-7000, and transmission electron microscopy (TEM) im-
ages were taken using a Tecnai G2 F20 S-TWIN (200 kV). Fourier
transform infrared spectroscopy (FT-IR) was conducted on a Nicolet
iS10 using the KBr compression method; and X-ray photoelectron
spectroscopy (XPS) was conducted on a Thermo Fisher Scientific
ESCALAB 250Xi photoelectron spectrometer. X-ray diffraction (XRD)
experiments were conducted on a BRUCKER D8. Raman spectroscopy
was performed using a Renishaw inVia Raman microscope. Hydrogen
spectrum nuclear magnetism (*H NMR) were used to characterize the
composition and surface functional groups of this biomass-based C-dots.
Fluorescence decay curve was measured using a steady-state, transient
fluorescence JY HORIBA Fluorolog-3. The absolute quantum yield of the
as-synthetized biomass-based CDs was measured by Edinburgh FLS9
(Ex:420 nm at room temperature).

2.3. Synthesis of CDs

For the synthesis of CDs, 0.25 g waste tobacco leaf powder was
mixed with 0.30 g GSH and 10.0 mL of formamide. The reaction was
then carried out in a muffle furnace at 180.0 °C for 8.0 h. Next, the
mixture was centrifuged at 4000 rpm for 30.0 min and filtered through a
filter membrane (0.22 ym). The obtained dark green filtrate was trans-
ferred to a dialysis bag (3500 Dalton) and dialyzed for 7 days. The so-
lution was then freeze-dried to obtain powder samples.

2.4. Determination and removal of Hg?*

2.0 mL 12.5 pg/mL CDs (dissolved in pH 6.8 B-R buffer) solution and
2.0 mL of Hg?" solution containing different concentrations were placed
into a 5.0 mL centrifuge tube, mixed thoroughly, and then left for
30.0 min at room temperature to determine the fluorescence spectra.
The excitation wavelength was 420 nm, and the slit widths for both
excitation and emission were 5.0 nm. A total of 20.0 ions, including
A13+, Ba2+, Ca2+, Cd2+, C02+, Cu2+, Fe3+, Mg2+, Mn2+, Niz+, Zn2+, V3+,
v, sr?t, sn?*, Pt*t, Pd%t, Pb2*, Ag™, and Hg?" were selected to
examine for the selectivity of this biomass-based CDs to detect Hg?*.

In a 1.5 mL centrifuge tube,500.0 pL 100.0 pmol/L of Hg?* solution
was added into 500.0 pL 100.0 pg/mL CDs solution, mixed thoroughly,
reacted in a B-R buffer pH 6.8 for 30.0 min at room temperature. The
mixture solution was centrifuged at 10000 rpm for 10.0 min. The su-
pernatant and the precipitate were then taken for a Hg?" concentration
test by ICP-AES.

2.5. Testing of actual samples

Pond water, lake water, and tap water were randomly collected from
the Karst Park, Yueshanhu Park, and the laboratory faucet (Guiyang,
China), respectively. The tap water was used without any pre-treatment.
The pond water and lake water were centrifuged (4000.00 rmp,
15.0 min) and filtered through a 0.22 pm filter to remove the probably
suspended particles.

2.5.1. Detection of HZ®" in tap and lake water
The application of the established method to tap and lake water was
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investigated by the spiking method. 1.5 mL lake water and 1.5 mL tap
water were added to 1.5 mL 12.5 pg/mL CDs solution, respectively. The
solutions were thoroughly mixed and incubated for 30.0 min at room
temperature. Finally, the fluorescence emission spectra were measured
at 420 nm excitation wavelength.

2.5.2. Removal Of H82+ from pond water samples

The pond water was applied to investigate the practicality of this
biomass-based CDs to removal of Hg?". The removal experiment was
carried out at room temperature. In detail, HgSO4 standard solution
were spiked in the water sample to obtained 60.0-200.0 pM spiking
level. Then 1.5 mL above Hg?* spiking water samples were mixed with
1.5 mL 100 pg/mL CDs, respectively. After reaction for 30.0 min, the
Hg2+—CDs complexes were separated from the mother liquor by centri-
fugation. Next, the content of residual Hg?" in the supernatant was
determined by ICP-AES. Finally, the removal efficiency of CDs on Hg*
was calculated as follows: removal efficiency (%) = (Cy-C)/Cop, where Co
and C are the initial concentration of Hg?" added and the concentration
of residual ion in the supernatant, respectively.

2.6. Cell viability assay

Human cervical carcinoma HeLa cells were selected as the model to
assess the environmental safety of this biomass-based CDs through
exploring its effect toward cell viability. The HeLa cells were cultured
with Dulbecco’s modified Eagle’s medium (DMEM, 10.0 % fetal bovine
serum, 100.0 mg/L streptomycin, and 100.0 U/mL penicillin) at 37.0 °C
in a humidified incubator containing 5.0 % CO5 and 95.0 % air. For
performing the cell viability assay, ~ 5000 HeLa cells were planted into
a 96-well plate to culture in 100.0 pL fresh DMEM medium for 24.0 h in
the humidified incubator. Then, the medium in each well was carefully
replaced with 100.0 pL fresh DMEM medium containing different con-
centrations of this biomass-based CDs at 0 (control), 0.01, 0.02, 0.05,
0.1, 0.2, 0.3, 0.5, 1.0, and 2.0 mg/mL for incubation at 37.0°C,
respectively. After 24.0 h, 50.0 pL, 1.0 mg/mL of MTT reagent was
added into each well to carry out another 4.0 h incubation at 37.0 °C.
Subsequently, the medium in each well was removed and further added
with 150.0 uL. DMSO. After 20.0 min shaking, the absorbance values at
490 nm of all wells were captured to assess the cell viability with the
absorbance ratio before and after treatment with this biomass-based
CDs. The involve all data were repeated three times at least.

3. Results and discussions
3.1. Synthesis and characterization of the biomass-based CDs

TEM image illustrated that the GSH assisting waste tobacco leaf-
derived biomass-based CDs displayed a good monodispersity (Fig. 1A),
with an average diameter of about 3.4 nm (Fig. 1B). Moreover, the high-
resolution TEM (HRTEM) image showed the clear lattice stripes with
0.22 nm spacing, corresponding to the (100) face of graphite (inset of
Fig. 1A).

Meanwhile, this biomass-based CDs exhibited a clear XRD diffraction
peak at 26 = 21.3°, assigning to the (002) face of the graphite crystal
type (Fig. S1A). By profiling the Raman spectrum, this biomass-based
CDs showed two characterize peaks at ~ 1340 and 1590 cm™!
(Fig. S1B). The former absorbance was primarily attributed to the
disordered D-band of sp® defects, while the latter was resulting from the
crystalline G-band of the in-plane vibrations of sp® carbon. These results
clearly implied that this biomass-based CDs was a graphite-like struc-
ture. Next, the elemental composition of this biomass-based CDs was
investigated by XPS analysis. From the full scan XPS spectrum, this
biomass-based CDs could be mainly composed of C (285.1 eV), N
(400.8 eV), O (531.4eV), and S (163.9eV) elements, respectively
(Fig. 2 A). Therefore, the four peaks of 285.3, 286.1, 287.2, and
288.4 eV in the high-resolution C 1 s spectrum were probably attributed
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Fig. 1. (A) TEM image (inset: HRTEM image) and (B) particle size distribution of this biomass-based CDs.
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Fig. 2. (A) XPS spectrum and (B) FTIR spectrum of this biomass-based CDs.

to C-S, C-C/C-N, C-O, and C=0/C—=N/C=S bonds, respectively
(Fig. S2A) [37,38]. Likewise, two peaks of 533.7 eV and 534.9 eV in the
high-resolution O 1s spectrum indicated the existence C—=O and
C-OH/C-0O-C bonds (Fig. S2B) [39]. Besides, the high-resolution N 1 s
spectrum of this biomass-based CDs (Fig. S2C) showed that there were
three peaks at 400.3, 401.0, and 401.7 eV, probably ascribable to the
nitrogen species in the forms of C=N, N-C, and N-H, respectively [40,
41]. To further profile the high-resolution S 2p spectrum, two peaks at
163.8 and 164.7 eV indicated the S 2p3,2, S 2p1/2, and the existence of
C-S bond on this biomass-based CDs (Fig. S2D). In combination with the
FT-IR analysis (Fig. 2B), the absorption band at 3422 cm ™! proved the
O-H and N-H stretching vibration, indicating the presence of -NH; and

>

—OH groups on the surface of this biomass-based CDs [40,41]. The ab-
sorption band at 2935 cm ™! was resulting from the symmetric stretching
vibration of the aliphatic C-H bond. The absorption band at 1637 and
1385 cm™! could be identified as the symmetric and asymmetric
stretching vibration of the C=0, C-N/N-H/COO’, and C-O-C/C-O
group, respectively. Notably, the absorption bands at 1079 and
1040 cm™! belonged to the C-S and oxidized S bonds [18]. Based on
these aforementioned results, there were abundant -NH,, -COOH, -OH
and C-S groups on the surface of this biomass-based CDs, endowing it
good hydrophilicity and easy surface modification.

Having confirmed the successful synthesis of this GSH assisting waste
tobacco leaf-derived biomass-based CDs, its optical properties were then
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Fig. 3. (A) UV-vis absorption (blue), excitation (black) and emission (red) spectra of this biomass-based CDs; (B) Emission-dependent properties of this biomass-

based CDs.
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examined. As discovered in Fig. 3 A, this biomass-based CDs aqueous
solution showed obvious green colour, with two characteristic absorp-
tion peaks at 420 and 652 nm, assigning to the n-n * electron transitions
of the C=0 bond [18,42]. As shown in Fig. 3B, when the excitation
wavelength changed, the fluorescence emission peak shape and the in-
tensity changed as well, indicating the excitation-dependent properties
of this biomass-based CDs, which could be related to its surface oxida-
tion degree. By fixing the maximum excitation wavelength at 420 nm,
this biomass-based CDs showed a red fluorescence emission at 652 nm,
with a bright red fluorescence colour in aqueous solution upon a 420 nm
light excitation. Of particular mention was that this biomass-based CDs
possessed a remarkable Stokes shift (232 nm) emission, which could be
beneficial to avoid the overlap between excitation and emission, and to
improve the detection sensitivity. We obtained this biomass-based CDs
with a quantum yield of 11.04%. Moreover, the fluorescence emission of
this biomass-based CDs aqueous solution remained stable in different
PH, high ionic strength and under more than 100.0 min irradiation time
(Fig. S3 & S4), implying excellent stability of this biomass-based CDs in
aqueous solution.

3.2. Fluorescence assay of this biomass-based CDs toward Hg?*

Encouraged by theses satisfactory features of this biomass-based in
aforementioned aqueous solution, we then evaluated its selective fluo-
rescence response ability for Hg?t over other metal ions (e.g., Al*,
Ba2*, Ca2t, Cd2*, Co?*, Cu?*, Fe®™, Mg?", Mn2", Ni2*, Zn2*, V3F, V2,
sr?t, sn?*, pt*t, Pd%t, Pb2*, Ag*, and Hg?") in aqueous solution. The
corresponding results showed that only Hg?" could quench the fluo-
rescence of this biomass-based CDs, while there was no significant effect
of other metal ions on that of this biomass-based CDs in the same con-
ditions. Which suggests a high selectivity of this biomass-based CDs for
Hg?t and thereby implying the feasibility of Hg?* monitoring (Fig. 4A).
To further verify its suitability in actual environmental media, the
interference experiments were carried out. As shown in Fig. 4B, only
Sn?* had a weak effect on the Hg?'-triggered CDs fluorescence
quenching, indicating that this biomass-based CDs exhibited a remark-
ably high selectivity and potential for Hg?" monitoring in real envi-
ronment media. This might result from the strong interaction of Hg*
toward the surface functional groups of this biomass-based CDs.

Driven by this, four important factors of this biomass-based CDs
responding to Hg?" were optimized, including pH, CDs concentration,
incubation time and temperature. As illustrated in Fig. 5A, there was
insignificant pH effect on the Hg?"-trigged the fluorescence quenching
efficiency (1-F/Fp) of this biomass-based CDs among the pH value
ranging from 2.0 to 12.0. Meanwhile, it could be seen from the Fig. 5B
that the maximum Hg?*-trigged fluorescence quenching efficiency
appeared at the 12.5 pg/mL of this biomass-based CDs. Similarly, as
displayed in Fig. 5C & D, the maximum Hg?'-trigged fluorescence
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quenching efficiency for this biomass-based CDs appeared at 20.0 °C
after 30.0 min reaction.

Having explored the optimal experimental conditions, we continued
to examine the analytical sensitivity of this biomass-based CDs for Hg?*
in B-R buffer. As described in Fig. 6A & B, under the optimal experi-
mental conditions, there was a Hg?" concentration-dependent fluores-
cence quenching of this biomass-based CDs at 652 nm in the range from
0.0 to 100.0 uM. By plotting the fluorescence quenching efficiency
versus Hg2+ concentration, a calibration curve was populated with a
linear expression of (1-F/Fy) = 0.05107 C + 0.08143 (correlation coef-
ficient R = 0.9994) in the range from 0.09 to 16.25 M (Inset of
Fig. 6B). The corresponding detection limit (30/slope) of this biomass-
based CDs toward Hg?" was determined as 0.4474 puM.

Comparing with other reported fluorescence assay (Table 1), the
detection limit of this biomass-based CDs for HgZ" was comparable or
even lower.

3.3. Monitoring H?" in actual samples

To evaluate the feasibility of this biomass-based CDs for Hg"
monitoring in actual samples, this biomass-based CDs were applied to
monitor Hg?" in environmental lake and tap water. Since no residues of
Hg?" were detected in these samples, spike and recovery experiments
were performed. A series of different concentrations (i.e., 4.00, 8.00, &
10.00 uM) of Hg?* were added to these samples for quantitative analysis
with this proposed biomass-based CDs. As listed in Table 2, the recovery
of this biomass-based CDs for Hg?* monitoring in the range from 92.07
% to 102.00 % indicated a good accuracy of this biomass-based CDs for
Hg?" assay. Moreover, the relative standard deviations (R.S.D.) among
the range of 1.05 % — 3.80 % suggested that this biomass-based CDs
exhibited a good repeatability for Hg?* detection in real environmental
water samples. More significantly, these results of this biomass-based
CDs for Hg?" monitoring in actual water samples almost aligned with
that of the detection results with ICP-AES. All these results strongly
illustrated that this biomass-based CDs could be highly applicable for the
precise detection of Hg?" in actual environmental samples. Which
showed an excellent potential for applications in environmental pollu-
tion traceability analysis with simple, rapid, economic, and eco-friendly
merits.

3.4. Interaction mechanism of this biomass-based CDs with Hg>*

Having illustrated the good fluorescence response of this biomass-
based CDs toward Hg?* in aqueous solution, the interaction mecha-
nism of this biomass-based CDs with Hg?" was subsequently examined.
As the most intuitive technique for exploring the interaction informa-
tion, the absorption spectra of this biomass-based CDs before and after
incubation with Hg?" were studied. As discovered in Fig. 7A, the

(B)

0.9 +

== 2.5 uM Hg™*
= 2.5 M Hg? + 25 uM M

Fig. 4. (A) Selectivity of CDs for the detection of Hg?" ([CDs] =12.5 pg/mL, [M"*] =25 uM). (B) The effects of interfering metal ions on the detection of Hg?" using
CDs. [CDs] = 12.5 pg/mL, reaction in B-R buffer (pH 6.8) for 30.0 min at room temperature.
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1-F/F, vs [Hg?*] in the range of 0.09 16.25 pM (n = 3).

introduced Hg?" could cause the intensity decrease in the absorption
peaks of this biomass-based CDs both at 420 and 652 nm, accompanied
by obvious red-shift of these two absorption peaks, suggesting a strong
binding of CDs with Hg?* for resulting in the increase of CDs surface
polarity as well as its size (Table S1) [49]. As exhibited in Fig. 7B,
through fluorescence lifetime measurements, the negligible lifetime
changed of CDs before (3.7814 ns) and after (3.7228 ns) incubation with
Hg?t excluded the fluorescence resonance energy transfer behavior in
the fluorescence response of this biomass-based CDs toward Hg?*. In
this case, as shown in Fig. 7C, by performing centrifugation, there was
an obvious separated layer, i.e., the supernatant was almost colorless,
while a large amount of precipitation appeared in the sublayer, indi-
cating that Hg?* could induce the aggregation of this biomass-based CDs

to further cause its fluorescence quenching via the aggregation-caused
quenching (ACQ) mechanism.

From the XPS and FT-IR characterization results above, there were
abundant -NH,, -COOH, -OH, and C-S groups on the surface of this
biomass-based CDs, which have been confirmed to display high coor-
dination abilities with metal ions [50-52]. To confirm these points, we
then explored the roles of these functional groups in Hg?*-triggered
aggregation behavior of this biomass-based CDs. These functional
groups were protected respectively based on surface chemistry strategy,
and the protection was confirmed to be successful by FTIR and 'HNMR
(Fig. S5). Considering the weak binding constants of sodium 1,3-pro-
pane sulfonate (PS) to metal ions, PS was chosen experimentally as
the passivating reagent to protect -NHy, -COOH, and —OH groups on this
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Table 1
Comparison of the prepared biomass-based CDs with other materials for detecting and removing Hg?*.
Probe Method Linear Detection limit Removal Ref
range (M) efficiency
(uM) (%)
Carbon dots Fluorescence 0.01 - 2.50 3.6 x 1073 N.M. [43]
Carbon dots Fluorescence 0 - 400 0.9 N.M. [44]
N-Carbon dots Fluorescence 0.1-5.0 0.019 N.M. [45]
B/N-Carbon dots Fluorescence 5-175 2.8 N.M. [46]
Carbon dots Fluorescence 1.18-47 0.67 N.M. (Yang, Cui et al. 2020)
Polymeric Probe Fluorescence 1x10°%-1.0 1.5 x 1072 94 [47]
Polymeric Nanospheres Fluorescence 0-200 0.012 99.9 [48]
CDs Fluorescence 0.09 - 16.25 0.4474 99.4 our work

N.M. means “not mentioned”.

biomass-based CDs, achieving the passive CDs was named as CDs-PS

Table? o . L . [53]. In this case, the Hg?"-triggered fluorescence quenching behavior

]s)t:f;:rlzlga(c)lfi:iin nlizltrllf) ;.1115 biomass-based CDs in lake and tap water by the of. CDs—PS. still. occurred, but was much lower than that free CDs

(Fig. 8A), implying that other groups (NH3, -COOH, and —OH groups) on

Sample Added/  Found Recovery ~ R.SD. ICP-AES the surface of this biomass-based CDs also played a significant role in

(M) 7 (uM) 7 8 /(=3 %) / (M) Hg?*-triggered its fluorescence quenching behavior. Despite this, the

4.000 4.080 102.0 3.800 3.832 contribution of S-Hg bond to the CDs aggregation was only part, owing

Lake water 8.000 7-890 98.62 3.410 7.916 to the relatively low fluorescence quenching efficiency of Hg?" toward
12.00 11.06 92.17 2.970 12.43 i . .

4.000 3.840 96.00 1.050 3.862 the pe;sswe CDs-PS, implying that the other groups could also play a role

Tap water 8.000 8.130 101.6 3.550 7.548 in Hg *.induced CDs aggregation. Since esters were easily hydrolyzed to

12.00 11.75 97.92 2.800 12.32 form original carboxylic acids under alkaline conditions but others not,

CDs-PS was put into a NaOH solution in a water bath, and a sample
protecting only -NH; and —~OH groups were obtained, which was called
as CDs-PS-NaOH [53]. Meanwhile, the 4-sulfophenyl isothiocyanate
(SPI) was further chosen as a passive reagent to protect the -NH; group
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Fig. 7. UV-vis absorption spectra (A), fluorescence decay curves (B) and photographs (C) of CDs before and after interaction with Hg2+. [CDs] = 100.0 pg/mL, [
Hg2+] = 100.0 pM, reaction in B-R buffer (pH 6.8) for 30.0 min at room temperature.
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Fig. 8. (A) Quenching efficiency of CDs, CDs-SPI, CDs-PS, and CDs-PS-NaOH under different concentrations of Hg2 ". [CDs], [CDs-SPI], [CDs-PS], [CDs-PS-NaOH] are
100.0 pg/mL, Hg2+ concentration from 0.0 to 25.0 pM. (B) Selectivity of CDs-SPI, CDs-PS, and CDs-PS-NaOH towards Hg2+. [CDs-SPI], [CDs-PS], and [CDs-PS-
NaOH] are 12.5 pM, [M""] = 2.5 pM.
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on this CDs, yielding the passive CDs was named as CDs-SPI [54,55]. On
this occasion, we noticed that the Hg?*-triggered quenching efficiency
for CDs-PS-NaOH was lower than that for free CDs, but higher than that
for CDs-PS. Apart from this, when the Hg?" concentration was below
16.0 uM, the Hg?'-triggered fluorescence quenching efficiency of
CDs-SPI was lower than that of free CDs. These findings probably proved
the significant role of -COOH, -NH; and —~OH groups in the Hg?*-trig-
gered CDs aggregation. Additionally, as displayed in Fig. 8B, the fluo-
rescence response of CDs-SPI, CDs-PS and CDs-PS-NaOH to the following
metal ions were evaluated, including MgZ*, AI**, Mn?*, V3*, Ag*, Fe®*,
sn2*, pd2", Ni2*, Ba2*, V2*, Ca2*, Co?*, Pt*t, Cd2*, Pb2", Sr2*, Zn2",
and Hg?". The results showed that the modified CDs had no effect on the
selectivity of metal ions and still maintained a high specificity for Hg?*.

It has been reported that Hg?" exhibited a relatively high affinity
toward biothiols (e.g., L-Cys, GSH, or Hcy) via Hg-S bond, whose
binding constant was ~10 orders of magnitude larger than those of other
nucleophiles under the same conditions [6]. In combination with the
existence of C-S groups on the surface of this biomass-based CDs, we
speculated that S-Hg bond was contributable to the Hg?*-induced CDs
aggregation. To confirm this, the competition effects of biothiols on
Hg?*-triggered CDs fluorescence quenching were examined. As depicted
in Fig. 9A to D, the typical biothiols such as Hcy, L-Cys, and GSH were
capable of interfering and impairing the fluorescence quenching effi-
ciency of this biomass-based CDs caused by Hg?*, clearly revealing the
formation of S-Hg bond on the surface of this biomass-based CDs to
facilitate its aggregation. Based on this, this study also constructed a
highly sensitive and selective “off — on” method for the detection of
biothiols using this biomass CDs as a fluorescent probe (Fig. S6 & S7).

According to the primary analysis above, we could be convinced that
Hg?"-induced the aggregation of this biomass-based CDs was due to the
synergistic Hg-S bond and the coordination effects of the Hg?" to the
abundant -COOH, -NHj and ~OH groups on the surfaces of this biomass-
based CDs.
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3.5. Exploration of the HZ>" removal

Having confirmed the Hg?*-induced CDs aggregation, we next tried
to examine the removal ability of this biomass-based CDs for Hg?" in the
polluted aqueous media. 100.0 pg/mL CDs was added into 100.0 pM
Hg?" aqueous solution for 30.0 min mixing. After incubation of CDs
with Hg?*, the color of this biomass-based CDs solution changed from
green to yellow. With the assistance of centrifugation, there appeared
precipitation. The ngJr content in the precipitation was measured with
classical ICP-AES. The results showed that 0.5488 uM of detectable Hg?"
remained in the supernatant. In this case, the settling efficiency of Hg?*
in the precipitation reached to be ~ 99.4 %, implying that the removal
efficiency of this biomass-based CDs for Hg?* could reach to be ~ 99.4
%. As compared with other reported removal materials for Hg2+
(Table 1), this proposed biomass-based CDs displayed a comparable or
even better removal ability for Hg". Besides, the removal conditions of
this biomass-based CDs for Hg?* were optimized. The optimal reaction
time and biomass-based CDs concentration were 30.0 min and
100.0 pg/mL. As shown in Fig. 10A, this proposed biomass-based CDs
removed > 97.0 % of Hg?" within 20.0 min. Meanwhile, the removal
efficiency of this biomass-based CDs for Hg?t gradually increased with
the increase of this biomass-based CDs concentration, and the removal
efficiency was > 99 % at the concentration of this biomass-based CDs at
100.0 pg/mL (Fig. 10B). Notably, the influences of the co-existed metal
ions (e.g., AI**, Fe2*, cr®F, cu?t, Mg?t, Pb2*, Co?™, Ni%*, Cd?t, & Ca?t)
on the removal efficiency of this biomass-based CDs for Hg?" remained
above 94.0% within 30.0 min (Fig. 10C).

To reveal the practicability of this biomass-based CDs for Hg?"
removal, it was used to remove Hg?" from the spiked pond water. As
shown in Fig. 11A & B, the amount of Hg?>* could be reduced to 7.37,
7.09, 8.94 and 24.55 pM by precipitation removal treatment at the
standard levels of 60.0, 80.0, 100.0, and 200.0 pM. The removal effi-
ciencies were 87.72 %, 91.13 % 91.06 %, and 90.18 %, respectively.
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Fig. 9. FL response of CDs—Hg2+ system to Hcy (A), GSH (B), and L-Cys (C) with different concentrations. [CDs] = 12.5 pg/mL, [Hg2+] = 2.5 pM, [Heyl, [GSH], and
[L-Cys] concentration from 0.0 — 100.0 uM; (D) The inhibition of the quenching efficiency of Hey, GSH and L-Cys to CDs-Hg?" system.
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Fig. 11. (A) Application of this biomass-based CDs for Hg>* removal from pond water. Sample 1-4 denotes the 60.0, 80.0, 100.0, 200.0 pM spike levels, respectively.

[CDs] = 100.0 pg/mL, reaction for 30.0 min at room temperature. (B) Hg2+

removal ability of this biomass-based CDs at different spiked levels. (C) Cell viability for

Hela cells in the presence of this biomass-based CDs with different concentrations (0.0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 mg/mL).

It is well-known that the environmental safety could be regarded as
one of the important parameters to evaluate the popularization and
application of the anti-fouling materials. Regarding this, we finally
conducted the risk assessment of this biomass-based CDs toward the
environmental safety through exploring its effect on the cell viability.
We adopted the classic standard 3-(4,5-dimethylthiazol-2-yl)— 2,5-
diphenyltetrazolium bromide (MTT) assay to evaluate the cytotoxicity
of this biomass-based CDs on living human cervical carcinoma HeLa
cells. As depicted in Fig. 11 C, after HeLa cell exposure toward this
biomass-based CDs for over 24.0 h, the cell viability remained over
91.19%, even the concentration of this biomass-based CDs at 2.0 mg/
mL, which was 20.0-fold higher than that applied in the test of Hg?*
removal, suggesting that this biomass-based CDs possessed a very low
cytotoxicity. This fact strongly illustrated that this GSH assisting waste
tobacco leaf-derived biomass-based CDs had a prominent biocompati-
bility to satisfy the eco-friendly demand in the application of removing
Hg?* from waste water.

4. Conclusions

In conclusion, a novel dual-functional biomass-based CDs derived
from GSH assisting the waste tobacco leaf has been successfully syn-
thesized for simultaneously precise fluorescence traceability and high-
efficient removal of Hg?" pollution in environmental matrices.
Through optical analysis, this biomass-based CDs possessed a red fluo-
rescence emission at ~ 652 nm with a remarkable Stokes shift of ~
232 nm, which was beneficial to reduce/avoid the background signal
interference for developing a reliable and highly sensitive fluorescence
assay for Hg2+ monitoring in real environmental water samples with a

low LOD of 0.45 uM. By profiling the response mechanism, Hg?" could
selectively trigger the aggregation of this biomass-based CDs via the
synergistic Hg-S bond and the coordination effects of the Hg?" to the
abundant -COOH, -NH; and —~OH groups on the surfaces of this biomass-
based CDs, ultimately resulting in the fluorescence quenching of this
biomass-based CDs via ACQ mechanism. Additionally, this Hg?"-trig-
gered aggregation behavior could facilitate the effective embedding and
encapsulation of Hg?" by into the aggregated CDs, which could yield the
separation of Hg?" for further removal with a high efficiency of 99.4% in
wastewater in a rapid, simple, low-cost, and eco-friendly way. This work
not only exhibited the novel insight into recycling the waste tobacco leaf
for sustainable development, but also revealed the great potential of its
derived biomass-based CDs for simultaneous monitoring and removal of
Hg?" in wastewater, which could be of great significance for both
fundamental studies and practical applications.
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