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Preparation of Lignin-like Polymers by Dehydrogenation
of Lignin Precursors and Structure-activity
Relationships of the Resulting Polymers against Live
Cancer HepG2 Cells

Boxuan Zhao,? Zhijian Li,b* Zhi Wang,? Yunbo Zhao,* and Yimin Xie &%*

Lignin can be used as a natural anticancer drug because of its potential
biological activity and low cytotoxicity. This research focuses on oligomeric
dehydrogenation polymers (DHPSs) of lignin. The lignin precursor coniferin
was used to yield Zulaufverfahren dehydrogenation polymers (ZL-DHPS)
and Zutropfverfahren dehydropolymers (ZT-DHPs) catalyzed by mixed
enzymes. The *C-NMR determination showed that the DHPs obtained
were similar to natural lignin, and ZL-DHP had a slightly higher -5 content
than ZT-DHP. ZL-DHPs and ZT-DHPs were subjected to organic solvent
extraction with different polarities to obtain eight fractions, i.e., ZL-1-ZL-4
and ZT-1-ZT-4. The antitumor activity showed ZL-2 (ICso 181.99 pg/mL)
and ZT-2 (ICso 246.76 pug/mL) had significant inhibitory effects. Fractions
ZL-2 and ZT-2 were purified through column chromatography using
gradient-polarity binary eluent, and 12 purified compounds were obtained,
i.e., L1-L6 and T1-T6. The results showed L2 (ICs033.99 ug/mL) and T1
(ICs042.08 pg/mL) had relatively high biological activity, respectively. Their
structure was characterized using high-resolution mass spectrometry and
BC-NMR, indicating that L2 is a dimer with -5 linkage (8-5, y-CHs, and y*-
CH20H), and T1 is also a dimer with 8-5 linkage but different substituents
(B-5, y-CHO, and y-COOH).
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INTRODUCTION

The use of lignin oligomers, such as dimers or trimers, to investigate the
bioreactivity of natural lignin has become a promising research area. The most common
method for preparing oligomeric dehydrogenation polymers (DHPS) involves the use of
horseradish peroxidase (HRP) and hydrogen peroxide to dehydrogenation polymerize
monolignols in a buffer (Freudenberg 1965; Tobimatsu et al. 2006). This process simulates
the biosynthesis of natural lignin and provides a powerful tool for lignin research.
Currently, two polymerization methods, i.e., Zulaufverfahren (ZL) and Zutropfverfahren
(ZT), are used (Cathala and Monties 2001). Zulaufverfahren involves bulk polymerization
of monolignols by flow addition; however, its dimer products are abundant compared to

Zhao et al. (2025). “Lignin-like polymer preparation,” BioResources 20(2), 2904-2921. 2904



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

natural lignin. Zutropfverfahren involves a slow drop-wise addition of a mixed solution of
the reaction substrate and hydrogen peroxide into a buffer containing HRP, which helps
simulate the terminal polymerization process during lignification and reduces the
proportion of dimerization products. However, compared with the Zulaufverfahren
method, the Zutropfverfahren method produces DHPs with a physiological activity more
similar to that of native lignin (Johjima et al. 1999; Méchin et al. 2007).

Lignin dehydrogenated polymers also show significant potential for applications in
anticancer research. It has been reported that the DHPs synthesized from coniferin and
purified using organic solvents inhibit HelLa cervical cancer cells and A549 lung cancer
cells (Chen 2019; Wei 2022; Zhou et al. 2023). These oligomeric lignins provide a
powerful tool for understanding the mechanism underlying their effect on cancer cells.
Chen et al. (2019) revealed the contributions of different structural units to the biological
activity of guaiacyl-type oligomeric lignin (DHP-G) and guaiacyl-syringyl-type DHP
(DHP-GS) derived from coniferin and syringin. The results showed that the $-O-4 structure
does not contribute to the biological activity of DHP, whereas the -5 structure increases
the inhibitory effect of DHP on cervical cancer HeLa cells. Wei (2022) further compared
the inhibitory effects of DHP with those of purified compounds isolated from ginkgo kraft
lignin on A549 lung cancer cells and found that an increase in the aldehyde group on the
side chain of the phenylpropane unit can enhance antitumor activity. These studies have
provided preliminary results in understanding the antitumor activity of oligomeric lignin
derivatives (Shu et al. 2021).

Liver cancer is the third most common malignant tumor, after gastric and
esophageal cancers (Anwanwan et al. 2020). Therefore, novel anticancer drugs are
required. In the present study, coniferin was used as the starting material, and with HRP,
S-glucosidase, and glucose oxidase as catalysts, the oligomeric lignin fractions were
obtained using the Zulaufverfahren (ZL) and Zutropfverfahren (ZT) methods followed by
fractionation and purification. The inhibitory effect of each fraction on HepG2 cells was
evaluated using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
assay (Van Meerloo et al. 2011; Kumar et al. 2018). Fractions with higher biological
activity were further purified through column chromatography using a polar solvent
gradient. The purified compounds were subjected to the above-mentioned biological
activity determinations (Ugartondo et al. 2008; Zhao et al. 2017). In addition, the structure
was analyzed to reveal the possible mechanism underlying the anti-hepatoma activity of
lignin and to understand the structure-effect relationship.

EXPERIMENTAL

Materials

Phosphate buffer saline (PBS) was purchased from Gibco (Grand Island, NY,
USA). HRP, p-glucosidase, and glucose oxidase were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Complete EMEM (containing penicillin-streptomycin) and fetal bovine
serum were obtained from Wuhan Boster Bioengineering Co., Ltd (International Enterprise
Center, 1 Te 1, Guanshan 2" Road, Wuhan). MTT cells were obtained from Beijing Lanjie
Technology Co., Ltd. (Room 206, Building 1, 9 Yumin Avenue, Area B, Konggang
Industrial Park, Shunyi District, Beijing), and liver cancer HepG2 cells were purchased
from Beijing Beina Biotechnology Co., Ltd. (Building 5A, Shuanghuiyuan, Chaoyang
District, Beijing). Coniferin was synthesized in the laboratory.
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Biosynthesis of ZL-DHP

Coniferin (500 mg) was dissolved in a 250 mL three-neck bottle flask with 50 mL
of 0.2 M sterile acetic acid/sodium acetate buffer solution at pH 5.0. After the system was
stabilized, glucose oxidase, f-glucosidase, and HRP were added. Sterile air filtered through
activated carbon was continuously bubbled, and the reaction was conducted at 30 °C for 9
h. Then, glucose oxidase, f-glucosidase, and HRP were supplemented, and the reaction
was continued for 87 h. Then, 150 mL of distilled water was added and the mixture was
heated to 65 °C to stop the reaction. The mixture was centrifuged, and the precipitate was
collected and washed three times with distilled water to remove the soluble enzymes. Crude
ZL-DHP was obtained by freeze drying, and dissolved in dichloroethane/ethanol (2:1/v:v),
extracted for 4 h, and centrifuged. The supernatant was collected and vacuum-dried- to
obtain purified ZL-DHP with a yield of 41.9%.

Biosynthesis of ZT-DHP

Coniferin (500 mg) was dissolved in a 50 mL-erlenmeyer flask with 30 mL of 0.2
M sterile acetic acid/sodium acetate buffer solution at pH 5.0. Glucose oxidase, f-
glucosidase, and HRP were dissolved in a 250 mL three-neck bottle flask with 20 mL of
0.2 M sterile acetic acid/sodium acetate buffer solution under sterile conditions. The
coniferin solution was slowly added to the mixed enzyme solution by a constant current
pump within 24 h at 30 °C. Glucose oxidase, f-glucosidase, and HRP were added to
continue the reaction for 72 h. Then, 150 mL of distilled water was added and the mixture
was heated to 65 °C to stop the reaction. The reaction mixture was centrifuged, and the
precipitate was collected and washed three times with distilled water to remove the soluble
enzymes. Crude ZT-DHP was obtained by freeze-drying, dissolved in dichloroethane/
ethanol (v:v/2:1), and centrifuged. The supernatant was vacuum-dried to obtain purified
ZT-DHP with a yield of 43.3%. The synthesis routes of the DHPs (ZL-DHP and ZT-DHP)
are shown in Fig. 1 (Terashima et al. 1995, 1996).
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Fig. 1. The structural changes of coniferin during the synthesis of DHPs

ZL-DHP and ZT-DHP Fractionation

According to the solubilities of DHPs in different polar organic solvents,
cyclohexane, ethyl ether, ethanol, and dioxane were used to fractionate DHPs (Zega et al.
2008; Mattinen et al. 2011). The fractionation process is illustrated in Fig. 2. The DHP
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fractions were first extracted with cyclohexane using a Soxhlet extractor (De Castro and
Priego-Capote 2010), and the solvent was removed in vacuo to obtain the cyclohexane-
soluble fraction, ZL-1/ZT-1. The residual solid was extracted with absolute ethyl ether
using a Soxhlet extractor, and then it was extracted with ethanol and dioxane. Ethyl ether-
soluble fraction ZL-2/ZT-2, ethanol-soluble fraction ZL-3/ZT-3, and dioxane-soluble
fraction ZL-4/ZT-4 were obtained. The yields of ZL-1/ZT-1, ZL-2/ZT-2, ZL-3/ZT-3, ZL-
4/ZT-4 were 3.8%/4.0%, 10.2%/10.0%, 43.1%/41.2%, 31.6%/32.6%, respectively.

ZL-DHP
ZT-DHP
Cyclohexane Extractions
centrifugal separation
| soluble substance | ‘ ingoluble substance
vacuum evaporation Ethyl Ether extraction
centrifugal separation
ZL-1 ZT-1
| soluble substance | | ingoluble substance
vacuum evaporation Ethanol extraction
centrifugal separation
ZL-2 7T-2
‘ soluble substance ‘ | ingoluble substance
VACUUm evaporation Dioxane extraction
centrifugal separation
Z1-3 7ZT-3
| soluble substance | ‘ insoluble substance

Vacuum evaporation

7ZL-4,ZT-4

Fig. 2. Fractionation of ZL-DHP and ZT-DHP

Purification of the DHP Ether-soluble Fraction

Among the ZL-DHP and ZT-DHP fractions, the ether-soluble fraction, ZL-2/ZL-2,
had the best biological activity. Therefore, these two fractions were further purified through
column chromatography. A binary mixed solvent with gradient polarity was used as the
eluent, and the process is shown in Fig. 3. Using cyclohexane-ethyl: acetate (v/v,4:1),
cycloethane: ethanol (v/v, 1:1), dichloromethane: methanol (v/v, 9:1), ethyl acetate:
ethanol (v/v, 5:1), ethyl acetate: methanol (v/v, 9:1), and chloroform: methanol (v/v, 9:1),
the fractions ZL-2 and ZT-2 were eluted. The eluent was verified using TLC (Wang et al.
2006; Bele and Khale 2011). The highly consistent eluents were combined, and the solvent
was evaporated under reduced pressure to obtain 12 groups of purified compounds. The
yields of L1-L6 were 38.57%, 35.42%, 7.79%, 1.10%, 1.26%, and 7.24%, respectively.
The yields of T1-T6 were 28.72%, 25.06%, 11.28%, 2.11%, 4.23%, and 23.24%,
respectively.
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Fig. 3. Purification process of fraction ZL-2 and ZT-2 of DHPs

Antitumor Activity Determination

The MTT assay is commonly used to evaluate the antitumor activity of compounds
against tumor cells (Ahamed et al. 2013). Each well of a 96-well plate was filled with
sterile PBS and transferred to a cell culture chamber for 24 to 48 h. Once the bottom of the
well was covered with cells, 100 pL of the sample solution, prepared at a gradient
concentration, was dispensed into the experimental well. Then, the same solvent and
complete medium were added to the control well, and the zero well was continuously
supplemented with complete medium. The cells on the 96-well plate were incubated, and
their cell growth was observed at regular intervals. After culturing for two days, the MTT
solution (5 mg/mL) was added to the wells corresponding to the experimental, control, and
zero groups and placed in an incubator. Four hours later, the spent medium in the well was
discarded using a sterile syringe, and purple crystals formed. Dimethyl sulfoxide (DMSO,
150 pL) was added to each well, the plate was shaken in a microplate reader for 10 min,
and the absorbance (OD) was measured at 490 nm. The OD of the test well was recorded
as ODy, that of the control as ODz, and that of the zero well as ODs. The extent of inhibition
of the samples at different concentrations were calculated according to Eqg. 1, and the semi-
inhibitory concentration (ICso) of each sample was calculated using SPSS software (Nga
et al. 2020). The concentration of the sample to be tested in the experimental group was
set to 12.5 to 800 pg/mL using the double-dilution method. The sample was dissolved in 1
mL of complete medium. If the solubility was poor, an appropriate amount of organic
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solvent, such as acetone, or the surfactant polysorbate 80 (0.5% Tween 80), was added
first, followed by the addition of 1 mL complete medium.

OD,-OD;

Extent of inhibition(IR%)= (1- 0D,-OD;

)x1oo )

HRMS Mass Spectrometry Determination of Biologically Active Purified
Components

The mass spectrometry information of L2 and T1 was obtained using the Q
Exactive electrostatic field orbital ion well mass spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) (Nolting and Malek 2019). The parameters were as follows:
ion source, HESI; dry gas, N2; atomizing gas pressure, 40 arb; auxiliary gas pressure, 10
arb; spray voltage, 3500 V; ion transport capillary temperature, 350 °C; scanning mode,
negative ion full MS; scanning range m/z, 50 to 500.

3C-NMR Determination of ZL-DHP and ZT-DHP

ZL-DHP and ZT-DHP (40 mg) were dissolved in 0.6 mL DMSO-ds, and placed in
a <P 5-mm nuclear magnetic tube. The corresponding *C-NMR spectra were obtained using
a Bruker Avance 11l 600 MHz NMR spectrometer (8th Floor, Tower C, Building B-6,
Zhongguancun Dongsheng Science and Technology Park, 66 Xixiaokou Road, Haidian
District, Beijing) at 150.90 MHz. The parameters were as follows: test temperature, 22 °C;
pulse delay, 2.0 s; acquisition time, 0.81 s; number of scans, 3000 times.

RESULTS AND DISCUSSION

Antitumor Activities of ZL-DHP and ZT-DHP

The relationships between the concentration and extent of inhibition of different
ZL-DHP and ZT-DHP fractions obtained using solvent extraction on HepG2 hepatocellular
carcinoma cells are shown in Fig. 4.
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Fig. 4. Relationship of concentration of ZL-DHP (A) and ZT-DHP (B) fractions with the extent of
inhibition of liver cancer HepG2 cells
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All I1Csp calculated using the SPSS 26 software are shown in Table 1. All DHP
fractions exhibited different degrees of inhibition on HepG2 hepatocellular carcinoma cells
(Zhang et al. 2016). Among them, the ether-soluble fraction ZL-2/ZT-2 showed the best
antitumor effect. The antitumor effect of the DHP fractions exhibited nonlinear dose-
response relationships over a range of concentrations. The ether-soluble fractions ZL-
2/ZT-2 from ZL-DHP and ZT-DHP, had the lowest ICso, i.e., 181.99 pg/mL and 246.76
pg/mL, respectively, demonstrating a stronger inhibitory effect on tumor cells (Table 1).

Table 1. Semi-inhibitory Concentration (ICso) of DHPs Fractions on Liver Cancer
HepG2 Cells

DHPs graded fractions ICso (Mg/mL)
ZL-1 325.0
ZL-2 182.0
ZL-3 924.0
ZL-4 1729.3
ZT-1 340.3
ZT-2 246.8
ZT-3 1435.6
ZT-4 2011.6

3C-NMR analyses of ZL-DHP and ZT-DHP

The 3C-NMR spectra of ZL-DHP and ZT-DHP are shown in Fig. 5. The *C-NMR
spectra revealed clear differences in the chemical structures of ZL-DHP and ZT-DHP. Both
DHPs had signals near 194.7 ppm (No. 1), which correspond to the y-CHO of
cinnamaldehyde, indicating that oxidation occurred during coniferin polymerization. A
signal near 172.7 ppm (No. 2) corresponds to the yp-position of the ferulic acid unit,
indicating that the hydroxymethyl group at the y-position was oxidized to a carboxyl group.
The signals at 150.3 to 131.3 ppm (Nos. 4-8) were mainly from the carbon atoms on the
guaiacyl aromatic ring. Signals at 129.6 ppm (No. 9) and 129.5 ppm (No. 10) are caused
by the resonance of Ca and Cf in the structure of coniferyl alcohol. This reveled that both
DHPs prepared by the bulk and the end-wise methods contained a part of the CaH=C/H
structure, which is consistent with previous results (Xie et al. 1994). The resonance signals
in the 119.4 to 110.7 ppm (Nos. 13-16) region are all from carbon atoms on the aromatic
ring. The signals near 87.5 to 85.4 ppm correspond to the -5 (No. 17) and Cp in p-O-4
structures and Co in -4 (No. 18). The signals in the 74.2 to 70.6 ppm (Nos. 20—22) region
and 62.1 ppm (No. 25) correspond to Ca and Cy in the -O-4 structure, and 67.7 ppm (No.
23) and 53.7 ppm (No. 27) arise from Cf and Cy in the -5 structure, respectively. The
signals at 63.4 ppm (No. 24) and 47.0 ppm (No. 28) are from Ca in the -1 structure and
Cp in the - structure, respectively. These results indicate that the artificially synthesized
DHPs mainly contain -5 and p-O-4 structures, as well as -3, p-1, and phenylpropane
structures such as cinnamaldehyde and ferulic acid. From the peak intensity, ZL-DHP is
rich in the -5 structure. Based on careful analysis of the 3C-NMR spectra, it is found that
that the signals corresponding to positions No. 2 and No. 3 in ZT-DHP exhibit higher
intensities compared to those in ZL-DHP. This difference in intensity is caused by the
higher carboxyl group content present in ZT-DHP. Conversely, the signal peaks at No. 23
and No. 30 in ZL-DHP are stronger than those in ZT-DHP, indicating a higher abundance
of CyH20H and CHs groups in ZL-DHP. The coniferyl alcohol CyH20OH structure is
represented by the signal peak at No. 25.
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Fig. 5. 3C-NMR spectra of ZL-DHP and ZT-DHP

Analyses of the Antitumor Activity of Purified DHP Compounds

The effect of the purified DHP compounds on the growth of HepG2 cells at the
maximum concentration (800 pug/mL) is shown in Fig. 6. Each purified compound had an
inhibitory effect on HepG2 liver cancer cells, especially the purified compounds L2 and
T1. After adding the samples, the number of cells decreased significantly and the cells
became small. This morphological change is consistent with the characteristics of cancer
cell apoptosis, indicating that the purified compounds L2 and T1 have strong anticancer
activity and can induce apoptosis of the cells (Liu et al. 2000; Park et al. 2014), thereby
inhibiting the growth and proliferation of cancer cells.

The relationship between the extent of inhibition of purified DHPs on HepG2 cells
is shown in Fig. 7. The ICso of each compound was calculated using SPSS 26 software,
and the results are shown in Table 2 (Long et al. 2021). As shown in Fig. 7, compounds
L2 and T1 had different degrees of inhibitory effect on HepG2 liver cancer cells, with a
maximum extent of inhibition close to 80%. Among the purified DHP compounds, L2 and
T1 had the better inhibitory effect on HepG2 cells, and their 1Cso values reached 34.0 and
42.1 pg/mL, respectively (Table 2). In general, the inhibitory effect of the compound
purified from ZL-DHP on HepG2 cells was greater than that of the DHP synthesized using
the end-wise method.
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Table 2. 1Cso of the Purified Compounds from DHPs on Liver Cancer HepG2

Cells
DHPs Purified compounds ICso (ug/mL)
L1 84.0
L2 34.0
L3 101.2
L4 195.7
L5 276.7
L6 324.1
T1 42.1
T2 96.4
T3 138.3
T4 213.5
T5 332.3
T6 875.0

HRMS Mass Spectrometry Analysis of the Biologically Active Purified

Compounds

High-resolution mass spectrometry (HRMS) is an analytical technique that can
distinguish between the molecular masses of compounds, provide high-resolution data
(Zhang et al. 2021), and help to determine the structures and functional groups of
compounds with high biological activity (Cui et al. 2021; Dean et al. 2022).

100% =

90%

40%

Relative Abundance
§
|

30% 7
20%

10%

T136.015

149.023

179.034

183.999

343.155

317.119

0%

150

253.233 283.264 h
| |
T

1

200 250 300 350 400
m/z

Fig. 8. High-resolution mass spectrum of purified compound L2 from ZL-2
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Table 3. Fragment Information and Structure Determination of L2 Purified

Compounds from ZL-2

m/z Fragment assignment
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Figure 8 shows the mass spectrum of L2, a compound purified from the ether-
soluble fraction ZL-2 of ZL-DHP, which exhibits high biological activity. Table 3 shows
the assignment of fragment ion peaks according to the spectrum. Among the various
fragments, the prominent peak at m/z 179.034 corresponds to the ion signal of the coniferyl
aldehyde monomer, whereas that at m/z 183.999 can be assigned to the coniferyl alcohol
monomer. The peak at m/z 149.023, caused by the elimination of the y-carbon in the
coniferyl aldehyde side chain, implies the presence of 2-methoxy-4-vinyl phenol.
Additionally, the elimination of g and y carbons yields a fragment peak at m/z 136.015.
Notably, the ion peak at m/z 343.155 represents a f-5 dimeric structure, formed via
peroxidase-catalyzed coupling between a coniferyl aldehyde side chain double bond and
phenolic hydroxyl group of another monomer (Matsushita et al. 2015; Xie et al. 2020).

Similarly, Fig. 9 shows the mass spectrum of T1, a compound purified from the
diethyl ether-soluble ZT-2 fraction of ZT-DHP, characterized by its biological activity. The
fragment information and assignments are summarized in Table 4. The molecular ion peak
at m/z 371.186 corresponds to the molecular formula C20H1807 for T1. The most abundant
fragment ion peak at m/z 184.047 is hypothesized to be from a coniferyl alcohol monomer
fragment (Liu et al. 2010; Takahashi et al. 2011). Similar to the L2, a notable peak at m/z
151.039 results from the cleavage of the coumaran structure, revealing the instability and
eliminability of the Cy carbon of phenylpropane units. The ion peak at m/z 371.186
represents a dimer fragment with a -5 linkage carrying oxidized side chains (5-5, y-CHO,
and y-COOQOH), indicating the occurrence of oxidation reactions. Fragmentation of this
dimer into two ions at m/z 283.264 and m/z 325.144 confirms the presence of the £-5
characteristic structure.
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Fig. 9. High-resolution mass spectrum of purified compound T1 from ZT-2 fraction
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Table 4. Fragment Information and Structural Assignment of Purified Compound
T1 from ZT-2

m/z Structural assignment
OCH,
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3C-NMR Analysis of the Purified Compounds with High Biological Activity

The BC-NMR spectrum of L2 from ZL-DHP is shown in Fig. 10. The signals and
their assignments are as follows: 6148.10 (C4"), 6147.32 (C3'"), 6146.67 (C3), 5144.13 (C4),
0133.82 (C1), 6131.83 (C6), 6131.45 (C1"), 6131.15 (Cp") 8123.15 (C5"), 6119.81 (Ca),
0115.70 (C5). 8113.80 (C6"), 6111.02 (C2", 6110.12 (C2), 693.07 (Ca), 664.18 (Cy"),
856.12 (C7"), 656.08 (C7), 645.00 (Cp), 639.80 (DMSO-ds solvent), and 626.81 (Cy).

The BC-NMR spectrum of T1 from ZT-DHP is shown in Fig. 11. The main signals
and their assignments are as follows: 6206.99 (Cy), 6170.82 (Cy"), 6147.99 (Ca'), 5147.93
(C3), 6147.20 (C3"), 6146.81 (C4), 5145.85 (C4 "), 56140.80 (C1), 5130.48 (C1"), 5129.96
(C6), 56128.08 (C5"). 8120.44 (Cp"), 6115.70 (C5), 6111.10 (C6"), 5108.20 (C2'), 8106.26
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(C2), 882.50 (Ca), 560.23 (Cp), 556.16 (C7), 555.88 (C7'), and 540.21 (DMSO).
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Fig. 10. The 3C-NMR spectrum of purified compound | Fig. 11. The **C-NMR spectrum of purified compound
T1

L2

According to the comprehensive analysis of the *C-NMR and HRMS mass spectra
of the purified compound L2 and T1 from the ether-soluble fraction ZL-2 and ZT-2 of
DHPs, it can be concluded that the purified compounds of these two DHP samples are
dimers with -5 structures. The compound L2 is a p-5 structure (5-5, y-CHs, and y' -
CH20H) dimer, whereas T1 is a (5-5, y-CHO, and »"-COOH) dimer formed by coupling of
side chain carbons and oxidation (Yue et al. 2016; Sheng et al. 2017).

Structure-activity Relationship of the Highly Bioactive Purified Compounds

Many studies have been conducted on the biological activity of lignin model
compounds. Aljawish et al. (2014) synthesized a stable compound through laccase-
catalyzed oxidation of ethyl ferulate and found that the dimer obtained has $-5 structure
and high antioxidant activity. Ye (2017) used isoeugenol as raw material to synthesize a
lignin model compound, confirming that the formation of the -5 structure enhances its
antibacterial properties. Chen (2019) used laccase to catalyze the dehydrogenation
polymerization of coniferin to generate DHP. The phenylcoumaran structures in the
purified compounds have higher antioxidant, antibacterial, and antitumor activities than
the other compounds. Wei (2022) used medium-pressure liquid chromatography to purify
guaiacyl-type DHP and determined the physiological activities of the compound obtained,
which verifies that the coniferyl aldehyde dimer linked through -5 structure increases its
anticancer activity.

In this study, HRMS and *3C-NMR spectra were used to characterize the structures
of the purified compounds L2 and T1 from the two DHPs. The f-5 structures of the L2 and
T1 compounds were determined, and both have 3C-NMR signals from Ca and Cp in the
-5 structure. Physiological activity analyses showed that compound L2 had a higher
inhibitory effect on HepG2 liver cancer cells than the compound T1, indicating that the
carboxyl group in the T1 structure affected the biological activity of the compound. The
carboxyl group is polar and can increase the solubility of the compound, meanwhile, an
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increase in polarity also reduces its permeability in the lipid membrane. In addition,
compounds with a carboxyl structure will form hydrogen or ionic bonds with specific
biomolecule portions e.g., enzyme active sites or receptor binding sites, which will also
reduce the affinity with their targets. This can indirectly explain why the purified
compound T1 exhibited lower biological activity than compound L2. The results of HRMS
and 3C-NMR showed that L2 was a lignin dimer with -5 structure (-5, y-CHs, and y"-
CH20H), and T1 was also a lignin dimer with p-5 structure carrying different functional
groups (5-5, y-CHO, and y-COOQOH). The -5 structure was the main biologically active
substructure in DHPs.

In summary, the lignin-like oligomers had been prepared by dehydrogenation
polymerization of coniferin, followed by fractionating with different solvents and purifying
with column chromatography. Therefore, the process prevented the secondary
condensation reactions that typically arise during the degradation of natural larger lignin
molecules. The resulting lignin dimers had B-5 substructure and showed high antitumor
activity.

CONCLUSIONS

1. The lignin-like compounds ZL-DHP and ZT-DHP were synthesized through
dehydrogenation polymerization of coniferin catalyzed by horseradish peroxidase
(HRP), glucose oxidase, and S-glucosidase using the bulk and drop-wise methods, and
the yields were 41.9% and 43.3%, respectively. The 3 C-NMR results showed that the
two DHPs were very similar to the structure of natural lignin, mainly including -5, g-
0O-4, -1, and -4, and the content of -5 structure in ZL-DHP was slightly higher than
that in ZT-DHP.

2. Using organic solvents of different polarities (cyclohexane, ether, ethanol, and
dioxane), ZL-DHP and ZT-DHP were graded using the solvent extraction method, and
eight graded fractions were obtained: i.e., ZL-1/ZT-1, ZL-2/ZT-2, ZL-3/ZT-3, and ZL -
4/ZT-4. In the antitumor assay, ZL-2 and ZT-2 had a significant inhibitory effect on
HepG2 cells, with 1Cs0 181.99 pg/mL and 246.76 pg/mL, respectively.

3. Twelve purified compounds, L1-L6 and T1-T6, with high biological activity were
obtained through elution from the ether-soluble components ZL-2 and ZT-2. The I1Cso
of L2 and T1 tested for antitumor activity were 33.99 pg/mL and 42.08 pg/mL,
respectively. The determination of compound L2 and T1 through HRMS and 3C-
NMR revealed that L2 is a lignin dimer with -5 connection (f-5, y-CHs, and y*-
CH20H), and T1 is also a lignin dimer with -5 connection but different substituents
(#-5, y-CHO, and y-COOQOH). The p-5 structure was the main biologically active
connection mode in DHPs.
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