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Abstract
The poor �uorescence performance of lignin-based carbon quantum dots (L-CQDs) prepared using the
bottom-up method has hindered their development. In this study, a two-step strategy was proposed to
e�ciently enhance the �uorescence properties of L-CQDs. Lignin was �rst cracked using an ethanol
supercritical/noble metal catalyst; then, the L-CQDs were prepared with the cracked lignin fragments as
carbon precursors without adding any modi�ed reagents. Compared with the OL-CQDs prepared by the
traditional one-pot hydrothermal method, the L-CQDs-1 prepared from CL-1 containing much low
molecular weight compounds, and have photoluminescence (increased from 63 to 975) and excellent up-
conversion photoluminescence (enhanced by 16.3 to 963), which signi�cantly enhanced by about 15
times and 60 times, respectively. They can emit bright blue �uorescence under both ultraviolet and near-
infrared light irradiation owing to a large amount of surface defects caused by the rich compound
composition. When L-CQDs-1 were combined with, and quenched by folic acid (FA), the prepared FA@L-
CQDs-1 show the ability to target and label tumor cells. This study opens new avenues for the preparation
of L-CQDs with high �uorescence performance using lignocellulosic material without heteroatom
additives.

1 Introduction
Since the discovery of carbon quantum dots (CQDs) nearly 20 years ago [1], numerous researchers have
explored different raw materials and methods to prepare these highly biocompatible nano�uorescent
materials [2–8]. Recently, CQDs have formed a complete system for applications in sensing, medicine,
and photocatalysis [7, 9–11]. Using small organic molecules as the carbon source is the main method to
prepare high-property CQDs by a "bottom-up" method [12–14]. Because biomass is renewable, widely
distributed, and rich in carbon resources, an increasing number of researchers have sought to use
biomass materials as carbon sources to prepare CQDs to reduce their preparation cost and maximize the
bene�ts of biomass [15–18]. Lignocellulose accounts for the largest proportion of natural biomass
resources, therefore dominating the research in this �eld [19]. However, compared with the CQDs prepared
with small organic molecules, lignocellulose-based CQDs exhibit an uneven size distribution and poor
�uorescence performance.

Lignocellulosic biomass is the most abundant natural biopolymer in the world [20–22], which has been
widely used in energy storage [23–29], electromagnetic interference shielding [30, 31], oil exploration [32],
biosensors [33] and many other �elds [34, 35]. Among them, lignin is a macromolecular polymer
containing various aromatic structures, and its content is second only to cellulose in lignocellulose
resources. However, lignin is usually used as a low-value fuel in the paper industry along with the
concentration of black liquor, and its high-value utilization rate is the lowest among the three components
of lignocellulose [36, 37]. The realization of high-value utilization of lignin is essential for the valorization
of biomass resources. On the other hand, the large number of aromatic structures contained in lignin
makes it an ideal raw material for the preparation of CQDs with highly graphitized structures [38].
However, the formation of lignin-based CQDs (L-CQDs), unlike the direct polymerization of small-molecule
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carbon sources, primarily includes the depolymerization of lignin macromolecules into small molecules
and the repolymerization of small molecules into highly graphitized CQDs through aromatization
reactions [16, 39, 40]. Moreover, the lignin aromatic structural units are tightly bound by ether and carbon-
carbon bonds, and conventional bottom-up reaction conditions hardly separate the aromatic units.
Typically, the depolymerization is accompanies with re-polymerization in the preparation of L-CQDs,
resulting in signi�cant randomness and most of the lignin being carbonized before polymerization. These
issues in the preparation of L-CQDs signi�cantly hinder the formation of high �uorescence intensity L-
CQDs and further limit their application. Improving the �uorescence intensity of L-CQDs is the key to
expanding their development. Since the �rst report of using lignin to synthesize CQDs in 2016 [41],
various studies have chosen the same method as small-molecule carbon sources by introducing
heteroatomic groups such as N, P, S or metal atoms in the bottom-up reaction process to enhance their
�uorescence properties [42–45]. However, the improvement in the �uorescence performance of L-CQDs is
still limited, and these introduced groups may restrict their application, especially by easily deteriorating
their biocompatibility. Based on the mechanism of lignin-forming CQDs, we speculate that if the lignin is
�rst cracked into low-molecular-weight compounds by an external process and then used as a raw
material to prepare CQDs, the �uorescence properties of L-CQDs will be improved. The high �uorescence
properties of L-CQDs prepared using a single lignin as the carbon source without the addition of
modi�cation reagents will also result in better biocompatibility than those prepared by doping
heteroatomic groups or metal atoms, expanding their application value in biomedicine.

In this study, drawing on the principle of traditional supercritical catalytic cracking of lignin to produce
bio-oil, we used Pd/C as a catalyst to fragment lignin macromolecules to obtain excellent carbon
precursors for the preparation of CQDs with high �uorescence characteristics. Because the vapor
pressure of ethanol at 260°C easily causes the catalytic reaction to reach a supercritical state to intensify
the cleavage of lignin, ethanol can be converted into acetaldehyde and further produce H2 [46]. H2 is
introduced to rupture the plentiful β-O-4 bonds in lignin, forming phenolic hydroxyl at the broken end of
the ether bond and breaking lignin macromolecules [47, 48]. Ethanol was used as a solvent in the Pd/C
catalytic reaction. The effects of different catalytic and critical conditions on the composition and
molecular weight of the cracked lignin products were explored. Thereafter, L-CQDs were prepared using
the cracked lignin products as the raw material. Based on the chemical, optical, and topological
properties of L-CQDs, the in�uence of hydrogenolysis conditions and catalyst addition on their properties
was discussed, and the optimal catalytic cracking process was determined. Finally, the ability of the L-
CQDs to target tumor cells was veri�ed by binding L-CQDs to the targeting agent, folic acid. This study
provides guidance for the preparation of high-performance CQDs using biomass resources and broadens
their applications.

2 Experimental Section

2.1 Materials
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Alkali lignin (powder) and palladium carbon (Pd/C) catalysts were purchased from Sigma-Aldrich Co.,
Ltd. (USA). Ethanol (99.7%), quinine sulfate, dimethyl sulfoxide (DMSO), and folic acid (FA, for cell and
insect cell cultures) were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Fetal bovine serum (FBS), 1640 medium, MEM, and trypsin were purchased from Biological Industries
Co., Ltd. (Israel). All reagents were used as received. Ultrapure water was obtained using a Milli-Q
ultrapure water puri�cation system (Merck KGaA, Germany).

2.2 Supercritical/non-critical catalytic cracking of lignin
4.8 g of alkali lignin, 0.48 g of the Pd/C catalyst and 240 mL of absolute ethanol were added to the
quartz liner of a 500 mL high-pressure reactor. The quartz liner was then quickly placed into the reactor,
closed, and stirred (100 rpm). The reactor was heated to 260°C and maintained at that temperature for 8
h. When the reaction time was reached, a cooling coil was used to stop the reaction, and when the
temperature dropped to approximately 30°C, the reactor was opened. After all reaction products were
removed, 50 mL of ethanol was used to wash the reaction kettle, and the washing solution was mixed
with the products. Finally, the products were �ltered using suction �ltration with a 0.45-µm microporous
membrane, and the cracked lignin (CL) sample was denoted as CL-1. Three groups of control samples
were prepared by changing the reaction conditions, namely CL-2, CL-3, and CL-4, respectively. The
preparation conditions for CL-2, CL-3, and CL-4 were as follows:

CL-2: The reaction conditions were the same as those for CL-1, but without the addition of the Pd/C
catalyst.

CL-3: The reaction temperature was 220°C. The remainder of the operation was the same as that of CL-1.

CL-4: The reaction temperature was set to 220°C and no Pd/C catalyst was added.

The solid products were repeatedly washed with ethanol and dried, and the CL conversion rate was
calculated as follows:

1

2.3 Preparation of L-CQDs with the solvothermal method
CL (30 mL) was added to a 50 mL PTFE-lined reactor, and then heated to 180°C in an oven and
maintained at that temperature for 12 h. After this instant, the reaction was terminated by quickly �ushing
the reactor shell with ice water. Thereafter, the solid particles were removed via �ltration through a 0.22-
µm microporous membrane, and the resulting liquid was dialyzed in ultrapure water for 48 h with a
dialysis bag (MWCO = 500 Da) to remove incomplete small molecules. Ultra-pure water was changed
every 6 h. Finally, the excess solvent was removed using a parallel concentrator, and the solid product
was obtained by freeze-drying and named L-CQDs. The L-CQDs prepared using the four CL types were

Conversion (%) = (1 − ) × 100%
msolidproduct − mPd/Ccatalyst

mlignin
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named L-CQDs-1, L-CQDs-2, L-CQDs-3, and L-CQDs-4, respectively. Unlike our previous studies [40, 45], the
prepared L-CQDs were in the form of a paste rather than a powder. The preparation process of L-CQDs is
shown in Scheme 1. In addition, 0.1 g of alkali lignin and 30 mL of deionized water were used as solvents
to prepare traditional hydrothermal lignin-based CQDs under the same experimental conditions described
above, which were denoted as OL-CQDs.

2.4 Quantum yield
The quantum yields (QYs) of the L-CQDs were calculated using quinine sulfate (dissolved in 0.05 mol/L
sulfuric acid; QY = 54%) as a reference. The QY of the L-CQDs were calculated at the optimal excitation
wavelength for each sample using the following formula:

2
,

where QY is the quantum yield of the L-CQDs, qs is the quinine sulfate reference solution, S is the integral
area of the �uorescence peak in the photoluminescence (PL) spectra of the L-CQDs, A is the absorbance
of the L-CQDs at the excitation wavelength, and  represents the refractive index of the solution.

2.5 Characterization of CL and CQDs
The relative molecular weight and polydispersity (PDI) of the CL samples under different cracking
conditions were measured using gel permeation chromatography (GPC; Agilent PL-GPC50, USA) with
DMSO as the mobile phase. The compositions of the CL samples were tested using gas chromatography-
mass spectrometry (GC-MS; Agilent 7890A GC-5975C MS, USA) with a HP-5MS column. The CL was �rst
condensed to one-�fth of its original volume and then tested by GC-MS. The GC-MS conditions were as
follows: the split ratio was 1:50, the helium �ow rate was 1.8 mL/min, the injection volume was set at 1
µL, the injection temperature was set at 280°C, and the column temperature was maintained at 60°C for 2
min, then heated to 250°C at a heating rate of 10°C/min, and maintained for another 5 min.

An ultraviolet-visible (UV-vis) spectrophotometer (Hitachi u-4100 UV-vis, Japan) was used to obtain UV-vis
absorption spectra of the CQDs. The �uoroluminescence (FL) of the CQDs was measured using a
�uorescence spectrophotometer (RF-5301PC, Hitachi, Japan). During the FL measurement, the slit widths
of the excitation and emission lights were both 5 nm, and ordinal-valued PL spectra were used to quantify
the �uorescence intensity. A Fourier transform infrared (FTIR; Bruker TENSOR II, Germany) spectrometer
operated in attenuated total re�ectance (ATR) mode was used to elucidate the chemical structure of the
L-CQDs. X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scienti�cTM K-alpha+, USA) was used to
measure the carbon and oxygen contents, as well as the functional group compositions on the surfaces
of the CQDs. The full-scan XPS spectra were recorded �rst, followed by the narrow-scan C 1s and O 1s
spectra. The L-CQD microstructure was observed by transmission electron microscopy (TEM; FEI TECNAI

QY = QYqs ∙ ∙ ∙
S

Sqs

Aqs

A

2

2
qs
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G2 F30, USA) at an acceleration voltage of 300 kV. The three-dimensional (3D) morphology of the L-CQDs
was observed using atomic force microscopy (AFM; Bruker Dimension Icon, Germany).

2.6 Cell experiments of L-CQDs

2.6.1 Cytotoxicity and cell imaging
HepG2 and L02 cells in the logarithmic growth phase were collected, and the cells were counted and
seeded in laser confocal dishes at 4×103 cells/well containing different media (MEM medium with 10%
FBS for HepG2 cells and 1640 medium with 20% FBS for L02 cells). L-CQDs-1 and OL-CQDs were
separately dissolved in the medium at a concentration of 1 mg/mL. The cells were then incubated for 24
h in a constant-temperature incubator at 37°C and 5% CO2. Finally, cytotoxicity was tested using the CKK-
8 method, and the images of the two cells were captured using a laser scanning confocal microscope
(LSCM) at excitation wavelengths of 405 nm and 635 nm.

2.6.2 Preparation of FA@L-CQDs-1 and its targeted
recognition to cancer cells
40 µL of 0.1 mol/mL FA solution was added to 4 mL of 1 mg/mL L-CQDs-1 and mixed well using a vortex
shaker, which was denoted as FA@L-CQDs-1. At this instant, the �uorescence of the solution was
signi�cantly quenched. HepG2 and L02 cells in the logarithmic growth stage were collected, and after cell
counting, the cells were seeded in laser confocal dishes at 4×103 cells/well containing different media
(MEM medium with 10% FBS for HepG2 cells and 1640 medium with 20% FBS for L02 cells). The FA@L-
CQDs-1 solution was added dropwise to the cells and incubated for 24 h at 37°C in an incubator
containing 5% CO2. After incubation, the cytotoxicity was tested using the CKK-8 method, and the images
of the two cells were taken at excitation wavelengths of 405 and 635 nm using an LSCM.

2.7 Animal in-vivo imaging experiments
First, several nude mice were adaptively fed for a week. HeLa cells in the logarithmic growth phase were
collected, and the cell concentration was adjusted to 2×107 cells/mL. HeLa cells (100 µL) were injected
into the right subcutaneous tumor implantation site of nude mice. A tumor model was established when
the tumor grew to a volume of 100 mm2. 100 µL of the FA@L-CQDs-1 solution was injected into the tail
vein of nude mice. A NightOwl LB 983 3D small-animal imaging system was used for in vivo �uorescence
imaging. The observation time points included 0, 0.5, 2, 4, 12, and 24 h after injection. At the end of the
observation period, the mice were euthanized, the major organs (heart, liver, lung, kidney, tumor, and
spleen) were removed, and their �uorescence images were acquired using the same 3D small animal
imaging system. Simultaneously, another nude mouse was fed under the same injection conditions to
verify the toxicity of FA@L-CQDs-1.

3 Result And Discussion
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3.1 Properties of CL
In this study, the alkali lignin primarily consisted of a guaiacyl-based propane structures as determined by
the analysis of by FTIR (Fig. S1), 1H- and 13C-NMR analysis (Fig. S2a, b). Fig. S3a-d shows the
temperature-pressure-time curves of the four types of cracked lignin (CL) in the preparation process. With
ethanol as the solvent, both CL-1 and CL-2 reached the supercritical state at 260°C, whereas CL-3 and CL-
4 did not reach the critical state at 220°C. The conversion rates of lignin for CL-1, CL-2, CL-3, and CL-4
treatments were 64.5%, 62.3%, 58.6%, and 56.7%, respectively. All CL were stably dispersed in ethanol. To
investigate the effects of different cracking conditions on the properties of lignin, the relative molecular
weight and compound composition of the four types of CL were tested by GPC and GC-MS. As shown in
the GPC results in Table 1, the four different cracking conditions reduced the molecular weight of lignin,
among which the Mn value of CL-1 decreased most signi�cantly, from 3110 of the original lignin to 1145.
The molecular weight of CL increased gradually from CL-1 to CL-4, indicating that both supercritical
reaction conditions and noble metal catalysts can signi�cantly promote lignin cracking. Moreover, under
the same non-critical conditions, the samples (CL-3) with Pd/C catalysts has lower Mn and Mw values
than those of CL-4. Based on the above results, the effects of supercritical conditions and noble metal
catalysts on lignin cleavage are synergistic. In addition, the Mn and Mw values of CL-2 are lower than
those of CL-4, indicating that supercritical reaction conditions are more conducive to reducing the
molecular weight of lignin than noble metal catalysts. Compared with the original alkali lignin, the PDI
values of the four kinds of lignin increased to different degrees, primarily because the cracking process
reduced the uniformity of the lignin molecular weight. By the photos of the four CL samples under
sunlight (Fig. S4a-d), it is found that CL-1 and CL-2 are liquid oils, while CL-3 and CL-4 remain powdered,
further suggesting that CL-1 and CL-2 have lower molecular weights after the supercritical reaction.

Table 2 shows the composition of the low-molecular-weight compounds in the four CL samples. Figure 1
and Fig. S5a-c show the total ion current (TIC) spectra of the CL samples tested using GC-MS. It can be
seen from these results that phenolic monomers with G-type structure such as phenol, 2-methoxy-,
creosol, 4-ethyl-2-methoxy- are the main components of the cracked lignin. The contents of these
monomers in CL-2, CL-3, and CL-4 are greater than 90%, and their contents in CL-1 were approximately
80%. However, a richer composition of compounds is detected in CL-1 than other samples, including a
greater variety of aromatic phenols, dimers, and branched compounds from the further cleavage of
phenolics. CL-2 has a lower compound composition than CL-1; however, it is still more abundant than CL-
3 and CL-4. These results further con�rm that both supercritical reaction conditions and noble metal
catalysts can promote lignin cracking. The main low-molecular-weight compounds in the CL samples are
also shown in Fig. 1.
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Table 1
GPC results of cracked lignin.

Samples Mn Mw PDI

Original lignin 3110 13675 2.29

CL-1 1145 2783 3.88

CL-2 1333 9129 2.89

CL-3 1818 8146 3.75

CL-4 2173 14840 3.53
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Table 2
GC-MS results of cracked lignin.

Numbers Retention
time
(min)

Compounds Matching
rate (%)

Quantify (%)

CL-1 CL-2 CL-3 CL-4

1 4.12 Butane, 1,1-diethoxy- 59 5.10 - - -

2 4.60 Propanamide, 2-hydroxy- 45 0.04 - - -

3 4.76 Butane, 1-methoxy-2-
methyl-

47 0.54 - - -

4 4.89 Methyl propyl phthalate 12 - - - 2.38

5 4.97 Butane, 1-methoxy- 38 - 0.13 - -

6 5.43 Ethanol, 2-nitro- 38 0.27 - - -

7 5.51 Butanoic acid, 4-methoxy- 45 - 0.07 - -

8 5.84 Propanamide, 2-hydroxy- 53 0.18 - - -

9 5.85 2-Propanol, 1,1'-oxybis- 43 - 0.67 - -

10 6.35 2-(Ethylsulfonyl)ethanol 40 2.31 - - -

11 7.29 Phenol, 2-methoxy- 96 54.02 79.68 72.18 78.53

12 8.44 1,2-Benzenediol, 4-methyl- 42 - 0.29 - -

13 9.03 Creosol 92 11.40 8.86 8.45 5.87

14 9.50 1,3-Benzenediol, 4,5-
dimethyl-

64 4.74 - - -

15 9.52 Benzene, 1,4-dimethoxy- 46 - 0.86 - -

16 10.11 Phenol, 4-ethyl-2-methoxy- 87 12.83 6.99 19.38 13.25

17 10.92 O-Methoxy-alpha-
methylbenzyl alcohol

46 0.66 - - -

18 15.55 1-Propyne, 1-(methylthio)- 38 0.13 - - -

19 15.80 2-((2-Ethylbutoxy)
carbonyl) benzoic acid

38 0.55 - - -

20 16.09 3-Hydroxy-2-pyridin-3-yl-
propenal

38 0.43 - - -

21 16.22 2H-Pyran-5-carboxamide,
2-oxo-N-(3-chlorophenyl)-

43 0.07 - - -

22 16.36 Sydnone, 3-
(phenylmethyl)-

53 0.24 - - -
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Numbers Retention
time
(min)

Compounds Matching
rate (%)

Quantify (%)

CL-1 CL-2 CL-3 CL-4

23 16.74 Diethyl Phthalate 94 4.80 - - -

24 18.47 5-Chloro-2-methyl-3(2H)-
isothiazolone

30 0.03 - - -

25 19.36 4-Hydroxy-9-�uorenone 70 0.13 - - -

26 19.63 Roxarsone 25 0.21 - - -

27 20.22 Benzenamine, 4-(4-chloro-
1H-pyrazol-1-yl)-

25 0.13 - - -

28 21.17 1H-Pyrazole-1-acetamide,
N-(2-furanylmethyl)-4-iodo-

25 0.34 - - -

29 21.42 Bicyclo[2.2.2]oct-7-ene-2,5-
dicarboxylic acid, dimethyl
ester

32 0.10 - - -

30 21.56 5-Nitrothiophene-2-
carboxaldehyde
picolinoylhydrazone

40 0.06 - - -

31 22.73 Bis(2-ethylhexyl) phthalate 53 0.19 - - -

32 23.78 Benzenemethanol, 4-
chloro-alpha-methyl-

27 0.15 - - -

33 24.79 Tricyclo[4.2.2.0(2,5)]dec-9-
ene-7,8-dicarboxylic
anhydride, 3-cyano-

64 0.06 - - -

34 25.51 Fumaric acid, butyl 4-octyl
ester

33 0.18 - - -

35 25.84 Thiophene-2-carboxylic
acid, 5-formyl-

43 0.09 - - -

3.2 Optical properties of L-CQDs
Photographs of the four L-CQDs and OL-CQDs under sunlight and 365-nm UV light are shown in Fig. 2a,
b. At a concentration of 1 mg/mL, the OL-CQDs show a brown color under sunlight, whereas the four
types of L-CQDs are light yellow or transparent. Under irradiation with 365-nm UV light, the OL-CQDs
indicate weak green �uorescence, while the four types of L-CQDs exhibit bright blue or blue-green
�uorescence, among which L-CQDs-1 had the highest brightness. The above phenomena indicate that the
preparation of L-CQDs using cracked lignin as a precursor by the solvothermal method can effectively
improve the �uorescence performance compared to the traditional hydrothermal method using original
lignin as a precursor. The UV-vis spectra in Fig. 2c show that all L-CQDs exhibited strong absorption in the
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range of 200–400 nm. A buffer appeared near 230 nm owing to the n-n * transition in the aromatic ring,
and a strong absorption peak appeared near 280 nm, indicating that n-n *, n-π*, and π-π* transitions
occurred in all L-CQDs; thus, all L-CQDs contain C = O functional groups such as carbonyl, carboxyl, or
aldehyde groups [49].

The �uorescence properties of all the L-CQDs were measured using a �uorescence spectrophotometer
(Fig. 2d-k and Table 3). From Fig. 2d-k, the optimal excitation wavelengths of L-CQDs-1, L-CQDs-2, L-
CQDs-3, and L-CQDs-4 are 340, 320, 310, and 320 nm, their corresponding emission wavelengths are 415,
428, 380, and 386 nm, and their �uorescence intensities are 975, 986, 963, and 1143, respectively. At each
sample’s optimal excitation wavelength, the �uorescence intensities were greatly improved compared
with those of the OL-CQDs (63, Fig. S6a, b). L-CQDs-4 have the highest �uorescence intensity (1143)
among these L-CQDs; however, according to the 3D �uorescence spectra, the optimal emission
wavelengths of L-CQDs-3 and L-CQDs-4 are located near 380 nm, which is at the edge of ultraviolet light,
so they cannot be effectively recognized by the human eye. The �uorescence intensities of L-CQDs-2, L-
CQDs-3, and L-CQDs-4 were not as strong as that of L-CQDs-1 under irradiation with 360–370 nm UV
light. As shown in Fig. 2b, L-CQD-1 exhibit the highest visible �uorescence intensity (975) in all L-CQDs,
and this value is much higher than that of L-CQDs prepared by the sodium borohydride reduction method
(693) and ethylenediamine hydrothermal method (605) used in our previous study [50]. In addition, all L-
CQDs show the "excitation wavelength dependence" of conventional L-CQDs. As the excitation
wavelength increased, the emission wavelength of the L-CQDs exhibit a redshift. This is primarily due to
the relaxation of polar groups (hydroxyl and carboxyl groups) on the surface of L-CQDs in polar solvents
such as water and ethanol, resulting in a "giant red-edge effect" [51]. This may also be due to the uneven
size of the L-CQDs, such that different particles have different responses to the excitation light with
gradually increasing wavelength [52]. The QY of all L-CQDs are also signi�cantly higher than that of the
OL-CQDs.

The up-conversion (UP) performance of all L-CQDs was tested using near-infrared (NIR) light at 660–760
nm, and the results are shown in Fig. S7a-d. All L-CQDs also exhibited "excitation wavelength
dependence" similar to the PL. The UP-PL intensity of L-CQDs-1 is the highest (963) among them, which
is far greater than that of any of the CQDs prepared by hydrothermal treatment of lignin or doping with
heteroatom groups [40, 50]. Interestingly, compared to our previous studies, the UP-PL intensity of L-CQDs
is usually much weaker than the PL intensity. However, in this study, the UP-PL intensities of all the L-
CQDs are still considerably high (Table 3), whereas OL-CQDs exhibited almost no UP-PL performance
(Fig. S8). This may be due to the more abundant precursor composition that increased the surface
defects of L-CQDs-1, which promoted the near-infrared absorption of L-CQDs, resulting in an increase in
their UP-PL intensity. In summary, according to the PL and UP-PL �uorescence intensities of all the
prepared L-CQDs, L-CQDs-1 prepared by the synergistic effect of the supercritical reaction and catalyst
have higher utilization potential than other L-CQDs.
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Table 3
Optical Properties of L-CQDs samples

Samples Optimal
EX (nm)

Optimal
EM (nm)

PL
intensity

Optimal UP-
EX (nm)

Optimal UP-
EM (nm)

UP
intensity

QY

(%)

OL-
CQDs

470 531 63 750 504 16.3 1.07

L-CQDs-
1

340 415 975 690 416 963 16.60

L-CQDs-
2

320 428 986 680 437 599 16.78

L-CQDs-
3

310 380 963 680 412 501 16.39

L-CQDs-
4

320 386 1143 690 417 702 19.45

3.3 Chemical properties of L-CQDs
Figure 3 shows the chemical properties of the L-CQDs as measured by FTIR and XPS. As shown in Fig.
3a, the FTIR spectra of all L-CQDs are similar, indicating that they have the same functional group
compositions, such as O–H at 3370 cm− 1 [53, 54], C–H at 2930 cm− 1 [55], C = O at 1720 cm− 1 [56, 57], C 
= C at 1600 cm− 1 [58], C–OH at 1400 cm− 1 [56], C–O at 1120 cm− 1 [59], aromatic C–H located near 1120
cm− 1 [60], and C–O–C located near 1030 cm− 1 [61].

The surface element compositions and functional group contents of all the L-CQDs were further
characterized by XPS. As shown in Fig. 3b, the two strong peaks located at 284.8 and 533.5 eV belong to
C 1s and O1 s, respectively, indicating that the all obtained L-CQDs have the same elemental composition
and are primarily composed of C and O. However, there is little difference in the elemental contents of the
four types of L-CQDs, among which the oxygen content of L-CQDs-1 is higher and the C/O ratio is lower,
manifesting that their surface has more oxygen-containing defects, leading to a proper red shift of its
wavelength and better PL and UP-PL performance (Table 3). This can be observed in Fig. 3c-f that the C
1s spectra of all obtained L-CQDs can be deconvoluted into three main peaks, which are C = C/C–C
graphitic carbon near 284.4 eV, C-O near 285.8 eV, and C = O around 288.6 eV [62]. Among them, L-CQDs-4
have the highest graphitic carbon content and a higher degree of graphitization; therefore, their emission
wavelength is still in the UV region compared with the other samples. However, L-CQDs-2 have the lowest
degree of graphitization and more oxygen-containing defects on the surface in all L-CQDs; therefore, they
have a larger optimal emission wavelength (428 nm) than the others (Table 3). As shown in Fig. 3g-j, the
O 1s spectra of the four samples can be deconvoluted into two peaks at 531.9 and 592.9 eV, ascribed to
C = O and C–OH [63], respectively. Among of all L-CQDs, L-CQDs-1 have the highest content of C–OH/C–
O–C and demonstrate better �uorescence performance (Table 3) due to the presence of more abundant
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electron-donating substituents on their surface, thus increasing the conjugated π structure density and
enhancing the �uorescence intensity by forming p-π conjugation with the aromatic structure. Combining
the results of C 1s and O 1s, the L-CQDs are comprised of various hydrophobic (carbon–carbon bonds)
and hydrophilic groups (aldehyde-carbonyl and carboxyl-hydroxyl groups). The results of the XPS
analysis are consistent with those of the FTIR.

3.4 Topological properties of L-CQDs
TEM and AFM were used to analyze the topological properties of the four types of L-CQDs, and the
results are shown in Fig. 4. All L-CQDs particles are independent individuals with good dispersion by TEM
and AFM, indicating that they have good water dispersibility, which may be related to the interaction
between hydrophilic and hydrophobic groups on the surface of the L-CQDs [45, 64]. The inner images of
Fig. 4a, c, e, g are high-resolution TEM images of the L-CQD samples. The results indicate that the
surfaces of all L-CQD samples have uniform lattice fringes with a spacing of 0.21 nm, corresponding to
the (001) crystal plane of carbon [65]. This further indicates that the four types of L-CQDs had a high
degree of graphitization. The diameters of 100 individual particles of each L-CQD sample were randomly
measured using Nano Measurer 1.2 software, and their particle size distributions were obtained, as
shown in Fig. 4b, d, f, h. The particle size distributions of these L-CQDs range from 1.0 to 6.0 nm and the
average particle sizes of L-CQDs-1, L-CQDs-2, L-CQDs-3, and L-CQDs-4 are 4.01, 2.81, 3.17, and 3.06 nm,
respectively. The sizes of the obtained L-CQDs conform to the traditional CQDs size standard (less than
10 nm). Among them, L-CQDs-1 have the largest average particle size, which is primarily related to the
more abundant compound composition of the precursor CL-1. This provided more available small
molecules for the formation of L-CQDs-1 in the reaction, improving their polymerization e�ciency and
increasing their size under the same reaction time. According to the quantum con�nement effect [66, 67],
combined with the optical properties of L-CQDs (Fig. 2), the increase in the particle size of L-CQDs-1 lead
to a signi�cant red shift in the wavelength to the visible light range and improve its relative �uorescence
intensity laterally. As observed from the AFM images of the four L-CQD samples in Fig. 4i-p, they exhibit
good dispersion and their maximum height is between 2.6–6.3 nm, which is consistent with the TEM
analysis results.

3.5 Speculation on the formation mechanism of L-CQDs
Under supercritical reaction conditions, the solvent ethanol removes two hydrogen atoms in lignin and
generates H2 on Pd/C catalyst, as shown in formula 3. Then, under high temperature and pressure, the H2

breaks the ether or carbon–carbon bonds connecting the structural units of lignin and binds to the broken
end to form a phenolic hydroxyl group, leading to the cracking of lignin into small molecules. According
to the XPS and TEM results, the L-CQDs have a highly graphitized structure, which is related to the
presence of a large number of aromatic compounds in the precursor CL. Compared with the original alkali
lignin with a large molecular weight, CL containing more aromatic monomers can facilitate unidirectional
polymerization between them. The reduction in the lignin molecular weight also makes the heat
distribution of the reaction more uniform, avoiding the local carbonization of lignin. In the early stages of
the reaction, several cracked lignin monomers are repolymerized and dehydrated to form a relatively
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stable structure [68]. Then, other small molecules such as degraded linear or branched small molecules or
incompletely cleaved dimers, trimers, or larger molecules participate in the repolymerization, increasing
the size of the L-CQDs. For example, among of all L-CQDs, L-CQDs-1 can emit bright blue light under 365
nm UV and NIR light (Fig. 2b). This is mainly because the much abundant compound compositions in CL-
1 precursor increase the surface defects of L-CQDs-1, which in turn enhance their radiative transition to
UV and NIR light. Simultaneously, the suitable size of L-CQDs-1 enables their emission wavelength to be
in the visible-light range, preventing it from being too intense but invisible. Inversely, in the hydrothermal
process of the original alkali lignin, only a small amount of H+ ionized by H2O breaks the lignin bonds,
and most of the bonds are carbonized without a reaction, resulting in a limited number of small
molecules to participate in the polymerization reaction of OL-CQD. The reaction system has no direction
and is chaotic; therefore, the �uorescence performance of the OL-CQDs is poor. In conclusion, the reaction
pathway of lignin-forming L-CQDs was regulated to a great extent and improved using a two-step
method, and high-performance L-CQDs were successfully prepared without doping reagents. The
formation mechanism of the L-CQDs is shown in Scheme 2.

3.6 Biological imaging and targeted recognition of tumor
cells
Before cell imaging, the cytotoxicity of L-CQDs-1, OL-CQDs, and FA@L-CQDs-1 on human HepG2 and L02
cells was tested, and the results are shown in Fig. S9a, b. At a concentration of 1 mg/mL, the survival
rates of the two types of cells cultured with the three samples are all above 90%, which indicates that they
have low toxicity. The cell-imaging capabilities of L-CQDs-1 and OL-CQDs were tested using the above
two types of cells. The excitation wavelengths of the laser confocal microscope were �xed at 405 and
635 nm, which were used to simulate UV-vis and NIR light, respectively. The results are shown in Fig. 5.
Compared to the bright and merged �elds, L-CQDs-1 successfully entered the interior of HepG2 and L02
cells. Because L-CQDs-1 have both high PL intensity and UP-PL intensity, regardless of whether the
excitation light was 405 nm or 635 nm, obvious cell contours in HepG2 and L02 cells were seen. However,
when the OL-CQDs were used to cultivate cells, the �uorescence signal is di�cult to detect in the image
because of their weak �uorescence intensity. Thus, the L-CQDs-1 prepared in this study signi�cantly
improved their ability for cell imaging compared with the traditional OL-CQDs prepared by a simple one-
pot hydrothermal method.

FA was combined with L-CQDs-1 via a �uorescence quenching coupling reaction to obtain the FA@L-
CQDs-1 quenched �uorescence probe. As shown in Fig. 6a, the �uorescence intensity of FA@L-CQDs-1 is
only approximately a quarter of that of the L-CQDs. Since most cancer cells have a large number of folate
receptors on their surfaces, when the quenched FA@L-CQDs-1 enters the cell, FA binds to the folate
receptor and falls off the surface of L-CQDs-1, and L-CQDs-1 can re-emit �uorescence [69] (Fig. 6b).
However, normal cells have very low levels of folate receptors on their surfaces; therefore, FA@L-CQDs-1
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remains in a quenched state in normal cells, and the �uorescence emitted by the cells is weak. As shown
in Fig. 6c, FA@L-CQDs-1 can emit bright blue �uorescence in HepG2 cells under the irradiation of 405 nm
and 635 nm lasers; however, the intensity is weaker than that of cells cultured with L-CQDs-1 alone (Fig.
5). This may be because FA on the surface of L-CQDs-1 is not fully bound by folate receptors, leading to a
decrease in the number of exfoliated CQDs. However, in L02 cells, the �uorescence signal was much
weaker than that of in HepG2 cells, and cell morphology hardly is identi�ed. In this study, we successfully
prepared FA@L-CQDs-1 to achieve the targeted differentiation of HepG2 cancer cells from normal cells.

After the experiment, FA@L-CQDs-1 were injected into the tail vein of a tumor-bearing nude mouse to test
the labelling ability of FA@L-CQDs-1. The results are shown in Fig. 7. Thirty min after injection, the
�uorescence signal gradually appeared in the mice, and the tumor also indicated weak �uorescence (Fig.
7a, 30 min). When the injection time was extended to 2–4 h, the �uorescence signal area in mice further
spread to the whole body, and the �uorescence signal in the tumor was signi�cantly stronger than that of
in other locations (Fig. 7a, 2 & 4h). This is due to the strong �uorescence being re-emitted by L-CQDs-1
after the folate receptor in FA@L-CQDs-1 binds to the tumor. 12 h after injection, compared to 4 h, the area
and intensity of the �uorescence signal in the mouse gradually weakened; however, the tumor site still
maintained a high �uorescence intensity, indicating that FA@L-CQDs-1 can be normally metabolized in
mouse tissues (Fig. 7a, 12h). Furthermore, 24 h after injection, the �uorescence signals of other organs in
the mouse essentially disappeared, and a high �uorescence intensity remained only at the tumor site (Fig.
7a, 24h). Above results manifest that FA@L-CQDs-1 can speci�cally mark the tumor site by comparing
the �uorescence intensity and exists in the tumor site longer than in other tissues. The nude mice were
euthanized 24 h after the injection, and the major organs were removed. As shown in Fig. 7b, strong
�uorescence signals were observed in the lungs, liver, kidneys, and tumor sites of the mice. Among them,
the kidney and tumor sites have the strongest �uorescence intensity, which indicates that FA@L-CQDs-1
is primarily metabolized by the kidneys and assisted by the liver and respiratory system. Moreover, FA@L-
CQDs-1 can stably accumulate at tumor sites and can thus be used as a safe tumor labelling reagent. In
addition, another mouse injected with the FA@L-CQDs-1 solution survived for a week. Combined with the
low cytotoxicity of FA@L-CQDs-1, it can be considered that FA@L-CQDs-1 has good biocompatibility and
is a safe tumor labelling reagent.

4 Conclusion
A two-step strategy was developed to e�ciently prepare lignin-based CQDs with high �uorescence
properties. Lignin was �rst cracked using an ethanol supercritical/noble metal catalyst, and then the L-
CQDs were prepared with the cracked lignin products without adding any heteroatom reagents. CL-1
prepared by the catalytic activity of Pt/C under supercritical conditions contains more abundant
compounds and the lowest relative molecular weight among the prepared CL samples, which is an
excellent precursor to prepare L-CQDs-1. Compared with the OL-CQDs prepared by the traditional one-pot
hydrothermal method, the �uorescence intensity and up-conversion photoluminescence of L-CQDs-1 were
increased from 63 to 975, and from 16.3 to 963, which signi�cantly enhanced by about 15 times and 60
times, respectively. L-CQDs-1 emit bright blue light under 365-nm UV and NIR light. Additionally, using FA
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to quench L-CQDs-1, the prepared FA@L-CQDs-1 can target and label tumor cells through cell-inside
�uorescence recovery. This study is highly signi�cant for improving the �uorescence intensity of
biomass-based CQDs and broadening their applications.
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Schemes
Schemes 1 and 2 are available in the Supplementary Files section.
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Figure 1

TIC spectra of CL-1 and its main low-molecular-weight compounds

Figure 2

Photographs of L-CQDs under (a) sunlight and (b) 365 nm UV-light, and (c) UV-vis spectra. PL spectra of
(d) L-CQDs-1, (f) L-CQDs-2, (h) L-CQDs-3, and (j) L-CQDs-4, and three-dimensional �uorescence spectra of
(e) L-CQDs-1, (g) L-CQDs-2, (i) L-CQDs-3, and (k) L-CQDs-4.
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Figure 3

(a) FTIR spectra, (b) XPS full-spectrum scan of L-CQDs. C 1s high-resolution XPS �tting spectra generated
for (c) L-CQDs-1, (d) L-CQDs-2, (e) L-CQDs-3, and (f) L-CQDs-4. O 1s high-resolution XPS �tting spectra
generated for (g) L-CQDs-1, (h) L-CQDs-2, (i) L-CQDs-3, and (j) L-CQDs-4.
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Figure 4

TEM images of (a) L-CQDs-1, (c) L-CQDs-2, (e) L-CQDs-3, and (g) L-CQDs-4, and particle size distribution
of (b) L-CQDs-1, (d) L-CQDs-2, (f) L-CQDs-3, and (h) L-CQDs-4. 2D AFM images of (i) L-CQDs-1, (k) L-
CQDs-2, (m) L-CQDs-3, and (o) L-CQDs-4 and 3D AFM images of (j) L-CQDs-1, (l) L-CQDs-2, (n) L-CQDs-3,
and (p) L-CQDs-4. Insets in (a, c, e, g) show high-resolution topography.
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Figure 5

Bright�eld images and LSCM images (λ = 405 nm and 635 nm) of HepG2 and L02 cells incubated with L-
CQDs-1 and OL-CQDs for 12 h at 37 °C.
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Figure 6

(a) Fluorescence intensity comparison of L-CQDs-1 and FA@L-CQDs-1 (λ = 405 nm), (b) mechanism of L-
CQDs-1 targeting cancer cells, and (c) bright�eld images and LSCM images (λ = 405 nm and 635 nm) of
HepG2 and L02 cells incubated with FA@L-CQDs-1 for 12 h at 37 °C.
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Figure 7

(a) In-vivo �uorescence imaging of nude mice after intravenous injection of the FA@L-CQDs-1 solution at
different times (injection volume =100 μL) and (b) �uorescence images of the main dissected organs of
nude mice after intravenous injection of the FA@L-CQDs-1 solution for 24 h.
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