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This study investigates the impact of lignin Mw on the
formation and properties of lignin-based carbon quantum
dots (L-CQDs). The results reveal the variations in carbon
core conjugation and surface groups among the L-CQDs.
L-CQDs derived from lignin with a Mw of 5042 g/mol exhibit
the best properties due to their highest conjugation. By
controlling the lignin Mw, it is possible to produce exceptional
L-CQDs without modification.
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It is generally believed that the formation of lignin-based carbon quantum dots (L-CQDs) includes lignin
depolymerization and repolymerization. However, the detailed mechanism has not been well understood.
In this study, the effect of lignin molecular weight on the properties of L-CQDs is studied to elucidate the
formation mechanism of L-CQDs. Firstly, alkaline lignin is sequentially fractionated into five lignin samples
with a molecular weight range of 7100-2000 using a continuous organic solvent precipitation method.
Then, the five lignin fractions are used to prepare five L-CQDs numbered from 1 to 5, corresponding to
the lignin fractions from high to low, respectively. L-CQDs-3 that was prepared from the lignin fraction
with an intermediate molecular weight of 5042 g mol™ has a 1.86-fold increase in fluorescence intensity
compared to the L-CQDs-0 prepared from pristine alkaline lignin. It is found that this lignin fraction with a
molecular weight of 5042 g mol™ can depolymerize into a large number of vanillin and benzaldehyde
(2,4-dihydroxy-6-methyl) units. These low molecular weight units can easily form highly conjugated
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carbon core structures, thus improving the fluorescence performance of L-CQDs-3. In addition, the
present study confirms the excellent imaging ability of L-CQDs-3 in the L02, HepG2 and Escherichia coli
cells. This study not only supplements the existing L-CQD formation mechanism, but also provides a
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Introduction

Carbon quantum dots (CQDs) have unique photoluminescence
properties, good biocompatibility and excellent photostability.
Due to the abundant active sites on their surface, their
physicochemical and photoluminescence properties are easy
to be adjusted; CQDs have been widely used in fields such as
photovoltaic energy devices,"” information encryption,
anticounterfeiting,>* and sensor detection,” and especially
have great potential for application in the bio-imaging and
medical fields.®® Generally, the formation pathway of CQDs
from small organic molecules, such as citric acid, o-phenylene-
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simple method for the preparation of L-CQDs with high fluorescence performance.

diamine and m-phenylenediamine, mainly involves dehydra-
tion, polymerization, aromatization, and condensation.’ These
small organic molecules are structurally simple and can easily
undergo the above reactions. CQDs can also be synthesized
from large organic molecules, such as lignin. The use of lignin
as a precursor for producing CQDs is attractive because lignin
is an abundant low-cost biopolymer and has a high carbon
content. Moreover, lignin is rich in aromatic rings and reactive
sites, such as aliphatic and aromatic hydroxyl groups and car-
boxyl groups, which makes lignin prone to polycondensation
and carbonization for the formation of CQDs.'® However, it is
challenging to control the lignin properties for the synthesis of
CQDs that have high fluorescence intensity due to the hetero-
genicity and complexity of the lignin structure.

A hydrothermal method in the temperature range of
120-280 °C is often used for the synthesis of biomass-based
CQDs."*™ 1t is generally believed that the hydrothermal
process of using lignin as a carbon source to synthesize lignin-
based CQDs (L-CQDs) mainly involves two reactions: depoly-
merization of lignin macromolecules and repolymerization of
small molecules."*™” In the hydrothermal reaction, the hydro-
gen ions dissociated from water first attack the ether bonds of
lignin,'® causing them to break and form a large number of
lignin fragments. The hydrophobic aromatic structures and

This journal is © The Royal Society of Chemistry 2024
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hydrophilic hydroxyl groups in the lignin fragments can con-
dense to form primary clusters."> With a prolonged reaction
time, these primary clusters transform into primary aromatic
clusters through dehydration, polymerization, and conden-
sation reactions. Finally, under high temperature and long
reaction time conditions, these primary aromatic clusters
undergo rapid n-n bond accumulation, a sp> hybridization
increase, and aromatic polymerization to form L-CQDs."”
Through the formation mechanism described above, it can be
found that the depolymerization of lignin macromolecules is a
necessary factor for the formation of L-CQDs, and the degree
of depolymerization is mainly closely related to the molecular
weight of lignin. For lignin, which is a macromolecular com-
pound with the molecular weight spanning from several hun-
dreds to several hundred thousands, the molecular weight of
lignin has an extremely great influence on the properties of
the subsequent reaction products. Some researchers pre-
treated lignin using catalysts such as strong and weak acids to
obtain low molecular weight lignin fragments containing
heteroatoms, and then utilized these lignin fragments to
hydrothermally prepare L-CQDs with higher fluorescence
intensities compared to L-CQDs prepared using untreated
lignin.'®2° In our previous study, an ethanol supercritical/pre-
cious metal catalyst cleavage method was used to reduce the
molecular weight of lignin, and the obtained low molecular
weight lignin was utilized to prepare blue-green L-CQDs by a
solvothermal method without the use of doping agents. The
fluorescence intensity was significantly improved compared
with that of the L-CQDs prepared by the conventional one-pot
hydrothermal method.”* The above research studies demon-
strate that the molecular weight of lignin has an important
effect on the properties of L-CQDs. Although the use of lignin
for the preparation of L-CQDs has been studied for nearly ten
years, there is still no study that systematically elucidates the
specific relationship between the molecular weight of lignin
and the properties of L-CQDs.

Understanding the effect of lignin molecular weight and
properties on the formation and properties of L-CQDs is
crucial for the efficient synthesis and property regulation of
L-CQDs. However, determination of the relationship between
lignin molecular weight and L-CQD properties is challenging
with the use of lignin fragments resulting from depolymeriza-
tion or cracking under different reaction conditions. This is
because some heteroatoms or other groups may be integrated
into the lignin fragments, and these lignin fragments also
undergo repolymerization during depolymerization and
cracking,?*** which will further increase the complexity of
lignin fragments and introduce more factors that affect the
properties of L-CQDs in addition to the lignin molecular
weight. Moreover, the use of lignin fragments resulting from
lignin depolymerization or cracking for producing L-CQDs
with high fluorescence performance is also costly because of
the harsh conditions required. Therefore, a simple and econ-
omically feasible approach that can fractionate lignin will not
only enable the investigation of the effect of lignin molecular
weight on the formation of L-CQDs, but also lead to the most
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cost-effective production of L-CQDs using lignin fractions with
the preferred molecular weight range.

In this study, alkaline lignin was used as a raw material for
generation of lignin fractions with different molecular weights
using a solvent-based cost-effective sequential fractionation
approach. For the first time, five lignin fractions that are recov-
ered by this fractionation approach and have different mole-
cular weights are used to produce five L-CQDs using a one-step
hydrothermal carbonization approach. The use of these five
lignin fractions minimizes the effects from other factors other
than lignin molecular weight compared to the use of lignin
fragments derived from lignin depolymerization or cracking.
The effect of lignin molecular weight on the properties such as
the topological, optical, and chemical properties of the result-
ing L-CQDs was investigated to understand the formation
mechanism of L-CQDs. The similarities and differences in the
formation of L-CQDs prepared from these lignin fractions are
elucidated. The present study not only leads to the fundamen-
tal understanding of the formation of L-CQDs, but also pro-
vides a practical solution for the synthesis of L-CQDs with
high fluorescence performance from lignin for bio-imaging
application.

Results and discussion
Physicochemical properties of fractionated lignin

Five lignin samples with different molecular weights were
obtained by solvent separation of AL, and the yields and mole-
cular weight distributions of the resulting samples are shown
in Table S1.1 The weight average molecular weight (M,,) of AL
was 3864 g mol™' and the polydispersity index (PDI) was 6.9,
indicating a wide molecular weight distribution. Fractionation
yielded five lignin samples with decreasing molecular weights,
named F1 (M,, = 7154 g mol™), F2 (M,, = 5818 g mol™!), F3
(M,, = 5042 g mol™"), F4 (M,, = 3448 g mol™"), and F5 (M,, =
2096 g mol_l). Their PDIs were 2.8, 2.2, 2.1, 1.7, and 2.1
respectively, implying that the lignin samples obtained by frac-
tionation were uniform, which suggests that the solvent frac-
tionation method can be efficiently used for the separation of
lignin of different molecular weights. The color difference of
the lignin samples with different molecular weights is very
obvious; the color of F1-F5 became lighter gradually (Fig. S17).

FTIR analysis (Fig. 1b) reveals that all lignin samples have
some groups, including -OH at 3458 cm™, C-H at 2933 cm ™",
methoxy at 2850 cm ™!, C=0 at 1730 cm™*,** aromatic rings at
1599 ecm™, 1512 cm™" and 1419 cm™*, methoxy in guaiacol at
1271 em™", aromatic C-O at 1216 cm™", and C-H in the aro-
matic nucleus at 1121 cm™!, 854 cm™ and 812 cm™.?° No
additional absorption peaks were observed in the FTIR spectra
of F1-F5 samples compared to those with AL, and these peaks
at the same position are very similar in intensity, indicating
that the fractionation method used in this study does not
modify the chemical structure of the lignin fractions.

The various hydroxyl groups of lignin are observed using
31p NMR, mainly including five kinds of hydroxyl groups: ali-
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Fig. 1 FTIR spectra of AL and F1-F5 (a); localized enlargement of the FTIR spectra (b). 2D-HSQC NMR spectra of AL and F1-F5 samples (c—h). Main
substructures identified in lignin samples (i), A: f-O-4' substructures; B: p—p' resinol substructures; C: phenylcoumaran substructures; PCE: p-cou-
marate; F: p-hydroxycinnamyl alcohol end groups; F’: terminal group structure of hydroxycinnamaldehyde; G: guaiacyl units; FA: ferulate; H:

p-hydroxyphenyl units.
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phatic hydroxyl group, Cs-substituted phenolic hydroxyl group,
guaiacol hydroxyl group, p-hydroxyphenyl phenolic hydroxyl
group, and carboxylic acid hydroxyl group.® The content of
hydroxyl groups can be calculated by peak area integration,
and the results are shown in Table S2.f From F1 to F5, the
content of aliphatic hydroxyl groups gradually decreases from
2.07 mmol g”" to 1.14 mmol g™, while the content of phenolic
hydroxyl groups gradually increases from 1.42 mmol g~* to
4.16 mmol g™, and F5 contains a large number of phenolic
hydroxyl reactive groups.

The chemical compositions as well as the bonding modes
of the lignin samples are further elucidated using 2D-HSQC
NMR, and the 2D-HSQC NMR signals of the side-chain region
and aromatic region of the AL and F1-F5 samples are shown
in Fig. 1(c)-(h). Information about the connecting bonds and
substructures in lignin can be obtained by assigning signals in
the 2D-HSQC NMR spectra of AL and F1-F5, the attribution of
all the signals is shown in Table S3,1 and the major substruc-
tures are shown in Fig. 1(i). The signals at 8¢/8y (50-95/
2.5-5 ppm, 59.9/3.55 ppm, 71.16/4.70 ppm, and 84.2/
4.20 ppm) in the aliphatic region are attributed to the $-O-4'
substructures (A) of Cy-Hy, Ca-Ha, and CA-HpB.>”*® Compared
with the other samples, the presence of a weak Aa signal and
the absence of an Ap (G/H) signal in F5 indicate that the -O-4'
substructure (A) content in F5 is very low, which further con-
firms that the phenolic hydroxyl group in F5 mainly exists in
the free state rather than in the condensed state, which is in
agreement with the phenolic hydroxyl group-rich result
obtained from *'P NMR for F5. In the aromatic region ¢/y
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(100-130/5.5-7.5 ppm), all five lignin samples are consistent
with AL with guaiacyl units (G,, G¢) and p-coumaric acid struc-
tures (PCE;, 5). The C,-H, signal (6c/6y 112.46/7.41 ppm) and
Cs—Hs signal (6¢/6y 120.2/7.15 ppm) of ferulic acid ester (FA)
appear only in AL, F4, and F5; the C,¢H,¢ signal (6c/6n
128.48/7.13 ppm) of p-hydroxyphenyl (H, ) appears only in AL
and F5, suggesting that FA and H, are only retained in the
small molecular weight lignins.

XPS analysis reveals (Fig. 2) that the two strong peaks
located at 284.7 and 533.5 eV belong to C 1s and O 1s, respect-
ively, suggesting that all lignin samples share the same
elemental composition, which is mainly composed of C and
O. The high-resolution spectra of C 1s of the six lignin
samples show three different peaks, in which the peak at
284.65 eV can be attributed to C=C/C-C in the guaiac-based
structure; the peak at 286.20 €V is attributed to C-O; the peak
at 288.68 eV is attributed to C=O0 in the carboxylate group and
ester.”® Compared to all samples, the least amount of C—=0 was
found in F5 and the highest amount of C=C/C-C in the guaia-
cyl structure was found in F3. The high-resolution spectra of O
1s of the six lignin samples also show three different peaks,
where the peak at 531.94 eV can be attributed to C=O in the
carboxyl group and ester; the peak at 532.83 eV can be attribu-
ted to C-O in the phenolic hydroxyl group and ether bonding;
the peak at 533.57 eV can be attributed to C-O in the ether-
bonding linkage between the guaiac-based structure.>® The XPS
results indicate that there is no difference in the types of
surface functional groups of these fractionated lignin samples,
but there are some differences in their contents. The difference
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Fig. 2 XPS full-spectral scan of lignin samples (a). C 1s high-resolution XPS fitting spectra (b) and O 1s high-resolution XPS fitting spectra (c) gener-

ated for AL, F1, F2, F3, F4, and F5.
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in functional group content is expected to have a significant
effect on the properties of the L-CQDs formed.

In summary, lignin of different molecular weights was suc-
cessfully separated by the continuous organic solvent precipi-
tation method. The molecular weights of the lignin samples
obtained by grading are significantly different, but the
bonding patterns and functional group types are similar. This
suggests that solvent fractionation can be interpreted as a
physical screening method for separating lignin samples with
different molecular weights without affecting the basic struc-
ture of lignin.

Effect of lignin molecular weight on the properties of L-CQDs

Optical properties of L-CQDs. L-CQDs were produced by a
one-step hydrothermal method, and the optical properties of
the L-CQDs were investigated by UV-vis absorption and photo-
luminescence spectroscopy. The UV-Vis spectra (Fig. 2a) show
that the six L-CQDs exhibit similar broad absorption bands in
the range of 200-600 nm, and all the L-CQDs show strong
absorption peaks near 220 nm and 280 nm, which are induced
by the n-n* leaps of the aromatic C=C bond in L-CQDs.***"
L-CQDs-3 has relatively strong UV-visible absorption in this
range, and it can be inferred that it has an abundant conju-
gated structure. At a concentration of 1 mg mL™", all L-CQDs
except for L-CQDs-5 show light yellow colors under sunlight.
Under the irradiation of 365 nm UV light, all L-CQDs emit
bright blue or blue-green fluorescence, and the brightness
tends to increase and then decrease. Among them, the bright-
ness of L-CQDs-3 is the highest. Compared with that of
L-CQDs prepared from AL, the fluorescence intensity of
L-CQDs can be effectively improved by using lignin obtained
by fractionation as the precursor. The above phenomena indi-
cate that using lignin with different molecular weights as a
carbon source has a significant effect on the fluorescence
characteristics of the formed L-CQDs. Considering the concen-
tration-dependent fluorescence intensity of the L-CQD solu-
tions,?” in order to clarify the optimal concentration of the six
L-CQDs, L-CQD solutions with different concentration gradi-
ents were prepared; the main results are shown in Fig. S2.f
The optimal concentration of the L-CQDs-1-4 is 1 mg mL™",
while the optimal concentration of L-CQDs-5 is 0.25 mg mL™".

Fig. 3d-o show the corresponding 2D fluorescence spectra
and 3D fluorescence spectra of each L-CQD at the optimal con-
centration. The optimal excitation wavelengths of all L-CQDs
are in the range of 400-420 nm, and the corresponding emis-
sion wavelengths are in the range of 500-510 nm. The fluo-
rescence intensities of L-CQDs-0-5 are 52 740, 59 495, 83 547,
97 850, 83015 and 41 146, respectively, and the fluorescence
intensities show a tendency to increase and then decrease,
among which the fluorescence intensity of L-CQDs-3 is the
highest, which is in line with the result observed under UV
irradiation at 365 nm. Its quantum yield also exhibits the
same trend as the fluorescence intensity (Table S47). From the
2D fluorescence spectra, it can be found that L-CQDs have
“excitation wavelength dependence” like traditional CQDs. As
the excitation wavelength increases, the emission wavelength
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of L-CQDs is red-shifted. This may be mainly due to the relax-
ation of the polar groups (hydroxyl and carboxyl groups) on
the surface of L-CQDs in polar solvents such as water and
ethanol, resulting in the “giant red-edge effect”;** it may also
be due to the inhomogeneity of the size of the L-CQDs, which
makes different particles having different responses to the
excitation light, with a gradual increase in the wavelength.*?
Three-dimensional fluorescence spectroscopy shows that the
emission centers of all L-CQDs are near 500 nm, which is con-
sistent with the results of 2D fluorescence spectroscopy ana-
lysis. The optimal excitation wavelengths and emission centers
of the six L-CQDs are similar, indicating that the molecular
weight of lignin carbon precursors has little effect on the
optimal excitation wavelengths and emission centers of
L-CQDs. The hydrothermal method provides high-temperature
and high-pressure reaction conditions, similar to the chemical
reaction environment of the crusting reaction, which promotes
the formation and growth of aromatic compounds.’” Based on
the similar absorption characteristics of the UV spectra of
L-CQDs and the similar optimal excitation wavelengths and
emission wavelengths, it can be reasonably assumed that the
L-CQDs formed from lignin with different molecular weights
using the hydrothermal method have similar core-shell struc-
tures.** The difference in the fluorescence intensity of L-CQDs
is due to the different content of conjugated structures in their
carbon cores.

Physicochemical characterization of L-CQDs

The solids of the six L-CQDs obtained after freeze-drying are in
the form of brown powder, and their color differences are
shown in Fig. 4a It is confirmed by XRD patterns (Fig. 4b) that
all L-CQDs exhibit broad peaks at 23.66°, corresponding to the
(002) crystallographic diffraction of the standard graphite
structure, indicating that the carbon core of the L-CQDs has
an amorphous graphite structure.>”

The microstructures of L-CQDs were observed using TEM,
and the results are shown in Fig. 4. From the TEM results, it
can be seen that all L-CQDs are almost uniformly mono-
disperse with a spherical structure, which may be related to
the fact that L-CQDs have both hydrophilic (hydroxyl, carboxyl,
etc.) and hydrophobic (alkyl, phenyl, etc.) groups.®® The insets
in Fig. 4c-e and i-k show the high-resolution TEM (HR-TEM)
results of the six L-CQDs, and it can be found that all L-CQDs
have the same lattice stripe spacing of 0.21 nm, which is
similar to that of the single-crystal graphitic carbon lattice
structure, suggesting that there is a highly crystalline graphitic
structure in the six L-CQDs."* By randomly measuring 100 par-
ticles of each L-CQD sample using the Nano Measurer 1.2 soft-
ware, a narrow range of particle size distributions from 1.44 to
3.73 nm for all L-CQDs can be seen in the statistical histo-
grams (Fig. 4f-h and 1-n). The average particle sizes of
L-CQDs-0-5 are 2.47 nm, 2.20 nm, 2.58 nm, 2.60 nm, 2.57 nm,
and 2.44 nm, respectively, with no major differences. The
above results verify that the six L-CQDs have similar carbon
core structures, which is consistent with the conclusions
obtained from the optical properties of L-CQDs.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 UV-vis spectra of L-CQDs (a). Photographs of L-CQDs under sunlight (b) and 365 nm UV-light (c). PL spectra of L-CQDs-0 (d), L-CQDs-1 (e),
L-CQDs-2 (f), L-CQDs-3 (j), L-CQDs-4 (k), and L-CQDs-5 (l). Three-dimensional fluorescence spectra of L-CQDs-0 (g), L-CQDs-1 (h), L-CQDs-2 (i),
L-CQDs-3 (m), L-CQDs-4 (n), and L-CQDs-5 (o).
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Fig. 4 Photograph of L-CQD samples (a). XRD spectra of L-CQDs-0-5 (b). TEM images of L-CQDs-0 (c), L-CQDs-1 (d), L-CQDs-2 (e), L-CQDs-3 (i),
L-CQDs-4 (j), and L-CQDs-5 (k). Particle size distributions of L-CQDs-0 (f), L-CQDs-1 (g), L-CQDs-2 (h), L-CQDs-3 (1), L-CQDs-4 (m), and L-CQDs-5 (n).
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Fig. 5 FTIR spectra (a) and XPS full-spectral scan (b) of L-CQDs. C 1s high-resolution XPS fitting spectra (c) and O 1s high-resolution XPS fitting
spectra (d) generated for L-CQDs-0, L-CQDs-1, L-CQDs-2, L-CQDs-3, L-CQDs-4, and L-CQDs-5.

The surface functional groups, chemical compositions and
elemental states of the CQDs were investigated using FTIR and
XPS. As shown in Fig. 5a, the FTIR spectra of all L-CQDs are
similar, indicating that they have the same functional groups,
such as -OH at 3412 cm™', C-H stretching of methyl or
methylene groups at 2954 cm™",>” C=0 at 1707 cm™", C=C at
1595 cm™!, aromatic C-O at 1392 cm™, and C-H in the aro-
matic ring at 1119 cm™.'® It can be found that the C-H
signals of L-CQDs are weaker compared to the C-H signals in
the corresponding lignin samples, which is due to the de-
methylation of lignin during the hydrothermal process."” The
intensity of the absorption peaks of L-CQDs-1-5 at 1595 cm ™"
shows a trend of increasing and then decreasing, which is con-
sistent with the fluorescence data (Fig. 3), suggesting that the
C=C group has a direct effect on the fluorescence perform-
ance of L-CQDs. Based on the above analysis, the FTIR spectra
of the L-CQDs show many similar signals to those of the lignin
carbon source (Fig. 1b), indicating that the L-CQDs retain the
aromatic structure of the lignin samples.

As shown in Fig. 5b, the two strong peaks located at 284.77
and 533.5 eV in the XPS spectra of L-CQDs belong to C 1s and
O 1s, respectively, suggesting that all of the obtained L-CQDs
have the same elemental composition, which consists of C and
O mainly. The high-resolution C 1s spectra of the six L-CQDs
show three different peaks (Fig. 5c), of which the peak located
at 284.77 eV can be attributed to the C=C/C-C in graphitic
carbon, the peak located at 285.76 eV is attributed to C-O, and
the peak at 288.25 eV is attributed to the C=O0 in carboxylates
and esters. The graphitic carbon content of L-CQDs-3 is the

This journal is © The Royal Society of Chemistry 2024

highest among the six L-CQDs, indicating that it is more gra-
phitized and possesses more conjugated = domains; therefore,
it has the best fluorescence performance compared with
others CQDs.*®*° As shown in Fig. 5d, the high-resolution
spectra of O 1s can be deconvoluted into two peaks at 532.55
eV and 531.87 eV, where the peak at 532.55 eV can be attribu-
ted to C-O in carboxyl/ether groups, while the peak located at
531.87 eV can be attributed to C=0 in carbonyl/alcohols.*
Combining the results of high-resolution spectroscopy of C 1s
and O 1s, the L-CQDs consist of various hydrophobic (alkyl,
phenyl, etc.) and hydrophilic groups (aldehyde, carbonyl,
hydroxyl, carboxyl). The results of the XPS analysis are in
agreement with the results of FTIR.

In summary, the six L-CQDs have similar structures and
compositions, and the most important reason for the vari-
ations in their fluorescence intensities is the difference in con-
jugated structures’ content. In addition, the high fluorescence
performance of L-CQDs can be successfully obtained without
doping reagents by pre-tuning the lignin into suitable mole-
cular weight as the carbon source.

Speculation on the formation mechanism of L-CQDs from
lignins with different molecular weights

Generally, the formation of L-CQDs mainly consists of two
parts: the depolymerization of lignin macromolecules into
small molecules, and the re-polymerization of small molecules
into highly graphitized CQDs through aromatization reactions.
In addition, based on our previous study,>*' we speculate
that under the same hydrothermal conditions, the degree of
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depolymerization and polymerization of lignins with different
molecular weights may differ greatly during the preparation of
L-CQDs, leading to the differences in the properties of
L-CQDs. L-CQDs have good water solubility and are present in
hydrothermal liquid products based on above results and pre-
vious research.*>*? In order to verify the formation mechanism
of L-CQDs, the hydrothermal liquids of F1, F3, and F5 at
different time intervals (2, 4, 6, 8, 10, and 12 h) were examined
by GC-MS.

Lignin is rich in ether bond linkages (p-O-4, a-O-4, 4-O-5),
and its depolymerization process is mainly the breaking of
these ether bonds.*>™*> Table S5f shows the composition of
low molecular weight compounds in fluids after the hydro-
thermal reaction of lignin. Fig. S3, S4, and S5t show the total
ion current (TIC) spectra of the liquid products of the F1, F3,
and F5 samples at different hydrothermal times detected by
GC-MS. The GC-MS results show that the vanillin, 2,4"-dihy-
droxy-3’-methoxyacetophenone, benzenepropanol, 4-hydroxy-3-
methoxy, and other phenolic monomers with the G-type struc-
ture are the main types of products in the hydrothermal
liquids. There is no significant change in the type of products
in the hydrothermal fluids of F1, F5 and F3 with different reac-
tion times. The products in the hydrothermal liquids are
mainly generated by the breaking of lignin ether bonds (p-O-4,
a-0-4, 4-0-5) during the hydrothermal process, and different
molecular weight lignins have a similar bonding mode based
on the 2D-HSQC NMR results of F1, F5 and F3 lignin samples,
thus obtaining similar hydrothermal products. But their rela-
tive contents are quite different, which is precisely due to the
difference of depolymerization and polymerization caused by
different molecular weight lignins under the same hydro-
thermal conditions.

The XPS results (Fig. 2 and 5) indicate that the C-O content
of the high molecular weight lignin sample (F1, M,, = 7154 g
mol ™) is 50.14%, while the C-O content of L-CQDs-1 derived
from F1 decreases to 36.43%. This is due to the high content
of ether bonds in the high molecular weight lignin. During the
hydrothermal process, the hydrogen ions ionized from water
act on the ether bonds of lignin, causing them to break and
form C-H and C-OH structures. The broken lignin molecules
then undergo hydroxyl condensation to form L-CQDs. The
small amount of remaining ether bonds in L-CQDs mainly
inherit from the lignin molecules that did not break. As a
result, the C-O content in L-CQDs decreases compared to that
in lignin.® From the XPS results (Fig. 5), it is also found that
in L-CQDs the content of C=C/C-C located at around 284.77
eV corresponding to graphitic carbon is only 37.40%, which
indicates that the graphitization degree is not high in L-CQDs-
1.*” The reason is that during the preparation of L-CQDs-1, the
ability of lignin with large molecular weight to depolymerize
into small molecules is limited under the same hydrothermal
conditions, so only a small number of small molecules, incom-
pletely cleaved dimers, trimers or large molecules participate
in the repolymerization reaction. From the TIC spectra of F1
(Fig. S37), it can be also seen that the signals of low molecular
weight compounds in the hydrothermal liquid products of F1
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are weak overall, indicating that few small molecule products
were produced during the hydrothermal process of F1.
Therefore, the structural conjugation of the generated L-CQDs-
1 is low, resulting in poor fluorescence properties.

There are relatively few ether bond connections in small
molecular weight lignin (F5, M,, = 2096 g mol ') under the
same mass of lignin. The TIC spectrum of F5 (Fig. S4t) indi-
cates that the hydrothermal liquid of F5 contains relatively
high levels of benzenepropanol and 4-hydroxy-3-methoxy.
However, it is difficult to form a highly conjugated carbon core
in the polymerization process due to the existence of long
branched chains in benzenepropanol and 4-hydroxy-3-
methoxy. This is also illustrated by the XPS results (Fig. 5),
which shows that the graphitic carbon in F5 has the lowest
C=C/C-C content of 41.24%. Therefore, we think that under
the same hydrothermal conditions, lignin with a low mole-
cular weight can be easily depolymerized to obtain small mole-
cules with long branched chains, resulting in a lower pro-
portion of benzene ring structures participating in the
polymerization reaction to form L-CQDs-5, and fewer conju-
gated structures are generated, which leads to poor fluo-
rescence properties of L-CQDs-5.

By observing the TIC spectra (Fig. S5) of lignin (F3, M,, =
5042 g mol™') with an appropriate molecular weight, the
F3 hydrothermal liquid contains a large proportion of vanillin
and benzaldehyde, 2,4-dihydroxy-6-methyl. Their signal inten-
sity tends to increase and then decrease with the extension of
reaction time. Because vanillin contains a phenolic hydroxyl
group and an aldehyde group in its structure, benzaldehyde,
2,4-dihydroxy-6-methyl- has two phenolic hydroxyl groups and
an aldehyde group in its structure, and both phenolic hydroxyl
and aldehyde groups are susceptible to dehydration nucleation
reactions,® the formation of highly conjugated carbon cores is
easy. The XPS results (Fig. 5) also confirm that the graphitic
carbon content of L-CQDs-3 is the highest (67.69%) in all
L-CQD samples. Therefore, we think that lignin with an appro-
priate molecular weight (M,, = 5042 g mol™") can easily depoly-
merize into a large number of small molecular structure pro-
ducts with a high proportion of benzene rings, which are easy
to polymerize and form a higher conjugated structure of
L-CQDs-3 with excellent optical properties during the hydro-
thermal process, compared to other L-CQDs formed from high
or low molecular weight lignins. The formation mechanisms
of the L-CQDs-1, L-CQDs-3 and L-CQDs-5 are shown in Fig. 6.

Cell imaging results

The cytotoxicity of L-CQDs-3 on L02 cells was tested to analyze
the biocompatibility of L-CQDs-3 before cell imaging, and the
results are shown in Fig. S61 The cell survival rate decreases
with the increasing L-CQD-3 concentration, but even at a
L-CQD-3 concentration of up to 2 mg mL™", the cell survival
rate is 83.97%, indicating L-CQDs-3 has good biocompatibility
and low toxicity. After considering the fluorescence data and
cytotoxicity of L-CQDs-3, L02 cells were co-cultured with
L-CQDs-3 at a concentration of 0.5 mg mL~" for 12 h with a
survival rate of 94.44%.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Formation mechanism of L-CQDs prepared from different molecular weight lignins.

In order to demonstrate the general applicability of L-CQDs-
3 in cellular imaging applications, we used three different types
of cells, such as human normal hepatocytes (L02), human hepa-
tocellular carcinoma cells (HepG2), and Escherichia coli (E. coli),
to explore the imaging capability of L-CQDs-3. The excitation
wavelengths of the laser confocal microscope were fixed at

This journal is © The Royal Society of Chemistry 2024

405 nm, 488 nm and 559 nm, respectively. The results are
shown in Fig. 7. By observing the bright field and the combined
field, it can be found that L-CQDs-3 successfully enters into the
interiors of L02, HepG2 and E. coli, and the outline state of
these cells can be clearly observed under three passages, which
indicates that the L-CQDs-3 can realize the labeling of three

Green Chem., 2024, 26, 3190-3201 | 3199
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Fig. 7 Imaging of L-CQDs-3 in LO2, HepG2 and E. coli at excitation wavelengths of 405 nm, 488 nm, 559 nm, respectively.

different types of cells. Therefore, L-CQDs-3 prepared in this
study can be widely utilized for imaging different kinds of cells
and can be used as a potential fluorescent probe for bioimaging
and other related biomedical applications.

Conclusions

In this study, the effects of lignin molecular weight on the for-
mation and performance of L-CQDs are systematically investi-
gated with the use of lignin fractions recovered by sequential
fractionation of alkali lignin. The property relationship
between lignin and L-CQDs and the formation mechanism of
L-CQDs with different lignin fractions are elucidated. The use
of lignin fraction with a molecular weight of 5042 g mol™*
leads to the synthesis of L-CQDs with a high fluorescence
intensity that is 1.86-fold that of the L-CQDs derived from orig-
inal alkaline lignin. It was found that the generation of vanillin
and benzaldehyde (2,4-dihydroxy-6-methyl) small molecule
structures in the hydrothermal method contributes to the for-
mation of the highly conjugated carbon core structure of
L-CQDs, thus improving the fluorescence performance. In
addition, the L-CQDs that are derived from the lignin fraction
with a molecular weight of 5042 g mol™" also have a remark-
able imaging ability for L02, HepG2 and E. coli cells, demon-
strating their significant potential in bio-imaging applications.
This study not only fundamentally elucidates the formation
mechanism of L-CQDs using lignin fractions with different
molecular weights, but also develops a simple method for gen-
erating L-CQDs with high fluorescence performance.
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