1' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 15 October 2021
doi: 10.3389/fenrg.2021.756285

OPEN ACCESS

Edited by:

Xiaojun Shen,

Dalian Institute of Chemical Physics
(CAS), China

Reviewed by:

Caoxing Huang,

Nanjing Forestry University, China
Chenhuan Lai,

Nanjing Forestry University, China

*Correspondence:
Wu Lan
lanwu@scut.edu.cn
Fengxia Yue
yuefx@scut.edu.cn

Specialty section:

This article was submitted to
Bioenergy and Biofuels,

a section of the journal
Frontiers in Energy Research

Received: 10 August 2021
Accepted: 06 September 2021
Published: 15 October 2021

Citation:

XieM, ChenZ, Xia Y, Lin M, LiJ, Lan W,
Zhang L and Yue F (2021) Influence of
the Lignin Extraction Methods on the
Content of Tricin in Grass Lignins.
Front. Energy Res. 9:756285.

doi: 10.3389/fenrg.2021.756285

Check for
updates

Influence of the Lignin Extraction
Methods on the Content of Tricin in
Grass Lignins

Minting Xie', Zhendong Chen’, Yue Xia®, Minsheng Lin’, Jiaqi Li', Wu Lan"*, Liming Zhang?
and Fengxia Yue""?*

"State Key Laboratory of Pulp and Paper Engineering, School of Light Industry and Engineering, South China University of
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Tricin as a monomer of grass lignin with unique biological properties is beneficial to human
health with the potential for various applications. The abundant grass lignin could be an
alternative source for tricin if an effective separation method is available. In this study, we
used different lignin preparations, including alkali lignin (AL), mild acidolysis lignin (MAL),
cellulase enzymatic lignin (CEL), y-valerolactone lignin (GVL), and organosolv lignin (OL), to
investigate the effect of different fractionation methods on the tricin content of the wheat
straw lignin. The tricin signal of different lignins can be clearly identified by 2D heteronuclear
singular quantum correlation (HSQC) spectra. GVL showed the highest tricin level among
these lignin samples as the tricin content of GVL was accounted to be 8.6% by integrals.
The tricin content was carefully determined using thioacidolysis combined with high-
performance liquid chromatography-mass spectrometric (HPLC-MS), and the quantitative
results of tricin by HPLC-MS were basically consistent with that of 2D HSQC integrals.
Both methods have proved that the tricin contents of lignins isolated under acid conditions
were significantly higher than that of AL. In addition, the determination of the sun protection
factors (SPF) of lignin-based sunscreen and antioxidant activity of lignin preparations
indicated that reserving more tricin was beneficial to the UV resistance of lignin samples.
Therefore, this study not only provides new insights for the extraction methods of lignin with
high tricin content but also is beneficial to the future study on the application of tricin and
tricin-lignin.

Keywords: tricin, lignin, antioxidation, SPF, HSQC, HPLC-MS

INTRODUCTION

Lignin, a natural and renewable aromatic polymer with complex structures, is primarily distributed
in the secondary plant cell walls. The content of lignin in timber plants is 20-40%, whereas it is
generally lower in Gramineae, about 15-25%. Conventional lignin is composed of guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) units, which are, respectively, derived from coniferyl alcohol,
sinapyl alcohol, and p-coumaryl alcohol and differed by the methoxylation degree on the aromatic
ring (Boerjan et al.,, 2003; Ralph, 2009). Recent studies revealed that, in addition to these three
monolignols, lignin also contained many other unconventional monomers, such as tricin,
piceatannol, feruloyltyramine, and caffeyl alcohol (Chen et al, 2021; del Rio et al, 2020;
Vanholme et al., 2019).
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FIGURE 1| Chemical structures of tricin and linkages between tricin and
other lignin units.

Among these newly discovered monomers, tricin is one of the
most interesting ones because it is the first phenolic from outside
the monolignol biosynthetic pathway which is found to be
integrated into the lignin polymer (Lan et al, 2015). Tricin
has long been known as a secondary metabolite in monocots,
which is extractable by organic solvents. In recent years, it was
first disclosed to be present in the lignin preparation from wheat
straw (del Rio et al,, 2012) and was later authenticated as a
monomer in grass lignin (Lan et al, 2015). Structural
characterization of biomimetic radical coupling reaction
proved that tricin linked with other monolignols exclusively
through B-O-4 interlinkage and therefore only occurred at the
starting point, i.e., serving as a nucleation site, of lignin chain.
Chemical structures of tricin and linkages between tricin and
other lignin units are provided by Figure 1 (Lan et al., 2016).
Compared with other compounds with similar structure, the
potential application of tricin is distinctly higher in the aspect
of agricultural, nutraceutical, and medicinal activities (Zhou and
Ibrahim, 2009), considering its biological activities including
antioxidant, antiviral, anticancer, antiaging, and
hepatoprotective activities (Ogo et al, 2013; Oyama et al,
2009; Solyanik et al, 2021). Structure-activity relationship
study demonstrates that the phenolic hydroxyl, ketone, and
carboxyl group display a strong absorption of ultraviolet (Cao
et al, 1997; Heim et al., 2002). As for tricin, the long resonance
structure formed by two aromatic rings and the C=C and
carbonyl in between, as well as the intramolecular hydrogen
bonds, further enhances the UV absorption ability,
antioxidation, and antibacterial properties, making it a natural
UV protector and antioxidant with great potential for use in daily
protective products (del Rio et al., 2020; Lan et al., 2016; Oyama
et al., 2009). On the other hand, natural tricin is featured by
premium pricing because of the low content in the extractives
from plants and difficulty in purification (Li et al, 2016).
Therefore, the abundant grass lignin could be an alternative
source for tricin if an effective separation method is available.

At present, certain straws of crops are underutilized as many
agricultural residues are treated as wastes. Some of them were
even burned and therefore cause serious pollution in the rural
area (Kim and Dale, 2004; Sarkar et al., 2012). Therefore, more
efforts should be made to take full advantage of the agricultural
residues considering environmental and economic aspects.
Wheat is one of the most important cereal crops. The annual
production of wheat is about 134 million tons and resulting in

Tricin in Isolated Lignin

close to 175 million tons of wheat straw per year calculated by the
Food and Agriculture Organization (FAO) standards in 2020 in
China according to data provided by the Ministry of Agriculture
of the PRC. The previous study showed that wheat straw contains
the highest amount of tricin compared with other plants which
could be a promising source for natural tricin (Lan et al., 2016).

Although tricin has been confirmed in the lignin from
Gramineae plants and the amount has been measured by
thioacidolysis followed by HPLC-MS (Lan et al, 2016), its
stability under different conditions is still unclear. For
example, tricin would be depleted with increasing acid
concentration or pretreatment temperature after reaching a
critical condition, whereas most could be preserved under
mild diluted acid treatment conditions (Jensen et al., 2017; Lin
W. et al,, 2021). At a low-temperature alkali pretreatment (70°C,
18 h), the content of tricin in lignin isolated from wheat straw was
much lower than that in the untreated samples (Zikeli et al.,
2016). On the contrary, tricin can be retained well under some
mild conditions such as mild acid y-valerolactone lignin (GVL)
pretreatment (Luterbacher et al., 2014). Furthermore, tricin in the
waste liquor of conventional pulping mostly disappeared (Jiang
et al,, 2018; Lauwaert et al., 2019). To take the best advantage of
tricin for the subsequent application, it is important to develop a
lignin fractionation method that can mostly reserve tricin in
isolated lignin.

In this study, we explore the effect of different fractionation
methods on the tricin content of the lignin components,
including alkali lignin (AL) (from both ball-milled and
nonball-milled samples), mild acidolysis lignin (MAL),
cellulase enzymatic lignin (CEL), GVL, and organosolv lignin
(OL). 2D heteronuclear singular quantum correlation (HSQC)
spectra were used to characterize the lignin structure and
HPLC-MS was applied to quantify tricin in the lignin
preparations. The sun protection factors (SPF) of lignin-
based sunscreen and antioxidation property of lignin
preparations were also determined to evaluate the correlation
between tricin content and the abilities of anti-UV radiation and
antioxidation.

EXPERIMENTAL

Materials

The following reagents were used: L-cysteine (99%), NaOH (97%),
1,4-dioxane (98%), cellulase (hydrolyzing activity is >1000 U/g),
viscozyme L (a cellulase with enzymatic activity value of 100 FBG/
g), y-valerolactone (98%), methanol (>99.9%, HPLC level), and
acetonitrile (=99.9%, HPLC level). All chemicals used in this study
were purchased from Macklin except the cellulase was from Sigma
and viscozyme L from Novozymes.

The wheat straw collected in Jiaxiang county, Shandong
province, was physically cut, crushed, and sieved to obtain the
40-60 mesh fraction. The crushed wheat straw was dewaxed in
80% ethanol (v/v) at 80°C for 8 h. This step was repeated twice
and then followed by extraction in dichloromethane at 40°C for
8h (Lietal, 2019). The final dewaxed sample was air-dried in the
fume hood and then stored in a desiccator for later use.
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Measurement of Lignin Content
The lignin content of wheat straw was determined by the L-cysteine

assisted dissolution method as reported previously (Lu et al., 2021).
A 0.1 g/mL L-cysteine stock solution was prepared by dissolving
1.0 g of L-cysteine in 10 ml 72% H,SO,. 0.3 g of the absolutely dried
lignocellulosic sample was added to 10 ml of L-cysteine solution at
60°C in a sand bath with continuous stirring for 30 min to dissolve
lignin. 105 ml of deionized water was subsequently added to the
reaction to dilute the solution. The content of lignin was calculated
using Bill’s formula (1):

Abs' xV;x 8

SL(%) = ms X P

x 100% (1)
where Abs’ is the UV absorption values at 283 nm; V¢ (ml) is the
volume after dilution, V¢ = 115ml; ¢ (L/gcm) is the UV
absorptivity, € = 15.0; my (mg) is the mass of absolutely dried
lignin; p (cm) is the optical path length, p = 1 cm; § is the absolute
dryness, 6 = 1.

The lignin content of wheat straw was 16.46% + 0.31 according
to our determination.

Lignin Extraction

Alkali lignin (AL)

5 g of the dewaxed wheat straw was mixed uniformly with 1 M
NaOH solution in a solid-to-liquid ratio of 1:10 (g/ml) at 30°C.
After 4 h, the liquor was collected by filtration, and the pH was
adjusted to 3.0 by 1.0 M HCl solution. The neutralized liquor was
placed in a fridge at 4°C for more than 12h to let the lignin
precipitate. The AL was separated by centrifugation and then
freeze-dried to give a light brown powder. A control experiment
was performed with ball-milled at 10 h wheat straw sample under
the same reaction condition at 30°C.

Mild acidolysis lignin (MAL)

20 g of dewaxed wheat straw was added in a 1,4-dioxane/H,O (9:
1, v/v) solution with 0.2 M HCI at a solid-to-liquid ratio of 1:12
(g/ml). The reaction mixture was refluxed in a 120°C sand bath
with magnetic stirring (400 rpm) for 30 min. After cooling to
room temperature, the liquor was collected by filtration and the
pH value was adjusted to about 3.0 by saturated NaHCO;
solution. The liquor was then concentrated to about 50 ml
under reduced pressure at 45°C. The concentrated liquor was
poured into 500 ml of deionized ice water to precipitate the lignin.
The raw MAL was obtained by centrifugation and lyophilization.

Cellulase enzymatic lignin (CEL)

Enzymatic hydrolysis lignin of wheat straw was extracted
according to previous literature (Chang et al.,, 1975). Briefly, the
dewaxed wheat straw was ball-milled for 20 h in a plenary ball mill
machine. 14.0 g of wheat straw powder, along with 525 mg of
cellulase and 700 mg of viscozyme L, was added to a 175 ml of
sodium acetate/acetic acid buffer (pH = 5.0). The mixture was
placed in a thermostatic incubator at 35°C for 72 h with 250 rpm
vibration. After the reaction, the supernatant was removed by
centrifugation and the solid residue was washed with buffer twice.
After enzymatic hydrolysis for another excess 3 days, the solid
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sediment separated from being centrifuged and washed with
deionized water three times to get the crude CEL.

y-valerolactone lignin (GVL)

The preparation of GVL was based on the previous reference (Li
et al, 2020). 3g of wheat straw was placed in a 100 ml
hydrothermal reactor with PTFE liner containing 36 ml GVL,
9 ml deionized water, and 24.6 pL 98% H,SO, (the solid-to-liquid
ratio was 3:40 and the acid concentration was 0.0113 M) and then
soaked and stirred for 30 min. The reactor was heated at 170°C for
1 h. The reaction mixture was separated by filtration and the
filtrate was collected, which was then added to 1,600 ml distilled
ice water. The precipitated lignin was collected by centrifugation,
then washed twice with deionized water, and freeze-dried.

Organosolv lignin (OL)

5 g of wheat straw was added to a 50 ml of acetic acid/formic acid/
water (55:30:15, v/v/v) solution at a solid-to-liquid ratio of 1:10 (g/
ml) reacted hermetically at 105°C for 3.5h. Then, after being
filtered and collected, the liquid was concentrated to about 3 ml
by rotary evaporation and titrated back to 200 ml of deionized
water. During the titration process, the sediment was continuously
stirred, stood for 12 h for centrifugation, and freeze-dried to obtain
a solid. Finally, the rough organic acid lignin was extracted and
purified with a 1,4-dioxane/water (96/4, v/v) solution.

Lignin Purification

The above-extracted lignin samples were purified by the following
method. 150 mg of the crude lignin was added to 15 ml 96% (v/v)
1,4-dioxane/water mixture and stirred at room temperature for
4 h, repeated three times. For the AL, the extraction liquid was
evaporated to obtain pure lignin after centrifugation. As for the
acid lignins, the 1,4-dioxane solutions were concentrated to
~3 ml, transferred into a centrifuge tube filled with 40 ml cold
deionized water by drops, then centrifuged to remove the
supernatant, and lyophilized to get the purified lignins.

Analytical Methods
High-Performance Liquid Chromatography-Mass
Spectrometric (HPLC-MS) Analysis
Tricin was quantified by thioacidolysis followed by HPLC-MS
according to an established method (Lan et al,, 2016). The specific
operations of analytical thioacidolysis are as follows: 2.5ml
ethanethiol (EtSH), 0.625 ml boron trifluoride diethyl etherate, and
enough freshly distilled dioxane were added to a 25 ml volumetric
flask to prepare the thioacidolysis reagent. Then, 4 ml of the newly
preparative thioacidolysis reagent and 20 mg of biomass material were
put into a 10 ml reaction flask to react at 100°C for 4 h. After natural
cooling to room temperature, the reaction mixture was transferred to
a 60 ml separating funnel, adding 0.4 M NaHCO; to pH = 7.0 and
1 M HClI to pH = 3.0. The degradation products were extracted with
EtOAc, dehydrated with saturated NH,Cl and anhydrous MgSOy,,
and distilled under reduced pressure at 45°C, and the residue was
dissolved in ethanol for HPLC-MS determination.

HPLC-MS analysis was performed based on the literature (Lan
et al,, 2019) using LC-electrospray ionization (ESI)/atmospheric
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pressure ionization- (API-) MS (LCMS-8050, Shimadzu). A
Kinetex C18 (2.1 x 100 mm, 1.9 pm) column was used in the
LC system and eluted with water (solvent A) and acetonitrile
(solvent B), using a constant method (80% B from 0 to 12.5 min)
with 1 pL of the injection volume and column temperature at
40°C and 0.5 ml min~" of flow rate. And ionization was performed
under dual ionization (ESI and API) using a dual ion source, with
the nebulizing gas at 2.5 L min~" and drying gas at 10 L min™".
The fragmented ions were measured by MS in positive mode and
the quantitation of tricin was based on the peak area of the
precursor ions in m/z 330.10.

A standard curve of tricin in HPLC-MS was established
(Supplementary Figure S1). The content of wheat flavone in
the original sample was calculated according to the following
formula (2):

CT x DM

TS(%) = SM

x 100% )
where TS (%) is the content of tricin in sample, CT (mg/ml) is the
concentration of tricin, DM is diluted multiples, and SM is
sample mass.

HSQC Characterization

50-100 mg of lignin sample was completely dissolved in 0.5 ml of
deuterium dimethyl sulfoxide DMSO-dg and then transferred to
an NMR tube. A 500 MHz superconducting nuclear magnetic
resonance spectroscopy (NMR, Avance Neo 500M, Bruker) was
used to record the 2D HSQC spectrum. The spectra were
processed using Bruker Topspin 4.1.3 (Windows version). The
content of tricin was calculated by the integrals of the
corresponding contours.

Determination of SPF

The sample to be tested was ground and sifted to pass 300 meshes
for collection. It was accurately weighed at 20.0 mg mixing with
980.0 mg moisturizing cream and the mixture was stirred at
500 rpm for more than 24h under dark conditions (Qian
et al,, 2015; Lin M. et al.,, 2021).

Then, 25 mg of the sunscreen sample prepared above, after
being evenly spread on a glass sheet of 1 mm thickness with 3 M
adhesive tape and dried in the dark for 20 min, was taken seven
different points to test the transmittance of the sample at
290-400 nm to calculate the SPF value (Sohn et al., 2016). The
calculation formula (3) was as follows (ISO 24443: 2012 and
24,444: 2010):

spp = 2200 Ser NS (V)

4 (3)
R Ser WS (T (V)

where Ser(A) is the spectral weight of the action of erythema, Ss(1)
is the spectral irradiance of the ultraviolet source, and T(A) is the
transmittance of the sample.

Determination of Radical Scavenging Activity
DPPH (2,2'-diphenyl-1-picrylhydrazyl) radical scavenging activities of
tricin and lignin samples were measured to evaluate the antioxidation
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activity according to the reported method (Jia et al, 2018). First,
different concentration (0-0.025 mg/ml) of DPPH in methanol
solution was prepared to obtain a standard curve between DPPH
concentration and absorbance value by measuring their absorbance at
A = 517 nm. Then mixtures made by 0.1 ml methanol solution of
different concentrations of each sample with 3.9 ml 0.025 mg/ml
DPPH/methanol solution were evenly mixed and stored at room
temperature for 60 min in dark to measure the absorbance of them at
A = 517nm. The percentage of remaining DPPH radical was
calculated as follows:

%DPPHy = M x 100 (4)

(DPPH),.,

where the (DPPH) is the concentration of the remaining DPPH
free radical at 60 min and (DPPH)7—, is the concentration of the
remaining DPPH free radical at 0 min. The oxidation resistance of
the tested samples is expressed as ECsg, which refers to the sample
concentration when the DPPH radical scavenging activity was 50%.

RESULTS AND DISCUSSION
Lignin Extraction Using Different Method

Wheat straw contains 15.9 mg tricin per g of dry matter biomass
according to our determination, which is higher than many other
plant species. Wheat, as one of the most common staple cereals, is
widespread in Asia, especially in China. Accordingly, wheat straw
lignin could be a potential source of natural tricin with high value for
human health. In this study, we investigated the influence of
fractionation methods on the tricin content of the lignin from
wheat straw under different conditions, including those performed
under acid, alkaline, and neutral conditions. For instance, we used
alkaline extraction, mild acidolysis, cellulosic enzymatic hydrolysis,
GVL pretreatment, and organosolv pretreatment to extract the wheat
straw lignin and six different lignin samples were obtained (Table 1).
As report previously, tricin was almost completely depleted under the
alkaline condition at high temperature (Zikeli et al., 2016). Aiming to
reserve the tricin component, we, therefore, performed the alkaline
extraction under low temperature and obtained 13.1% crude AL on
the base of wheat straw. The crude lignin was purified by dissolving in
dioxane/H,O solution and gave 8.9% yield, accounting for 54.2% of
the lignin in wheat straw. A controlled experiment using ball-milled
wheat straw samples was also performed hoping to improve the
lignin yield. The crude lignin yield increased to 21.2%. But the
increment turned out to be from the carbohydrate fraction, which
was eliminated during purification and leading to a similar purified
lignin yield (55.1%). The mild acidolysis, organic acid, and cellulase
enzymatic hydrolysis methods all produced about 50% lignin. But the
GVL pretreatment yielded only 22.5% lignin, which might be because
of the incomplete precipitation of lignin from the GVL solution.

HSQC Characterization of the Lignin

Sample
The extracted lignin samples were characterized by HSQC NMR
spectra to determine their structure (Figure 2 and Table 2). In
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TABLE 1 | The yield of lignin by different extraction methods.

Tricin in Isolated Lignin

Sample Rough lignin (%)? Purified lignin (%)? Purified lignin (%)°
AL 131 8.9 54.2
AL (ball-milled) 21.2 9.1 55.1
MAL 1.8 9.8 59.5
CEL 17.6 8.3 50.5
GVL 5.3 3.7 22.5
oL 1.9 9.7 58.7
aThe yield was calculated on the base of dry wheat straw.
PThe yield was calculated on the basis of lignin content (using L-cysteine assisted measurement).
90
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FIGURE 2 | Aromatic region of the 2D HSQC spectra of (A) alkalilignin (AL), (B) mild acidolysis lignin (MAL), (C) cellulase enzymatic lignin (CEL), (D) y-valerolactone
lignin (GVL), and (E) organosolv lignin (OL).

general, all the methods applied in this study were able to extract
the lignin from the wheat straw without serious alternation. The
characteristic signals of guaiacyl, syringyl, and p-hydroxyphenyl
units were clearly identified on the HSQC spectra, as well as the
peaks of tricin and p-coumarate (Zheng et al., 2021). Unlike most

of the AL in other studies (Lan et al., 2019; Zikeli et al., 2016), a
certain amount of p-coumarate remained on the lignin after
alkaline treatment in this study, which should be due to the
mild condition (30°C) that we applied. The relative content of
tricin was calculated by integrals of the corresponding peaks. The
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TABLE 2 | Assignments of "H/'3C correlation signals in the 2D HSQC spectra of the lignin in DMSO-d.

Label dc/8n (ppm)

Ts 94.0/6.56

Ts 98.7/6.22

So 103.8/6.69

Toe 103.9/7.30

Ta 104.5/7.03

S'26 106.1/7.32 and 106.4/7.19
Go 110.9/7.00

Has 114.5/6.62

Gs/CGe 114.9/6.72 and 6.94 118.7/6.77
Hae 128.0/7.23

Assignment

Cg/Hg in tricin units (T)

Cg/He in tricin units (T)

Co/Ho and Ce/Hg in etherified syringyl units (S)
Co/Ho and Cg/Hg' in tricin units (T)

Ca/Hgz in tricin units (T)

Co/Ho and Cg/Hg in a-oxidized syringyl units (S')
Cy/Hy in guaiacyl units (G)

Ca/Hz and Cs/Hs in p-hydroxyphenyl units (H)
Cs/Hs and Cg/Hg in guaiacy! units (G)

Cy/H, and Cg/Hg in p-hydroxyphenyl units (H)

TABLE 3 | The content of tricin in different lignin samples.

Sample Absolute content Relative content
by HPLC-MS by 2D HSQC

Content® (mg/g) (%)°

Wheat straw 159+ 0.3 —

AL 282 +59 1.7

AL (ball-milled) 446 + 4.0 -

MAL 540+ 1.8 6.3

CEL 67.3 +6.0 6.7

GVL 89.3 +54 8.6

oL 357 +1.2 1.1

aThe tricin content was defined as the mass of tricin over the mass of the sample to be
tested.

PThe relative content of tricin from HSQC was defined as the number of tricin per 100 S
and G units.

percentages of tricin in GVL-pretreated lignin, CEL, and MAL
were 8.6, 6.7, and 6.3, respectively, higher than that in AL and
organic acid lignin, which was about 1.1-1.7 (Table 3). A close
inspection on the spectrum of the GVL lignin revealed that a
certain amount of free tricin was presented in this sample, as
indicated by the characteristic peak of C5/Hj in free tricin at 6/
103/7.0. The ratio of linked tricin to free tricin was about 6:4
according to the contour area of the corresponding signals. This
result suggests that the dilute H,SO, treatment can selectively
cleave the p—O-4-tricin ether bonds in GVL at high temperature.

Thioacidolysis for Tricin Quantitation

In order to determine the absolute content of tricin in the lignin
samples, we applied the thioacidolysis degradation method
followed by measurement using HPLC-MS under multiple
reaction monitoring mode (MRM), as reported previously
(Lan et al,, 2016; Chen et al., 2021). The GVL lignin contained
89.3 mg/g of tricin. This was the highest tricin level among the six
lignin samples, even higher than the tricin content in CEL
(67.3 mg/g). The previous study also showed that the tricin
level in the GVL lignin sample was higher than that in the
CEL sample, according to the HSQC characterization. One of
the possible reasons is that some of the tricin-(f-O-4)-lignin
linkages were cleaved during GVL lignin extraction and the
clipped-off tricin was isolated along with lignin, leading to a

TABLE 4 | Sun protection factors (SPF) and DPPH free radical scavenging ability
of different lignin.

Sample types SPF ECso
Blank 2.04 + 0.04 —

Tricin 5.65 + 0.25 (0.00079%0.26°
AL 430 + 0.48 1.63°
CEL 4.25 + 0.45 1.80°
GVL 5.99 + 0.19 1.02°
Ammol/ml.

bmg/ml.

bit higher tricin level in the GVL lignin sample. The OL contained
only 35.7 mg/g lignin, which might imply that tricin was degrade
under such high concentration of acid solution at high temperature.
The AL displayed the lowest tricin content with only 23.1 mg/g,
although a mild condition was applied for the extraction. These
results are generally in accordance with the semiquantitative result
from HSQC. We further evaluated the stability of tricin under
similar conditions using a pure tricin compound. Results showed
that more than 98% of tricin remained after 9 h reaction at 30°C in
1.0 M NaOH solution, indicating that the tricin moiety was stable
under this condition. The reason for the poor yield of tricin under
alkaline conditions is still unclear. Further study using the dimeric
tricin-monolignol model compound would be required to figure out
the underlying mechanism.

UV Protection and Radical Scavenging
Ability of the Lignin

Tricin is beneficial to human beings because of its various
biological activities. The flavonoid backbone structure
containing phenyl, carbonyl, and C=C double bonds endows
strong UV absorption and radical scavenging ability to tricin. To
explore the potential application of tricin-lignin, we further
evaluated the SPF value of lignin-based sunscreens and radical
scavenging ability of the extracted lignin samples, Table 4, to
figure out how does the tricin level affect these properties.

The SPF of tricin-based sunscreen was 5.65, which was
significantly higher than that of other dimeric model
compounds (p-O-4, B-p, B-1, and B-5) and their derivatives
formed by conventional monolignol (Lin M. et al., 2021). The SPF
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of AL was 4.30, similar to that of CEL, even though its tricin
content was much lower than CEL. On the other hand, GVL
lignin-based sunscreen displayed the highest SPF value, even
slightly higher than that of pure tricin. The free radical scavenging
activity showed a similar trend as the SPF value. The ECs of the
free radical towards tricin was 0.26 mg/ml (0.00079 mmol/ml).
The AL and CEL presented a similar ECs, value (1.63 and
1.80 mg/ml), while the GVL lignin was the most active lignin
towards radical with ECs, of 1.02 mg/ml. In our previous study,
we revealed that the -O-4 and P-P interlinkages were not
favorable to UV absorption and radical scavenging. Moreover,
the CEL showed lower SPF and radical scavenging ability
compared with OL and kraft extracted from Pinus kesiya and
Eucalyptus. This might explain why even the CEL contains a
much higher tricin level but showed similar SPF and ECs, values
with AL. The SPF value of tricin itself was remarkable, and the
lignins containing tricin extracted from wheat straw displayed
better SPF than those from softwood and hardwood without
tricin. This suggests that retaining tricin is beneficial to the anti-
UV property of the lignin samples. However, tricin does not
impact the radical scavenging ability that much, as the kraft lignin
of eucalyptus exhibited very low ECsg as well (Lin M. et al., 2021).

CONCLUSION

In this study, we applied alkaline pretreatment, organic solvent
extraction, cellulase enzymatic hydrolysis, GVL pretreatment,
and organic acid pretreatment to extract lignin from wheat
straw. The tricin content varied significantly from the lignin
samples extracted by different methods. Within these lignin
preparations, although the GVL lignin contained a higher
tricin level than other samples, the yield of tricin was not high
due to the low lignin yield, and the CEL gave the highest tricin
yield. The AL produced the lowest tricin content and yield, but
the reason was still unclear. SPF testing of the lignin samples
showed that tricin significantly improved the anti-UV radiation
ability of the lignin. DPPH results demonstrated that tricin is a
strong radical scavenger, but the lignin containing a higher tricin
level was not necessary resulting in a lower ECs, value of DPPH
radicals. Overall, our study provides fundamental understanding
of the effect of the lignin extraction method on tricin content and
the correlation between tricin content and anti-UV radiation/
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