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ABSTRACT: Lignin possesses unique natural antioxidation and UV-absorption abilities, making it a promising ingredient for
sunscreen. However, the industrial lignin produced from pulping or bioethanol production generally shows low efficiency due to the
limited phenolic hydroxyl content and poor compatibility with sunscreen, respectively. To address this issue, a molten salt hydrate
treatment process was carried out for the selective cleavage of ether bonds in industrial lignin. After treatment, a 2-fold increase in
phenolic hydroxyl content was observed, and lignin antioxidation efficiency was improved. The intermolecular forces of lignin in
water measured by an atomic force microscope showed a significant decrease from —1.46 to 0.46 mN/m, suggesting an efficient
increase in lignin hydrophilicity, which promoted lignin compatibility with sunscreen. We converted industrial lignin into colloidal
balls, which improved compatibility and dispersion in the cream and more than tripled the sun protection factor compared to the
direct addition of industrial lignin.

1. INTRODUCTION phosphotungstic, phosphomolybdic, and silicotungstic
acids),"® or alkali'’ treatment has been employed to remove

The free radical oxidation and ultraviolet (UV) radiation are ‘ ' e £
impurities such as sugars’” as well as facilitate ether bond

two critical threats to human skin health which can cause

erythema, aging, and cancers."”” Natural substances for cleavage, resulting in an increase in phenolic hydroxyl groups
antioxidation and anti-UV radiation have been studied for and therefore promoting radical scavenging rate and activity.'®
centuries due to their high biocompatibility and safety for the Although acid or alkali pretreatments effectively improve
human body.” Lignin, the most abundant aromatic polymer phenolic hydroxyl group contents, a possible reaction between
existing in lignocellulose, is unique in antioxidation and UV electropositive Car sites and electronegative benzene rings
light absorption.4’5 Namely, the phenolic hydroxyl (—OH) generally occurs under harsh conditions, leading to lignin
groups are efficient in radical Scavenging6’7 while the massive structural condensation and aggregation,” further decreasing
lignin functional groups such as ketone, quinone, and its hydrophilicity and therefore reducing its dispersity in

chromophores are effective in UV absorption,®”"* offering a 1,
potential application of lignin as an active ingredient in
sunscreens.”’

However, the industrial lignin derived from the pulping or
bioethanol industry generally shows low efficiency in
antioxidation and UV absorption, resulting from limited
phenolic hydroxyl group contents and poor hydrophilicity in
sunscreen dispersion.” To address these issues, various
methods have been developed. In order to improve phenolic
hydroxyl groups, homo_geneous acid treatment (e.g, H,SO,,
HC], and H;PO, R heterogeneous acid treatment (e.g.,

sunscreens and leading to efficiency decline.””* In order to
improve lignin hydrophilicity, some modification methods

have been adopted. Sulfonation modification can effectively
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improve lignin hydrophilicity via introducing sulfonate groups,
but it may have potential hazards such as skin allergy.”’
Selective demethylation modification using chemical®® or
microbial”® methods can enhance lignin hydrophilicity by
increasing hydroxyl group contents, but the processes are
generally complex and time-consuming. Grafting reaction
shows high efficiency in increasing lignin hydrophilicity via
introducing hydrophilic groups, and some functional groups
such as 3,4-dihydrocoumarin (DHC) and epoxide (EPO) can
also improve UV-absorbing efficiency which benefits
sunscreens.”® However, the cost and safety of grafted
functional groups need further evaluation for industrial
applications. Additionally, adjusting the lignin aggregation
state via transforming molecules into lignin colloidal spheres
(LCSs), with most of the active hydroxyl groups exposed on
the particle surfaces, can improve the lignin activity and
dispersity in sunscreens.””>* Compared with conventional
modification methods, this self-assembly method provides a
sustainable and efficient way to increase the available hydroxyl
groups without massive chemical utilization and uncertain
chemical group introduction, which is commercial and safe.

Recently, it has been reported that the molten salt hydrate
(MSH), a specific concentrated inorganic salt solution, with a
water-to-salt mole ratio higher than the coordinate number of
cations, is unique in lignin ether bond cleavage without causing
serious structural condensation and aggregation.’”*' There-
fore, MSH treatment can theoretically improve lignin
antioxidation performance via promoting phenolic hydroxyl
group contents as well as ensuring high hydrophilicity via
inhibiting lignin condensation. In this work, industrial lignin
was pretreated with unacidified and acidified MSH for selective
depolymerization, followed by self-assembly to form LCSs.
The structural characteristics, antioxidation, and sunscreen
performance of samples were analyzed to investigate the effects
of MSH treatment on lignin. After the stepwise modification,
an approximately two times increase in phenolic hydroxyl
groups was observed, which significantly increased the
antioxidation ability. The LCSs prepared from modified lignin
showed high hydrophilicity and dispersibility in sunscreens,
resulting in more than twice the sun protection factor (SPF)
value increase. This study offers an easy-to-operate and
efficient way to improve the valorization of industrial lignin
in antioxidation and UV absorption.

2. MATERIALS AND METHODS

2.1. Materials. Enzymatic hydrolysis lignin (EHL) was
provided by Shandong Longlive Biotechnology Co., Ltd.
Potassium bromide (KBr, 99.0%) and lithium bromide (LiBr,
99%) were purchased from Aladdin Co. Ltd.,, China.
Hydrochloric acid (HCl, 36.0—38.0%) and acetone (99.7%)
were procured from Guangzhou Anjiehui Trading Co. Ltd. 1,4-
Dioxane (>99.0%), methanol (>99.0%), acetyl chloride,
deuterated dimethyl sulfoxide (DMSO-d6, 99.9%), and
pyridine-dS (99.5%) were purchased from Guangzhou Wego
Technology Co. Ltd. 2,2-Diphenyl-1-picrylhydrazyl (DPPH,
98.0%) was purchased from Guangzhou Kuanlin Instrument
Technology Co. Ltd. Acetic acid (CH;COOH, 99.7%) was
provided by Guangzhou Baijun Technology Co. Ltd.
Polydimethyl diallyl ammonium chloride (PDAC) was
purchased from Tianjin Xiensi Biochemical Technology Co.,
Ltd. Deuterated chloroform (CDCl;, 99.8%), tetrahydrofuran
(THF, 99.0%), and 2-chloro-4,4,S,5-tetramethyl-1,3,2-dioxa-
phospholane (TMDP, 95.0%) were purchased from Guangz-
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hou Rongman Biotechnology Co. Ltd. Chromium(III)
acetylacetonate (98.0%) was purchased by Shanghai McLean
Biochemical Technology Co. Ltd. Cyclohexanol (>99.0%) was
purchased from Guangzhou Mulan Biochemical Technology
Co. Ltd. The pure cream (NIVEA pure cream) was bought
from Jingdong Mall; the production license number was
Shanghai Makeup 20160022. All chemicals were used directly
without further purification. SiO, standard particles (diameter
of 19.9 um) were purchased from Suzhou Nanomicro
Technology Co., Ltd. (Jiangsu, China). SiO, substrates (1.0
X 1.0 cm) were purchased from Guangzhou Lige Technology
Co., Ltd. (Guangzhou, China). NP-O10 tipless atomic force
microscopy (AFM) cantilevers were purchased from Bruker
(Germany).

2.2. Lignin Treatment with MSH of LiBr. EHL was dried
in an oven at 60 °C for 24 h to remove adsorbed water prior to
use. The MSH of LiBr was prepared by dissolving 12 g of LiBr
in 8 g of deionized water, and the acid concentration in the
lithium bromide solution was adjusted with hydrochloric acid.
Subsequently, 2 g of EHL was added to a 15 mL thick-wall
glass reactor containing 20 g of MSH, and the mixture was
then transferred into an oil bath preheated to 110 °C with
magnetic stirring at a speed of 200 rpm for a duration of 2 h.
Following the reaction, the mixture was cooled to —20 °C and
washed with deionized water to eliminate salts. The modified
lignin was collected via filtration and subsequently dried in an
oven at 60 °C for another period lasting up to 24 h. The
modified lignin samples were denoted as EHL-LB (enzymatic
lignin treated with unacidified MSH of LiBr) and EHL-ACLB
(enzymatic lignin treated with acidified MSH of LiBr with an
HCI concentration of 0.5 mol/L).

2.3. LCS Preparation. The lignin-based colloidal spheres
(LCSs) were synthesized from different lignin samples,
including native EHL, EHL treated with unacidified MSH of
LiBr (EHL-LB), and EHL treated with acidified MSH of LiBr
(EHL-ACLB), using an antisolvent self-assembly method. The
lignin sample was initially dissolved in a mixture of acetone and
water at varying concentrations (2, 4, and 6 mg/mL).
Subsequently, deionized water was slowly added dropwise to
the lignin solvent at a constant rate of 2.5 mL/min with
magnetic stirring at 450 rpm. Following self-assembly, the
LCSs were collected by centrifugation at 10,000 rpm for 10
min and washed with deionized water. After vacuum freeze-
drying for 24 h to remove residual water, the resulting LCSs
were named as EHL-LCSs, LB-LCSs, and ACLB-LCSs based
on their respective precursor materials—EHL, EHL-LB, and
EHL-ACLB.

2.4. Lignin and LCS Structure Characterization. The
molecular weight of lignin samples was determined using the
Agilent 1260 Infinity II gel permeation chromatography
(GPC) system (Agilent, US). THF served as the mobile
phase at a flow rate of 1 mL/min. In brief, 2 mg of acetylated
lignin sample was dissolved in 1 mL of THF and subsequently
purified using a 0.45 pm syringe filter prior to analysis.

The lignin samples were analyzed for functional groups
using Fourier transform infrared spectroscopy (FT-IR, Thermo
Fisher-iSSOR, US) with KBr powder as the background.

The contents of phenolic hydroxyl and alcohol hydroxyl
groups in lignin were calculated using *P NMR spectra.
Briefly, 30 mg of sample was dissolved in 0.5 mL of a mixture
of pyridine-dS and CDCI; with a volume ratio at 1.6:1. Then,
100 uL of cyclohexanol with a concentration of 18.0 mg/mL in
pyridine-dS/CDCI; was used as an internal standard, and 100

https://doi.org/10.1021/acsomega.4c08618
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uL of the relaxation reagent of chromium acetylacetonate with
a concentration of 5.0 mg/mL in pyridine-d5/CDCl; was
added into the solution. 100 uL of the phosphorylating reagent
TMDP was then added before analysis. The *'P NMR of lignin
samples was then tested on an Avance III HD 600 MHz
spectrometer (Bruker, Switzerland) at room temperature.

The chemical linkages inside lignin were quantified by
nuclear magnetic resonance (NMR) spectra. Namely, 0.5 g of
lignin sample was added into a round-bottomed flask with 10
mL of acetylation reagent consisting of acetyl chloride and
glacial acetic acid with a volume ratio at 1:4. After treatment at
2 h for 40 °C, the solvent was removed by evaporation at 40
°C using a rotary evaporator. The solid part was washed with
deionized water and vacuum freeze-dried for 24 h. 40 mg of
acetylated lignin was dissolved in 0.5 mL of DMSO-d6. The
'"H NMR and 2D HSQC NMR spectra of acetylated lignin
were determined on an Avance III HD 600 MHz spectrometer
(Bruker, Switzerland) at room temperature.

Due to the susceptibility of LCSs to deconstruction in
alkaline solutions, the UV adsorption performance of LCSs was
assessed using a solid sample holder UV-1900i (Shimadzu Co.,
Japan). The baseline was established with pure BaSO, as the
background, and the test wavelength ranged from 290 to 400
nm. Prior to detection, 10 mg of lignin nanospheres were
thoroughly ground and mixed with 2 g of BaSO,.

The morphologies of the lignin and LCSs were observed by
using scanning electron microscopy (SEM, SU8220, Hitachi,
Japan). Samples were prepared by sticking lignin powder onto
conductive tape and dropping a diluted lignin nanosphere
solution onto silica slides, followed by drying at room
temperature. The average particle sizes of LCSs were
determined using a laser diffraction particle size analyzer
(Mastersizer 3000, UK). Morphological characteristics of
lignin sunscreen samples were observed by using an optical
electron microscope (M3LY630T, Bo Shunyu Instrument Co.,
Ltd.).

2.5. Antioxidation Performance Determination. The
antioxidation efficiency of lignin was evaluated by determining
its ability to scavenge DPPH radicals as described in previous
work.”” Specifically, lignin samples were dissolved in 0.1 mL of
1,4-dioxane/water (9:1, v:v) in different concentrations (0.4—
2.0 mg/mL). Then, 3.9 mL of DPPH methanol solution (1 X
10™* mol/L) was added. The absorbance of the mixture was
recorded after 60 min at 517 nm by the spectrophotometer.
The equation for calculating the ratio of scavenging DPPH
(RSA) was

A, — A
RSA(%) = OTS X 100%

0

where A, is the absorbance of the DPPH methanol solution at
517 nm and Ag is the absorbance of the lignin and DPPH
methanol solution mixture at 517 nm, respectively. The ICy,
value refers to the concentration of antioxidant chemicals
required to achieve 50% inhibition of DPPH radicals. The
lower ICs, value of the tested sample reflects stronger
antioxidant capability.

2.6. Lignin-Doped Sunscreen Preparation. The lignin-
doped sunscreens were prepared according to the method
described before.”® All lignin-doped sunscreens were prepared
by blending lignin samples with pure creams without
additional sunscreen actives being used. For example, 2 wt %
of lignin-doped sunscreen was prepared by blending 0.02 g of
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lignin samples and 0.98 g of pure creams at 500 rpm for 24 h at
room temperature in the dark. The lignin samples were applied
at 2 mg/cm’® to the 3M Transpore tape (7.5 cm?) that was
attached to the surface of a quartz plate. They were then
spread over the tape by slowly rubbing the slide surface with a
thimble-coated finger. Then, the prepared samples were dried
in a dark room to block light for 30 min. The UV
transmittance was measured using a solid sample holder UV-
1900i (Shimadzu Co., Japan). UV transmittance data were
scanned in the range of 290—400 nm. After measuring the UV
transmittance, an in vitro evaluation of the SPF was conducted
using the following equation:

400
_ Z00EiS)
SPF = SSoor o
229OE/1'S/1’T/1

where E, is erythemal spectral effectiveness, S, is solar spectral
effectiveness, W m™' nm™’, and T, is the spectral transmittance
of the sample.

2.7. Lignin-Coated AFM Colloid Probe and Substrate
Preparation. The molecular interaction forces among lignin
were determined by AFM via a force spectroscopy module in
water to provide a quantitative evaluation of lignin hydro-
philicity.”**> The highest adhesive force values between the
lignin-coated probe and the substrate were detected 75 times.
The lignin with low intermolecular adhesive force in water
exhibits high hydrophilicity. The lignin-coated SiO, particles
were prepared according to the previous work with minor
modifications.” Briefly, a drop of SiO, particle dispersion with
a diameter of 19.9 ym was mixed with 10 mL of piranha
solution for 1 h to introduce Si—O~ negative charges.
Subsequently, the treated SiO, particles were immersed in a
0.02 mM PDAC solution for 1 h to introduce positive charges.
Then, the particles were placed into 1 g/L EHL alkaline
solutions (pH 11.0) to adsorb lignin molecules which have
negative charges. Finally, a hot-melt adhesive was applied to
stick an EHL-coated SiO, particle to a tipless AFM cantilever
with assistance from an optical microscope component. The
lignin-coated substrate of 1.0 X 1.0 cm SiO, was prepared
using the same method.

3. RESULTS AND DISCUSSION

3.1. Characteristics of MSH Treated Lignin. The
characteristics of EHL, unacidified EHL-LB, and 0.5 M HCl
acidified EHL-ACLB were analyzed to investigate the impact
of MSH treatment on lignin structure modifications. The
molecular weight of lignin decreased from 6292 to 5480 g/mol
after pretreatment with unacidified MSH (Table 1), attributed
to the cleavage of lignin ether bonds®” and a potential increase
in hydroxyl groups. Interestingly, it was observed that following
treatment with acidified MSH, the modified EHL-ACLB
exhibited a higher molecular weight of 5901 g/mol compared
to EHL-LB. These results indicate that while increased acidity

Table 1. Molecular Weight of EHL, EHL-LB, and EHL-
ACLB

molecular weight

samples M,, (g/mol) M, (g/mol) PDI
EHL 6292 4142 1.519
EHL-LB 5480 3841 1.426
EHL-ACLB 5901 4065 1.451

https://doi.org/10.1021/acsomega.4c08618
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can promote ether bond cleavage, structural condensation
simultaneously occurs, leading to an increase in molecular
weight. Therefore, both the efficiency of ether bond cleavage
and the degree of structural condensation need to be
considered for enhancing sunscreen efficacy. Additionally,
PDI results listed in Table 1 also revealed a decrease in
heterogeneity post-MSH treatment, which is beneficial for
tailored product development for specific applications.

The functional groups of lignin samples were analyzed using
FT-IR to investigate the impact of MSH treatment on changes
in lignin structure (Figure 1).*° It was observed that the peak

! EHL-ACLB

3433 | === EHL-LB 1462

Transmittance (%)

3000 2000
Wavenumber (cm™?)

4000

Figure 1. FT-IR spectra of EHL, EHL-LB, and EHL-ACLB.

at 3433 cm™' corresponding to the stretching vibration of
hydroxyl groups strengthened and shifted to a lower
wavenumber after MSH treatment, indicating a significant
increase in hydroxyl groups.”” After MSH treatment, the peaks
at 1462 cm™' referring to methoxy groups weakened,
demonstrating hydrolysis of the methoxy group to form
hydroxyl groups. The peaks of EHL-LB and EHL-ACLB at
1371 ecm™' (in-plane bending vibration of O—H) became
stronger compared with those of EHL, implying the formation
of new phenolic OH groups. Similarly, low peaks at 1032 cm™
related to the symmetric stretching vibration of C—O—C of
ether bonds were observed in EHL-LB and EHL-ACLB, which
proved the catalytic cleavage of ether bonds in MSH.

The hydroxyl groups including phenolic and aliphatic
hydroxyl groups in EHL, EHL-LB, and EHL-ACLB were
quantified by *'P NMR with spectra shown in Figure 2 and
hydroxyl group contents listed in Table 2. After MSH
treatment with or without acid, the phenolic hydroxyl group
peaks corresponding to syringyl —OH, guaiacy —OH, and p-
hydroxy —OH at 142.0—143.3, 138.6—139.9, and 137.1-138.1
ppm’® significantly decreased (Figure 2), respectively, resulting
in an increase in total phenolic groups from 1.380 mmol/g of

Internal

standard

Aliphatic Syringyl
OH OH

P-hydroxy

Guaiacy OH
OH

EHL-ACLB

EHL
148

146 144 142

8 (ppm)

140 138 136

Figure 2. Quantitative P NMR spectrum of EHL, EHL-LB, and
EHL-ACLB derivatized with TMDP using cyclohexanol as the
internal standard.
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Table 2. Phenolic, Aliphatic, and Carboxylic Hydroxyl
Contents of Different Lignin Samples Determined by 3'P
NMR

hydroxyl (mmol/g)

phenolic
samples H G S total phenolic  aliphatic
EHL 0.392 0414 0.574 1.380 1.187
EHL-LB 0.916 0.890 0.786 2.592 1.06S
EHL-ACLB 1.114 1.5581 1.241 3.906 0.774

EHL to 2.592 mmol/g of EHL-LB and 3.906 mmol/g of EHL-
ACLB (Table 2). Besides, a slight decrease in aliphatic groups
was also observed, possibly due to the condensation
reactions.”’

To further investigate changes in lignin structure following
MSH treatment, the samples were analyzed using 2D HSQC
NMR to examine specific linkages.’"*” As depicted in Figure 3,
the typical p-O-4 peak at 6C/6H = 61.28/3.55 ppm was
observed in all samples. The EHL exhibited a limited content
of 9.33%, attributed to the cleavage of chemical linkages during
industrial bioethanol production processes. Subsequent un-
acidified and acidified MSH treatments resulted in further
cleavage of the $-O-4 linkage to 7.54 and 7.37%, respectively
(Figure 3). Additionally, analysis of the 'H NMR results
presented in the Supporting Information revealed a clear
decrease in methoxy group content (Figure S1). The cleavage
of these ether bonds led to an increase in the hydroxyl group
content, consistent with the findings from the 3P NMR
analysis.

3.2. Antioxidation Performance of MSH Pretreated
Lignin. The structure analysis results showed an effective
increase in phenolic hydroxyl groups after MSH treatment,
which has a positive effect on antioxidation. In order to
quantify radical scavenging ability (RSA) of different lignin
samples,"”*" the degradation of DPPH radicals was carried out
in the presence of dissolved lignin. After being neutralized by
lignin, the DPPH radicals were transformed into hydrazine and
resulted in shallow colors.”* As shown in Figure 4a, the RSA
values of the lignin samples increased with the lignin
concentration increase. EHL-ACLB showed higher RSA than
EHL-LB and EHL within all lignin concentrations investigated.
The ICs values of different lignin samples are shown in Figure
4b; the order of IC;, values among different lignin samples was
EHL-ACLB (0.49 mg/mL) < EHL-LB (0.54 mg/mL) < EHL
(0.73 mg/mL), demonstrating that scavenging the same
amount of DPPH radicals consumes less dosage of ACLB
than other lignin samples. The photographs revealed that the
DPPH methanol solution with EHL-ACLB addition exhibited
the lightest color among all solutions examined, indicating that
EHL-ACLB, possessing the highest phenolic groups, displayed
the most potent radical scavenging capability.

3.3. Sunscreen Performance of MSH Treated Lignin.
The absorption of organic molecules in UVB-UVA is mainly
generated by 7 — 7* and n — #*." Lignin is effective in
absorbing UV radiation due to the presence of functional
groups such as phenols, ketones, quinones, and other
chromophores. The samples of EHL, EHL-LB, and EHL-
ACLB were directly blended with the pure creams at
concentrations of 2 wt %, and UV transmittances of the
blended creams were measured. The pure cream without lignin
exhibited a transmittance of approximately 100%, which means
the pure cream does not contain sunscreen actives and barely

https://doi.org/10.1021/acsomega.4c08618
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Figure 3. Aliphatic regions of the 2D HSQC spectra of EHL, EHL-LB, and EHL-ACLB in DMSO-dq.
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Figure 4. (a) RSA performance of EHL, EHL-LB, and EHL-ACLB.
(b) ICs, values of EHL, EHL-LB, and EHL-ACLB. (c) Color
comparison of DPPH, DPPH+EHL, DPPH+EHL-LB, and DPPH
+EHL-ACLB.

exhibits sun protection ability. With the addition of lignin, the
UV transmittance efficiently decreased (Figure Sa). Interest-
ingly, it was found that after being treated with unacidified
MSH, the UV absorption of lignin decreased and showed a
limited SPF value of 1.90 (Figure Sb). The MSH treatment
had possibly broken the 7—x stacking in the lignin structure**
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Figure S. (a) UV transmittance with the addition of 2 wt % of EHL,
EHL-LB, and EHL-ACLB to pure creams. (b) SPF value detected
with the addition of 2 wt % EHL, EHL-LB, and EHL-ACLB to pure
creams.
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and resulted in a decrease in UV absorption caused by benzene
ring stacking due to the existence of massive Br™."’ The
acidified MSH treated EHL-ACLB resulted in a higher UV
absorption ability and higher SPF value compared with EHL
because a more serious structural condensation and
aggregation occurred during MSH treatment assisted by
HCI, which promoted UV absorption ability. Besides, EHL-
LB showed a lighter color compared with EHL and EHL-
ACLB, which was consistent with the lighter benzene ring
stacking property of EHL. Therefore, modification of EHL
with HCI acidified MSH can improve lignin antioxidation
performance with a negligible effect on UV absorption ability.

3.4. Synthesis and Sunscreen Performance of LCSs.
The morphologies of lignin samples dispersed in the cream are
shown in Figure S2 in the Supporting Information. The
samples presented similar fragment states in the cream. The
pure cream is a homogeneous water-in-oil (W/O) emulsion
with hydrophilic functional groups distributed on the particle
surfaces. When the lignin sample was added to the cream, the
emulsion broke with lignin samples randomly dispersed in an
irregular shape, suggesting poor compatibility with the cream,
which might have negative effects on UV absorption. To
address this issue, the modified lignin samples were trans-
formed into hydrophilic LCSs to further improve their
compatibility with the cream in order to improve UV
absorption ability.

LCSs were transformed from EHL, EHL-LB, and EHL-
ACLB via an antisolvent self-assembly method. Briefly, after a
sufficient dissolution of a specific amount of lignin in the
biphasic solvents consisting of acetone and water, deionized
water was added to the mixture. Then, the dissolved lignin was
transferred into LCSs under the influence of intermolecular
forces and precipitated. SEM images of EHL-LCSs, LB-LCSs,
and ACLB-LCSs are shown in Figure S3. The prepared EHL-
LCSs, LB-LCSs, and ACLB-LCSs were blended with the pure
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creams at concentrations of 2 wt % for sunscreen, and the UV
transmittances of the blended creams were measured. As
depicted in Figure S4, when mixed with the pure cream, LB-
LCSs exhibited a W/O structure similar to that of the pure
cream. In contrast, EHL-LCSs and ACLB-LCSs still displayed
noticeable fragments, indicating that LB-LCSs have better
compatibility with creams compared to EHL-LCSs and ACLB-
LCSs. The UV transmittance spectra of the pure cream and the
LCSs-doped sunscreens were detected and are presented in
Figure 6a. The addition of LCSs significantly reduced the

lignin structural aggregation, which decreases lignin hydro-
philicity and compatibility with the W/O emulsion of pure
creams.

In order to investigate the impact of the average particle size
of LCSs on their UV transmittance, lignin solutions with
concentrations of 2, 4, and 6 g/L were prepared by using EHL
as a raw material. Subsequently, LCSs-2, LCSs-4, and LCSs-6
were synthesized through antisolvent self-assembly. The
average particle size of LCSs increased proportionally with
the concentration of the lignin solution (Figure 8). Notably,
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Figure 6. (a) UV transmittance after adding 2 wt % of LCSs, LB-
LCSs, and ACLB-LCSs to pure creams. (b) SPF after addition of 2 wt
% LCSs, LB-LCSs, and ACLB-LCSs to pure creams.

transmittance of the pure cream across the range of 290—400
nm. In particular, the UV transmittance of the cream blended
with LB-LCSs was notably lower. Figure 6b shows that
incorporating LB-LCSs into pure creams resulted in the
highest SPF value of 4.66, which was twice as high as the direct
addition of EHL and 1.4 times higher than that of EHL-LCSs.
An unconventional finding revealed that despite having the
highest phenolic hydroxyl groups, the LCSs prepared from
EHL-ACLB self-assembly still exhibited inefficient UV
absorption performance compared to LB-LCSs. This calls for
a deeper understanding of the underlying factors contributing
to this discrepancy.

In addition to molecular structure, the lignin aggregation
state can critically affect some macroscopic performance, such
as solubility in water and interfacial compatibility with
sunscreen. Based on the SEM results, the limited UV
absorption ability of ACLB-LCSs dispersed creams can be
due to the limited compatibility of ACLB-LCSs with creams.
The aggregation state of lignin samples was evaluated by the
quantification of lignin intermolecular forces in water with
AFM spectra. As shown in Figure 7, the intermolecular
adhesive force values for EHL, EHL-LB, and EHL-ACLB are
—146 + 0.16, —0.46 + 0.26, and —0.61 + 0.16 mN/m,
respectively (a negative value means that the forces are
attractive). The higher adhesive force value refers to higher
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£ 1500 —_ @ cream+LCSs4
E ’ 1382 £ 80| ™= cream+LCSs-6
—; E 60 /
£ 1000 E
£ E 40
@
& 568 H
5 500 = 20
2
= 0

2 4 6

Lignin solution concentration (g/L)

300 350

Wavelength(nm)

400

Figure 8. (a) Average particle size of LCSs-2, LCSs-4, and LCSs-6.
(b) UV transmittance after adding 2 wt % of LCSs-2, LCSs-4, and
LCSs-6 to pure creams.

LCSs-2 exhibited the smallest average particle size at 568 nm
and demonstrated the lowest UV transmittance. This
observation may be attributed to the high specific surface
area of smaller particles, leading to homogeneous blending
with creams.*

4. CONCLUSIONS
A high-quality lignin with abundant phenolic hydroxyl groups

and strong hydrophilicity was derived from industrial lignin in
MSH, exhibiting exceptional antioxidation and UV absorption
capabilities. The unacidified MSH facilitated the cleavage of
ether bonds to generate phenolic hydroxyl groups without
inducing structural condensation. Upon transformation into
LCSs, the lignin’s hydrophilicity was further enhanced, thereby
improving its compatibility and dispersibility in creams. While
the addition of concentrated HCl acid can increase the content
of phenolic hydroxyl groups, it may simultaneously elevate
intermolecular adhesive forces, leading to a reduction in
lignin’s hydrophilicity and UV absorption capacity. This study
presents a straightforward approach for preparing highly active
lignin from industrial sources with potential applications in
antioxidation and UV protection.
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Figure 7. Histogram of the distribution of intermolecular forces in EHL (a), EHL-LB (b), and EHL-ACLB (c).
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