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Abstract: Lignin has great potential as a natural, green, and sustainable broad-spectrum
sunscreen active ingredient. However, the coexistence of dark color and sunscreen
properties hinders its application in cosmetics. In this study, we focus on the effects of
the molecular weight of lignin on tis UV-protecting property and color in order to prepare
lignin-based sunscreen with high performance. A prepared sunscreen containing low
molecular weight lignin (F5, <1000 g/mol) exhibits good UV-protecting property (sun
protection factor (SPF) = 7.14) and light color advantages (AE =46.2). Moreover, a strong
synergistic effect on UV-protecting property exists between low molecular weight lignin
and ethylhexyl methoxycinnamate (EHMC), resulting in high SPF of FS@EHMC-based
sunscreen (55.56). Additionally, added TiO, can efficiently mitigate the dark color of
lignin-based sunscreens due to prominent covering power of TiO,. Moreover, lignin-
based sunscreens have good biocompatibility with HaCaT cells. This work is useful for
understanding the mechanism of the UV-protecting property and dark color of lignin, and
for designing an efficient and safe lignin-based sunscreen.

Keywords: Lignin, Molecular weight, Sunscreen, UV-protecting property, Color
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1. Introduction

Lignin is a major component of plant cell walls and a biopolymer with natural
reserves second to cellulose [1-3]. The global pulp and paper, and bioethanol refining
industries produce nearly 70 million tons of lignin every year, but approximately 98 % of
this is treated as low-value fuel or waste; essentially, the maximum value of lignin is not
being used [4,5]. High-value utilization of lignin resources, by taking advantage of its
unique properties, can effectively improve this situation. Notably, lignin has natural UV-
protecting property; thus, the application of lignin as a green sunscreen active ingredient
in cosmetics is promising and has attracted considerable attention in research [6-9]. At
present, commercial sunscreen active ingredients primarily include chemical and physical
ingredients, of which chemical ingredients account for 80 % [10]. Generally, chemical
sunscreen active ingredients are small molecular aromatic compounds derived from
unsustainable petrochemical resources, and their safety to humans is controversial [11-
13]. In addition, chemical sunscreen active ingredients are increasingly polluting marine
resources [14-17]. Thus, using lignin in sunscreen products not only produces natural,
green, and safe sunscreen products but also reduces the pollution load of chemical
sunscreens on marine resources.

Previous studies have reported that all types of lignin (such as alkali lignin, kraft
lignin, and milled wood lignin) exhibit UV-protecting property [18]. Moreover, the
conjugation system in lignin formed by its benzene ring and functional groups (such as
carbonyl, carbon-carbon double bond, phenolic hydroxyl, and methoxy) can reduce the

energy required for electronic transition; thus, lignin exhibits a broad absorption in the
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UV spectrum range [6,19,20]. However, lignin has a dark color owing to the existence of
a conjugation system, and its dark color renders lignin-based sunscreen unpopular in
cosmetics [21]. Previously researchers in order to develop an excellent lignin dye
dispersant, have reported that lignin with high molecular weight (M, = 18632, 14870
g/mol) has a darker color than lignin with a low molecular weight (M, = 5143, 3746
g/mol) because high molecular weight lignin contains more conjugated carbonyl,
benzoquinone, and LCC structures [22,23]. Additionally, our previous work found that
phenolic hydroxyl and lignin-carbohydrate complex (LCC) structures in lignin are
important factors that simultaneously influence the UV protective performance and color
of lignin-based sunscreens [20,24]. Consequently, we think that the properties of lignin-
based sunscreen can been regulated by tailoring the molecular weight of lignin to obtain
a sunscreen with high performance. However, the relationships between the molecular
weight of lignin and its color, UV-protecting property, as well as the synergistic action of
lignin with different molecular weights and chemical and physical sunscreen active
ingredients on the UV-protecting property and color, have not been fully reported.
Therefore, a better understanding of these relationships is significant for the development
and application of lignin in cosmetics.

In this study, first, alkali lignin (AL) was fractionated with acetone/methanol as a co-
solvent and hexane as an anti-solvent, and five fractions of lignin with different molecular
weights were obtained. The physical and chemical structural differences of the lignin
samples were characterized by gel permeation chromatography (GPC), Fourier-transform

infrared (FTIR) spectroscopy, 'P nuclear magnetic resonance (NMR), 2D-heteronuclear
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single quantum coherence NMR (HSQC NMR), scanning electron microscopy (SEM),
and contact angle tests to further analyze the effects of the chemical and physical
differences of lignin samples on their UV-protecting property and color. Then, lignin-
based sunscreens were prepared by mixing different lignin fractions with facial cream.
The sun protection factor (SPF) and color difference (AE) of the lignin-based sunscreens
were obtained to study the effect of the molecular weight of lignin on its UV-protecting
property and color. Subsequently, the synergism of different lignin fractions and
commercial chemical (ethylhexyl methoxycinnamate (EHMC)) and physical (TiO,)
active ingredients on UV-protecting property and color were explored. Finally, the lignin-
based sunscreens’ photostability and biocompatibility were evaluated. The obtained
results promote the efficient utilization of lignin and offer a guidance for designing the
high-performance lignin-based sunscreen.
2. Materials and methods
2.1. Materials

AL and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphosporane (TMDP) were obtained
from Sigma—Aldrich (St. Louis, MI). Impurities in AL are about 5% moisture, and AL is
not purified before using. Analytically pure acetone, methanol, n-hexane, pyridine, acetic
anhydride, anhydrous ethanol, deuterated chloroform, cyclohexanol, chromium
acetylacetonate, deuterated dimethyl sulfoxide (DMSO), DMSO, 1,1-diphenyl-2-
picrylhydrazyl (DPPH), EHMC, and TiO, were provided by Shanghai Macklin
Biochemical Technology Co. Ltd. (Shanghai, China). HPLC-grade tetrahydrofuran (THF)

was purchased from Tianjin Kemiou Chemical Reagent Co. Ltd. (Tianjin, China).
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Polystyrene standards were purchased from Agilent Technologies Inc. (California, USA).
Facial cream (Johnson) was purchased from a shopping mall.
2.2. Fractionation of AL

The fractionation process of AL was based on the method described by Wang, Li,
Cai, Wyman and Ragauskas [25] and was adjusted appropriately. Briefly, 20 mg of AL
were suspended in 200 mL of acetone/methanol (7:3, v/v) cosolvent and stirred at speed
600 rpm for 30 min at 25 °C. Subsequently, the mixture was centrifuged (8000 rpm, 4 °C),
the precipitate and supernatant were collected, and the precipitate was labelled F1. The
above steps were repeated, and 20, 40, and 60 mL of hexane were successively added to
the supernatant to obtain different precipitates, which were labelled F2, F3, and F4,
respectively. Next, the collected supernatant was concentrated at 40 °C, and a residue was
obtained after the solvent was volatilized; this was labelled F5. The F1-F5 lignin fractions
were vacuum-dried at 40 °C for 48 h to ensure that there was no solvent residue. Finally,
the dried lignin samples were ground and sifted using a sieve (200-mesh) for
experimentations.
2.3. Antioxidant activity of lignin samples

Lignin samples with different molecular weights were used to test the scavenging
ability against DPPH free radicals to evaluate their antioxidant activity. DPPH was
dissolved in ethanol to prepare a 0.1 mmol/L DPPH solution, and lignin was dissolved in
DMSO to prepare lignin solutions at various concentrations. The resultant lignin solution
(100 pL) was mixed with 2 mL DPPH solution, and the mixture was allowed to react for

60 min in the dark. The absorbance of the mixed solution was measured at 517 nm with
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an Infinite M200 PRO microplate reader (TECAN, Austria). The DPPH inhibition

percentage (IP) of lignin was calculated using Eq. (1):

(Ai _ Aj)

DPPH IP (%) = =52 X 100%
(1), where Ay, A;, and A; are the absorbance values of DPPH blank solution, the mixed
solution of lignin and DPPH, and the lignin solution, respectively.
2.4. Color measurement of samples
The color parameters of the samples (lignin and lignin-based sunscreen) were

measured using a spectrophotometer (CS—420, CHN Spec, China), and the color

difference between the sample and a reference whiteboard was calculated according to

Eq. 2):

AE =+ (AL* ) 2+ (da*)? + (4b*)? 2),
where AL*, Aa*, and 4b* are the color value differences between the sample and the
white board.
2.5. Preparation of lignin-based sunscreens

By controlling the percentage of lignin, different lignin-based sunscreens were
obtained by blending lignin samples (AL, F1-F5) with facial cream. For example, 1 wt.%
AL-based sunscreen was prepared by magnetic stirring 4 mg of AL with 396 mg of facial
cream at 1000 rpm for 3 h in the dark; 5 wt.% and 10 wt.% AL-based sunscreens were
similarly obtained. Similarly, F1-F5 lignin-based sunscreens containing different lignin
contents were prepared. Moreover, 10 wt.% lignin@EHMC-based sunscreen and 10 wt.%
lignin@Ti0,-based sunscreen were prepared to explore the synergism of chemical and

physical sunscreen active ingredients and lignin. For example, 10 wt.% AL@EHMC-
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based sunscreen was prepared by blending 20 mg of AL and 20 mg of EHMC together
with 360 mg of cream, and 10 wt.% AL@TiO,-based sunscreen was prepared by blending
20 mg of AL and 20 mg of TiO, together with 360 mg of cream. Similarly, the 10 wt.%
F1-F5 lignin@EHMC-based sunscreens and the 10 wt.% F1-F5 lignin@ TiO,-based
sunscreens were prepared.
2.6. Photostability of lignin-based sunscreen

Lignin-based sunscreens’ photostability was characterized by an aging test. In
particular, the surface of a quartz plate with an area of 16 cm? was adhered with 3M
Transpore Tape, and 32 mg of the prepared sunscreen sample were evenly applied to the
surface of the tape. Next, the quartz plate was placed under a UVA lamp tube (UVA 340,
LONGPRO, China) and irradiated with UV light for 3 h. The distance between the lamp
tube and quartz plate was approximately 5 cm.
2.7. Biocompatibility of lignin-based sunscreen

The sunscreen cytotoxicity of F5@C, FS@WEHMC@C, and F5@TiO,@C toward
cultured human keratinocyte (HaCaT) cells was determined using the CCK8 method. The
mass of the prepared sunscreens was 10 wt.%. First, the sunscreen sample was dispersed
in Dulbecco’s modified Eagle medium (DMEM) to obtain suspensions at concentrations
0f0.2,0.4,0.8, 1, 2,4, §, and 10 mg/mL. Next, the prepared sunscreen suspensions were
co-cultured with HaCaT cells for 24 h, and their absorbance values were measured at 450
nm using an EPOCH2 microplate reader (Biotek, USA). Calcein-AM and propidium
iodide (PI) respectively stained the living and dead HaCaT cells, which was treated with

sunscreens at concentration of 10 mg/mL, to observe the changes in cell morphology. The
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relative viability of HaCaT cells was calculated using Eq. (3):
Relative viability (%) = $-22=22% » 100% (3), where
Agample 18 the absorbance of a mixture containing DMEM, sunscreen sample, HaTaC cells,
and CCKS; Aconol 18 the absorbance of a mixture containing DMEM, HaTaC cells, and
CCKS; and Ay, 1s the absorbance of the mixture containing DMEM and CCKS.
2.8. Characterization and calculation

The molecular weights of the lignin samples were measured using a versatile GPC
analyzer (AGILENT 1260, Agilent, USA) equipped with a GPC column (PLgel MIXED-
E, 7.5 mm x 300 mm, 3 um, Agilent, USA). An AVANCE III 500 Hz NMR instrument
(Bruker, Germany) was used to determine the 3'P NMR and 2D HSQC NMR spectra of
the lignin samples. The FTIR spectra of the lignin samples were obtained using a Thermo
Scientific Nicolet i1S20 spectrometer (ThermoFisher Scientific, USA). The method used
for determining the bulk density of lignin was based on a previous study [26]. The water
contact angle of lignin was measured using a contact angle measuring instrument
(DSA100, KRUSS, Germany). Micrographs of the lignin samples were obtained by SEM
(TESCAN MIRA LMS, Czech), and the morphological characteristics of the lignin-based
sunscreen samples were observed using an optical microscope (Leica DM2500,
Germany). The UV transmittance measurement and SPF calculation of the sunscreens
were performed as described in our previous work [20].
3. Results and discussion
3.1. Physical and chemical properties and antioxidant activity of lignin samples

AL was fractionated using the solvent method to obtain five lignin samples with
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different molecular weights, and the yields and molecular weight distributions of the
obtained samples are listed in Table 1. The molecular weight of AL is 3313 g/mol and its
polydispersity index (PDI) is 7.16, indicating that AL has a wide range of molecular
weight distribution. F1 has the highest molecular weight of 9692 g/mol among the
fractionated lignin samples, and its PDI is 3.64. The molecular weight and PDI of F2, F3,
F4, and F5 decrease gradually, with F5 having the lowest molecular weight and PDI of
844 g/mol and 1.63, respectively. This suggests that lignin fractions with narrow
molecular weight distribution are obtained by fractionation of AL.

Significant differences in the colors of AL and F1-F5 are observed in Table 1. The
smaller the AE value, the closer the color of the lignin sample is to white [27]. From F1
to F4, the AE values gradually decrease, indicating that the colors of F1 to F4 gradually
become lighter. However, F5 has the highest AE value (57.2) among the lignin samples;
this indicates that F5 has the darkest color, which is consistent with the results observed
by the naked eye (Fig. 1). Zhang, Chen, Liu and Fu [26] reported that the bulk density of
lignin has a significant effect on its color. The higher the bulk density, the higher the
chromophore concentration, which makes the lignin darker. Table 1 lists the bulk
densities of the lignin samples. AL has the lowest bulk density (0.44 g/cm?®) among the
lignin samples. Among the fractionated lignin samples, F1, F2, F3, and F5 have higher
bulk densities of approximately 0.65 g/cm? compared with that of F4 (0.55 g/cm?). SEM
was used to observe the micro-morphology of the lignin samples (Fig. 1); evidently, AL
is loosely stacked compared with F1-F5, which is consistent with the measured lowest

bulk density of AL. The surfaces of the five lignin samples (F1-F5) obtained by
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fractionation are relatively dense compared with that of AL, but the surface of F4 contains
some large holes, which may be the reason for its lower bulk density compared with F1,
F2, F3, and F5. Based on the above analysis, the AE values of F1-F4 are positively
correlated with their bulk density. However, the color of AL and F5 does not depend only
on their bulk density; this may be owing to their difference in chemical structure.

The chemical structure of the lignin samples was analyzed using FTIR, 3'P NMR,
and 2D HSQC NMR. No additional absorption peak in the FTIR spectra of F1-F5 is
observed compared with that of AL (Fig. 2(a)), which indicates that the fractionation
method adopted in this study does not change the chemical structure of the lignin fractions.
F5 has the strongest absorption peak at 1700 cm! in all samples because of the stretching
vibration absorption generated by the conjugated carbonyl group [28]. Studies have
reported that the conjugated system formed by carbonyl and benzene rings in lignin can
reduce the energy required for the m—n* transition, thereby enhancing the light
absorption capacity of lignin in the ultraviolet—visible (UV—-Vis) region (290-800 nm)
[6,29]; therefore, the dark color of F5 could be attributable to a high concentration of
carbonyl groups. 3'P NMR characterization can be used to assign lignin’s various
hydroxyl groups (Fig. 2(b)), and the content of hydroxyl groups can be calculated through
peak area integration [9]. The results are presented in Table 2. From F1 to F5, the content
of aliphatic OH gradually decreases, whereas the content of phenolic OH gradually
increases. The content of phenolic OH in F5 is 4.18 mmol/g, which is higher than that of
the other lignin fractions. Phenolic OH is an important auxochrome group in lignin

because it can form a p-m conjugated system with a benzene ring to enhance the light
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absorption of lignin in the UV—Vis region [21]. Therefore, the presence of a high
concentration of phenolic OH groups in F5 is another important factor contributing to its
dark color. By assigning signals in the 2D HSQC NMR spectra of AL and F1-F5 (Fig.
2(c)), information on the connecting bonds and substructures in lignin can be obtained.
In region of dC/0H (50—90/2.5—6 ppm), the signals at 3C/6H (59.1/3.60 ppm), 6C/6H
(71.0/4.70 ppm), and dC/0H (84.5/4.23 ppm) are assigned to Cy—Hy, Ca—Ha, and C—Hf
in the B-O-4 substructure (A), respectively [30]. Compared with other samples, F5
contains the weakest signals for Cy—Hy and Ca—Ha; moreover, the CB—HJ signal does
not appear in F5, which indicates that the content of B-O-4’ substructure (A) in F5 is very
low. This further confirms that the phenolic hydroxyl content in F5 exists predominantly
in the free form rather than condensed form in the B-O-4’ aryl ether bond. These results
are consistent with the 3'P NMR results, which indicates that F5 contains abundant
phenolic hydroxyl groups (Table 2). In the aromatic region (6C/0H (90—135/6—8 ppm)),
the signal at 3C/0H (127.8/7.59 ppm) attributed to Cs—Hg in the oxidized (Co=0) guaiacyl
units (G’) exists only in F5 [31]. Signals for C,—H, (6C/dH (112.0/7.40 ppm)) and Cs—Hg
(0C/6H (120.1/7.20 ppm)) of ferulate (FA) appear in both AL and F5 [30], and the C¢—Hg
signal appears in F4, which indicates that ferulate (FA) in AL is retained in the fractions
with small molecular weights during fractionation. The signal at 3C/6H (126.0/6.90 ppm)
belonging to CB—HP in the terminal group structure of hydroxycinnamaldehyde (F’) is
additionally observed in AL and F5 [32]. Therefore, F5 and AL contain abundant
conjugated C=0 groups. These chemical structural differences lead to their dark color;

besides, these differences are expected to have considerable impact on the UV-protecting
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256  property of lignin-based sunscreens.

257 The antioxidant activity of lignin samples with different molecular weights was
258  evaluated by measuring the DPPH radical scavenging capacity of lignin, and the DPPH
259  scavenging capacity of vitamin E (Vg) was used as a control. Among all the lignin
260  samples, AL has the best antioxidant activity, and its DPPH IP reaches approximately 80
261 % when its concentration is 0.4—1 mg/mL (Fig. 3). The antioxidant activity of the same
262  lignin gradually increases with increasing concentration from 0.1 to 0.4 mg/mL. However,
263  at high concentrations (>0.4 mg/mL), the DPPH IP of all lignin samples is similar, at
264  approximately 75 %. Additionally, the antioxidant activity of all lignin samples with low
265  concentration (0.1 mg/mL) is better than that of V.

266  3.2. UV-protecting property and color of lignin-based sunscreens

267 The UV-protecting property and color of lignin-based sunscreens are shown in Fig.
268 4. According to Fig. 4(a), the facial cream’s SPF is 1.01, which indicates that the facial
269  cream has almost no UV-protecting property. When lignin was blended with the facial
270  cream, the facial cream’s SPF increases, and the SPFs of lignin-based sunscreens increase
271  with increasing lignin concentration (1 wt.%, 5 wt.%, 10 wt.%). In addition, from F1 to
272 F5, the SPFs of the lignin-based sunscreens exhibits a gradual upward trend, and the 10
273 wt.% F5-based sunscreen has the highest SPF of 7.14. Based on the above analysis, the
274 SPF of sunscreen prepared using low-molecular-weight lignin is high. This result is
275  consistent with the change in phenolic hydroxyl content in lignin fractions listed in Table
276  2; essentially, a high phenolic hydroxyl content in low molecular weight lignin fractions

277  results in excellent UV-protecting property of lignin-based sunscreens. In contrast, 10 wt.%
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AL prepared sunscreen’s SPF is 4.74, which is higher than that of the F1-F4-based
sunscreens. AL has a lower phenolic hydroxyl content (1.79 mmol/g) than F2—F4
(1.82—2.89 mmol/g); however, it has a higher content of conjugated carbonyl groups than
F2—F4, as determined by 2D HSQC NMR analysis, which indicates that the conjugated
carbonyl group is another important contributor to excellent UV-protecting property.
Furthermore, F5 has the highest SPF not only because of its high phenolic hydroxyl
content, but also because of its high concentration of conjugated carbonyl groups.

The color of lignin-based sunscreens is shown in Fig. 4(a), wherein the F5-based
sunscreen has the lightest color (AE = 46.2). However, the F5 lignin sample has the
darkest color among all the lignin samples in the dry state (AE = 57.2). Facial cream
contains primarily water (90 %) and esters, whereas lignin is an amphiphilic substance,
whose existing state in facial cream is likely to be affected by its amphiphilicity (Qian et
al., 2016). Therefore, we theorize that the dispersion state of F5 lignin sample in facial
cream 1is different from that of other lignin samples, thus resulting in the F5-based
sunscreen having the lightest color. The lignin-based sunscreens were observed at a 40%
magnification using an optical microscope (Fig. S1). Pure facial cream is a uniform oil-
in-water (W/O) lotion. When F1-F4 are added to the facial cream, the W/O state
disappears, and lignin is dispersed in the facial cream with large and irregular particles.
In F5-based sunscreen, lignin is surrounded by water, and the sunscreen exists in the same
W/O state as the pure facial cream. In addition, W/O droplets and irregular lignin particles
can be observed in the AL-based sunscreen. The water contact angles of the lignin

samples (Fig. 4(b)) revealed that F5 has the highest water contact angle (52.6°), followed
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by AL (51.2°). After 20 s, the contact angles of F5 and AL decrease slightly, which
indicates that F5 and AL are strongly hydrophobic. In contrast, water is completely
absorbed after contact with F1-F4 for 20 s, which indicates that F1—-F4 has strong
hydrophilicity. Therefore, in F5-based sunscreen, lignin exists in the form of W/O
droplets owing to its strong hydrophobicity. Consequently, we believe that the reason for
the color difference of lignin-based sunscreen is that F1—-F4 have strong hydrophilicity
and are easy to disperse in the cream, thus resulting in the cream being stained by lignin,
and a dark color. In contrast, F5 is uniformly dispersed in the cream in the form of small
droplets, and the cream is not easily stained by lignin. Moreover, this dispersion state
reduces the aggregation between lignin molecules and macroscopically reduces the
chromophore concentration; thus, the overall color of the F5-based sunscreen is light. As
shown in Fig. 4(a), after 3 h of UV irradiation, ASPF and AE of 10 wt.% lignin-based
sunscreens fluctuate from —0.11 to 0.83 and from—0.1 to 1.1, respectively; this indicates
that UV irradiation negligibly affects their UV-protecting property and color, and these
lignin-based sunscreens have good photostability.
3.3. Synergism of lignin and EHMC on UV-protecting property and color

Lignin fractions and the commercial sunscreen active ingredient EHMC were
blended with facial cream to prepare different sunscreens to investigate the synergism of
lignin fractions and EHMC on UV-protecting property. As shown in Fig. 5, the pure facial
cream has almost no UV-protecting property owing to its UV transmittance is close to
100 %. The EHMC@C sunscreen prepared with 5 wt.% EHMC and 95 wt.% facial cream

in the UVB region (290—320 nm) has the UV transmittance less than 5 %, whereas the
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322 UV transmittance in the UVA region (320—400 nm) is close to 100 %, which indicates
323  that EHMC has good UVB resistance capability, but has little UVA protection. The
324  F5@C sunscreen prepared by mixing 5 wt.% F5 with 95 wt.% facial cream has weaker
325  resistance to UVB than EHMC-based sunscreen, but its UV resistance in the UVA region
326  is better, which indicates that lignin has the potential to be a broad-spectrum sunscreen
327  active ingredient. When 5 wt.% F5 and 5 wt.% EHMC were mixed with 90 wt.% facial
328  cream to prepare 10 wt.% FS@EHMC@C sunscreen, the UV protection efficiency of
329  sunscreen in the entire UVB—UVA region is considerably improved. The SPFs of 10 wt.%
330  lignin@EHMC@C sunscreens are shown in Fig. 5. Among them, the SPF of
331  FI@EHMC@C sunscreen is 15.73, which is lower than the superposition (16.26) of the
332 SPFs of 5 wt.% F1@C sunscreen (1.58) and 5 wt.% EHMC@C sunscreen (14.68); this
333  indicates that no synergistic effect on UV-protecting property between F1 and EHMC.
334  Similarly, the existence of a weak synergistic effect between F2 and EHMC is proven.
335  The SPFs of the F3WEHMC@C, FA@EHMC@C, and FS@EHMC@C sunscreens
336  gradually increase, among which the SPF of FS@EHMC@C sunscreen reaches a
337  maximum of 55.56, which is nearly four times higher than that of the EHMC@C
338  sunscreen (14.68). These results indicate that with a decrease in the molecular weight of
339  lignin, the synergistic effect between lignin and EHMC on UV-protecting property
340  becomes strong. The 10 wt.% lignin@EHMC@C sunscreens were observed with a
341  microscope at 40x magnification (Fig. S1). The 10 wt.% EHMC@C sunscreen is an W/O
342  lotion. When AL and F1-F4 were added to the facial cream together with EHMC, both

343  W/O droplets and irregular lignin particles are observed in the sunscreen. However, in
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the FS@EHMC-based sunscreen, only W/O droplets and no lignin particles are observed,
which indicates that F5 and EHMC are both surrounded by water molecules. Generally,
the synergistic effect produced by lignin and commercial sunscreen active ingredients on
UV-protecting property is due to the m—n* stacking interaction of their benzene rings,
which enlarges the conjugation system between them, thus enhancing the UV-protecting
property of sunscreen [18]. The premise of the n—n* stacking interaction is that the two
benzene rings are very close [33,34]. Therefore, in the FS@EHMC@C sunscreen, F5 and
EHMC exhibit the strongest synergistic effect on the UV-protecting property among the
fractionated lignin samples, thereby resulting in the highest SPF of the FS@EHMC@C
sunscreen. After UV irradiation for 3 h, the SPFs of the lignin @EHMC@C sunscreens
change slightly (Fig. 5), and their color does not change significantly (similar to Fig. 4(a)),
which indicates that these lignin@EHMC@C sunscreens have good photostability.
3.4. Synergism of lignin and TiO; on UV-protecting property and color

TiO, is a commonly used inorganic sunscreen active ingredient and is a white
pigment with strong covering power [35]. A 10 wt.% lignin@TiO,@C sunscreen was
prepared by blending 5 wt.% lignin and 5 wt.% TiO, with 90 wt.% facial cream to study
the contribution of TiO; to the color reduction and UV-protecting property of lignin-based
sunscreen. As shown in Fig. 6, the AL and F1-F4 lignin samples are evenly dispersed
with TiO; in the facial cream. The AE values of AL and F1-F4@TiO,@C sunscreens are
approximately 40, which are lower than the AE values (approximately 50) of sunscreens
prepared with AL and F1-F4@C; this indicates that TiO, can neutralize the dark color of

lignin and effectively reduce the color of lignin-based sunscreens. The SPFs of AL and
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F1-F4@TiO,-based sunscreens are approximately equal to the added of SPFs of the
lignin-based sunscreen and TiO,-based sunscreen, which indicates that synergism
between lignin and TiO, on the UV-protecting property does not exist. The sunscreen
prepared with F5@TiO, has the lightest color (AE = 29.0); however, F5 aggregates in the
system (Fig. S1), which destroys its excellent sunscreen performance and leads to a SPF
of only 3.73. Consequently, TiO, can efficiently improve the dark color of lignin-based
sunscreen while contributing to the UV-protecting property of sunscreens prepared using
lignin samples with molecular weights higher than 1000 g/mol. After UV irradiating for
3 h, the change ranges of SPFs and AE values of the prepared sunscreen samples are only
-0.06—0.64 and 1.1-1.6, respectively. Compared with the control group (TiO,-based
sunscreen), these changes are almost entirely caused by the light instability of TiO,, which
further indicates that lignin has good photostability.
3.5. Biocompatibility of lignin-based sunscreen

Biocompatibility and safety of lignin-based sunscreens are critical for their
development. Based on the above analysis, F5 lignin has the most potential to be used in
sunscreen; therefore, we selected F5@C, FS@EHMC@C, and F5@TiO,@C sunscreens
to test their cytotoxicity to HaCaT cells. The relative viabilities of HaCaT cells treated
with different sunscreen samples are shown in Fig. 7. All of these sunscreens have little
effect on the viability of HaCaT cells. Even at a high concentration treatment (10 mg/mL)
of sunscreens, the relative viabilities reach more than 96 %. Moreover, the images of
HaCaT cells treated with these sunscreens at a concentration of 10 mg/mL reveal that

lignin-based sunscreens have almost no effect on the morphology of HaCaT cells.
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Additionally, the relative viability of HaCaT cells after being treated with F5@C
sunscreen is over 98.4 %, which is higher than that of FS@EHMC@C (96.5 %) and
F5@TiO,@C (96.4 %); this indicates that lignin has better biocompatibility and safety
than commercial sunscreen active ingredients EHMC and TiO,.
4. Conclusions

The effects of different molecular weights of lignin on color and UV-protecting
property of lignin-based sunscreens were determined. The lower the molecular weight of
lignin, the higher the SPF of the lignin-based sunscreen (F5@C sunscreen, SPF 7.14). At
the same time, F5@C sunscreen has the lightest color because of its uniform W/O state.
Moreover, the synergism of lignin samples and EHMC on the UV-protecting property is
gradually enhanced with a decrease in the molecular weight of lignin (FS@EHMC@C
sunscreen, SPF 55.56). Additionally, the dark color of lignin-based sunscreens can be
efficiently improved by adding TiO,. Moreover, lignin-based sunscreens exhibit excellent
photostability and biocompatibility. This study offers a guidance for efficient utilization
of lignin in the field of cosmetics. And combined with the recent advanced researches of
lignin nanoparticle and decolorization of lignin by oxidant, it is very promising to
overcome the obstacles of lignin application in cosmetics.
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Table 1 The physical properties of lignin samples.

Molecular weight

Color values Bulk
Yields distributions
Samples Color # density
(%) Mw Mn
PDI L* a* b* AE (g/cm?)
(g/mol)  (g/mol)

AL — 3313 463 7.16 44.63  7.72 1.38 54.7 AAA 0.44
F1 32.75 9692 2663 3.64 4424 510 10.11 555 AAAAA 0.67
F2 16.10 5992 2634 2.27 4525 6.80 1097 548 AAAA 0.65
F3 17.80 3351 1863 1.80 46.66 6.83 11.77 53.6 AA 0.64
F4 9.35 1975 1196 1.65 4785 829 1422 532 A 0.55
F5 23.45 844 487 1.63 4376 1036 13.02 572 AAAAAA 0.62

2 A means the degree of color darkening.
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537  Table 2 Contents of hydroxyl groups in lignin samples.

) AL Fl F2 F3 F4 F5
Assignments
ppm mmol/g

Aliphatic OH 148.91-144.97 2.16 2.99 2.51 2.33 2.05 1.42

Cs-substituted phenolic OH 143.99-141.17 0.21 0.32 0.16 0.37 0.79 0.78

Guaiacyl phenolic OH 141.14-137.98 1.48 1.09 1.61 2.31 1.95 3.15

p-Hydroxyhzn:Inyl phenolic 137.88-136.79 0.10 0.04 0.05 0.15 0.15 0.25

Carboxylic acid OH 135.29-133.04 0.25 0.22 0.29 0.27 0.21 0.37

Total OH 4.20 4.66 4.62 5.43 5.15 597

Total phenolic OH 1.79 1.45 1.82 2.83 2.89 4.18
538
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Figure Captions
Fig. 1. Photographs and images of SEM (11.0 kx) of lignin samples.

Fig. 2. (a) FTIR spectra of AL and F1-F5. (b) 3'P NMR spectrum of F5 as an example. (¢) 2D HSQC
NMR spectra of AL and F1-F5 samples and main substructures identified in lignin samples, and the
attribution of all signals can be found in Table S1.

Fig. 3. The DPPH inhibition percentage (IP) of lignin samples’ solution at different concentrations,
and Vg solution at different concentrations as control.

Fig. 4. UV-protecting property and color of lignin-based sunscreens: (a) photographs of 10 wt.%
lignin-based sunscreens and SPF of lignin-based sunscreens with different concentrations, (b) water
contact angle of lignin samples.

Fig. 5. SPFs of 10 wt.% sunscreens prepared by 5 wt.% lignin samples and 5 wt.% EHMC before and
after 3 h UV irradiation, and 5 wt.% lignin-based sunscreens and 5 wt.% EHMC-based sunscreen are
as control. The embedded diagram is UV transmittance spectra of sunscreens prepared by EHMC, F5,
and FS@EHMC as examples.

Fig. 6. SPFs and AE values of 10 wt.% sunscreens (prepared by blending 5 wt.% lignin samples and
5 wt.% TiO, with facial cream) before and after 3 h UV irradiation, and 5 wt.% lignin-based sunscreens
and 5 wt.% TiO,-based sunscreen as control.

Fig. 7. (a) Viabilities of HaCaT cells treated with F5@C, FS@EHMC@C, and F5@TiO,@C

sunscreens, and (b) the images of HaCaT cells treated with these sunscreens at concentration of 10
mg/mL.
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