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ABSTRACT: Lignin nanoparticles (LNPs) are applied in several
industrial applications. The nanoprecipitation of LNPs is fast and
inexpensive but currently still limited to the use of hazardous
organic solvents, making it difficult to apply them on a large scale.
Here, we report a scalable nanoprecipitation procedure for the
preparation of colloidal lignin nanoparticles (cLNPs) by the use of
the green solvents dimethylisosorbide and isopropylidene glycerol.
Irrespective of the experimental conditions, cLNPs showed higher
UV absorbing properties and radical scavenging activity than
parent LNPs and raw lignin. cLNPs were successively used in the
preparation of eco-friendly sunscreen formulations (SPF 15, 30,
and 50+, as evaluated by the COLIPA assay), which showed high
UV-shielding activity even in the absence of synthetic boosters (microplastics) and physical filters (TiO2 and ZnO). Biological assays
on human HaCaT keratinocytes and human skin equivalents demonstrated the absence of cytotoxicity and genotoxicity, associated
with an optimal protection of the skin from UV-A damage.

■ INTRODUCTION

The focus on renewable resources is increasingly growing, and
the choice to remove petrochemical derivatives from
commercial products is consolidated over time. In the last
years, lignin, the most abundant polyphenol in nature, has
received great attention due to its benign chemical and
physical properties and green application in different fields,1

including chelation2 and in flame retardant,3 metal adsorbent,4

emulsifier, and cosmetic filler5 applications. The absence of
cytotoxicity associated with the antioxidant,6 UV absorption,7

and antimicrobial8 properties makes lignin a suitable candidate
in the formulation of cosmeceutical and pharmaceutical
products.9 Lignin remains a material not yet valued in the
world market, with 98−99% being incinerated to produce
energy. Only the remaining 1−2% is used for the production of
lignosulfonates.10 In addition, lignin nanoparticles (LNPs)
produced by the nanoprecipitation technology11 improve the
radical scavenging and UV absorbing properties12 of the
polymer due to the emergence of hydrophobic and π−π
stacking interactions between the aromatic subunits.13,14 LNPs
are effective biocatalytic platforms15 in biosensing16 and bioink
formulations.17 The role of LNPs as UV filters in sunscreen
formulations is well documented, and their sun protection
factor (SPF) booster activity is carefully analyzed.18,19 SPF
boosters are common fillers used in commercial sunscreens to
increase the total performance of UV filters by synergistic

effects. Actually, these additives are mainly composed of oil-
based polymers (e.g., microspheres of styrene/acrylate
copolymers).20

During the nanoprecipitation process, lignin achieves an
ordered spherical structure by the fast change in polarity
between two miscible solvents.21 The beneficial effect of
organic solvent−water binary mixtures in favoring the
solvation of both hydrophobic and hydrophilic groups of
lignin has been reported, and their role in avoiding
uncontrolled aggregation processes is discussed in detail.22

The primary solvent is selected on the basis of its ability to
solubilize lignin and for the recyclability and environmental
impact, while the secondary solvent is water. The primary
solvent are usually toxic and flammable organic derivatives,
such as tetrahydrofuran (THF),23 1,4-dioxane,24 acetone,25

and dimethyl sulfoxide (DMSO),26 showing low compatibility
with large-scale industrial processes. Recent developments
toward sustainable methods27 including novel greener
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alternatives such as ethanol,28 γ-valerolactone (GVL),29 p-
toluenesulfonic acid,30 and deep eutectic solvents31 were
reported in a greener LNP nanoprecipitation procedure,
focusing on the chemophysical properties of particles. The
use of a green solvent allows expansion of the fields of
application of LNPs, including nanomedicine, agrochemistry,32

and food packaging.33 Usually, the primary solvent is removed
from the final solution to yield isolated LNPs by centrifugation
and dialysis procedures. Otherwise, the colloidal lignin
nanoparticles (cLNPs) can be obtained, maintaining the
primary solvent. The latter case is of particular interest for
the cosmetic industry, since it facilitates the direct preparation
of formulations without the energy and time-demanding
isolation of LNPs. The Food and Drug Administration and
European Chemicals Agency highlighted the necessity to
remove some of the actual commercial active principles and
additives from sunscreen formulations due to their side effects
on health and the environment.34 For this reason, innovative
and sustainable bio-based materials are required. To evaluate a
larger panel of green solvents, we describe here the use of eco-
certified dimethylisosorbide (DMI) and isopropylidene glyc-
erol (IPG) in the nanoprecipitation of cLNPs from organosolv
lignin (OL), kraft lignin (KL), and alkaline lignin (AL). The
green and eco-friendly properties have been certified by the
European Cosmetic Organic and Natural Standard (COS-
MOS) protocol globally recognized by the cosmetic industry
and further validated by EHS standards.35 Irrespective of the
experimental conditions, the UV absorbing properties and
radical scavenging activity of cLNPs were higher than those of
corresponding LNPs and raw lignin. Four eco-friendly
sunscreen formulations with different SPF values (15, 30,
and 50+, in accordance with the European Cosmetic and
Perfumery Association COLIPA classification) were prepared
with KL-cLNPs using DMI. Furthermore, thanks to its high
solvent capacity, DMI dissolved water-insoluble UV filters,
avoiding the use of microplastic boosters and chemical and
physical UV filters (TiO2 and ZnO). Biological assay on
HaCaT keratinocytes and human skin equivalents (HSEs)
showed the absence of cytotoxicity and genotoxicity of the
novel cLNPs and sunscreen formulations in association with
the optimal protection of skin from UV-A damage.

■ RESULTS AND DISCUSSION
Procedure for the Preparation of Colloidal LNPs.

Colloidal lignin nanoparticles (cLNPs) were prepared by the
nanoprecipitation technique starting from commercially
available OL, KL, and AL. The original composition of the
starting lignin was determined by phosphorus nuclear magnetic
resonance 31P NMR analysis, as reported in Figure S1.
Nontoxic, biodegradable, and eco-certified DMI and IPG
were used as primary solvents,36,37 and their effectiveness in
the process was compared with GVL and THF. Table 1 reports
the main chemophysical properties of selected solvents, and
GVL was the only member of the series showing a partial
miscibility with water. The solubility of OL, KL, and AL in the
different solvents is reported in Table 2.
The lignin sample (0.3 g) was dissolved in an appropriate

solvent (50 mL) by ultrasonication for 30 min at 50 °C. Then,
deionized water (100 mL) was added in the frame of 1−2 s at
25 °C under mechanical stirring to obtain LNPs.41 LNPs
formed rapidly as a stable colloidal suspension (OL-cLNPs,
KL-cLNPs, and AL-cLNPs). The total yield of the process,
defined as milligrams of particles per milligram of the starting

material (Table 2), was measured after the isolation of LNPs
from the colloidal suspension. Irrespective of the original
lignin, the highest yield was obtained with DMI (Table 2).

Field Emission Scanning Electron Microscopy, Dy-
namic Light Scattering, and ζ Potential Analyses. cLNPs
were characterized by field emission scanning electron
microscopy (SEM), dynamic light scattering (DLS), and ζ
potential analyses, in comparison with colloidal particles from
GVL and THF. Figure 1 reports the SEM images of cLNPs
(upper panel) and the corresponding DLS analyses (lower
panel). The grid connects different types of lignin with
different primary solvents. cLNPs obtained from DMI showed
a regular spherical shape similar to that obtained from GVL.
In contrast, IPG produced particles with irregular shape.

Hydrodynamic diameter values, polydispersity index (PDI),
and ζ potential of cLNPs are listed in Table 3. The
hydrodynamic diameters of AL-cLNPs and KL-cLNPs
obtained from DMI were smaller than those obtained from
GVL and THF, with the nanoparticles produced from IPG
showing the highest value. In addition, OL-cLNPs obtained
from THF and GVL were smaller than that obtained from
DMI, probably due to the higher hydrophobicity of OL with
respect to AL and KL. Similarly, the PDI value of particles
produced in DMI was always smaller than those of the other
samples. KL-cLNPs, OL-cLNPs, and AL-cLNPs showed
negative ζ potential values (Table 3), confirming the anionic
character of the surface of the particles. The ζ potential of
cLNPs was generally independent of the organic solvent used

Table 1. Chemophysical Properties of Primary Organic
Solvents Selected for the Nanoprecipitation of Lignina

aData were obtained from refs 38−40.

Table 2. Solubility of the Starting Lignin in the Selected
Solvents and Yield of LNPs

solvent lignin solubility (mg/10 mL) yield (%)a

THF OL 92.3 (28.0b) 82.9
KL 93.2 (9.0b) 87.1
AL 92.1 (55.0b) 85.2

DMI OL 92.0 87.7
KL 96.1 91.1
AL 94.0 89.2

IPG OL 81.2 80.8
KL 85.1 86.2
AL 81.1 84.1

GVL OL 88.2 85.9
KL 90.6 89.6
AL 89.1 89.1

aYield was measured after the isolation of LNPs from the
corresponding colloidal suspension. bSolubility data for EtOH.42
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in the nanoprecipitation process. These ζ potential values were
probably responsible for repulsive interactions, avoiding
particle aggregation.
Attenuated Total Reflectance Fourier Transform

Infrared Analysis and 31P NMR Characterization of

LNPs. Isolated LNPs were characterized by attenuated total
reflectance Fourier transform infrared analysis (ATR FT-IR;
Figure 2). As a general trend, the main vibrational modes for
lignin were not modified after nanoprecipitation, confirming
the structural preservation of the native polymer. The C−H
bending of methyl and methylene groups (1460 cm−1) and the
CO (1600 cm−1), CH (2929 cm−1), and OH
stretching (3433 cm−1) were the most intense vibrational
modes besides the fingerprint zone. LNPs obtained from DMI
and GVL were also characterized by standard 31P NMR
spectroscopy and compared with parent lignin. The sample
was solubilized in pyridine/CDCl3 (300 μL; 1.6/1.0 v/v)
under sonication conditions followed by quantitative deriva-
tization with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospho-
lane. Table 4 reports the functional group distribution of
different types of OH moieties in LNPs.
The total amount of aromatic OH moieties was retained in

both OL and KL nanoparticles from THF, DMI, and GVL,
with the only exception of IPG, in which case the total content
was lower than that of the reference. A different behavior was
observed for AL nanoparticles characterized by a lower total
amount of OH with respect to the original sample. In addition,
the total amount of aliphatic OH groups was generally

Figure 1. SEM images (upper panel) and DLS diagrams (lower panel) of KL-cLNPs, OL-cLNPs, and AL-cLNPs. The SEM image shows that the
grid allows the connection of different types of lignin with different types of primary solvents used in the nanoprecipitation process.

Table 3. Mean Size, PDI, and ζ Potential Values of cLNPs
Obtained from Different Primary Solvents

solvent lignin mean size (nm) PDIa ζ potential (mV)

THF OL 99 ± 4.2 0.341 −32.2 ± 1.8
KL 112 ± 5.1 0.232 −31.1 ± 1.9
AL 118 ± 5.9 0.221 −29.9 ± 1.7

DMI OL 192 ± 6.8 0.233 −33.4 ± 2.1
KL 89 ± 3.9 0.101 −29.9 ± 0.8
AL 102 ± 4.5 0.119 −32.5 ± 1.1

IPG OL 905 ± 44.9 0.414 −27.3 ± 6.1
KL 679 ± 33.5 0.471 −29.4 ± 4.8
AL 780 ± 38.4 0.434 −28.6 ± 5.1

GVL OL 101 ± 4.9 0.212 −31.4 ± 1.5
KL 116 ± 5.2 0.232 −31.8 ± 1.1
AL 121 ± 5.1 0.199 −32.8 ± 1.9

aPDI, polydispersity index.
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retained. These results, taken together, confirmed that the
average composition of native lignin was generally maintained
in nanoparticles.
UV Absorption and Antioxidant Activity. The UV

absorption capacity was evaluated for both LNP and cLNP

samples. LNPs and cLNPs (0.05 mg/mL) were studied in the
range of 190−700 nm at 25 °C (the absorption capacity of
water and primary organic solvents was subtracted automati-
cally during the analysis). As reported in Figure 3, LNPs from
different origins showed a similar UV-B and UV-A absorbance

Figure 2. ATR FT-IR spectra of OL-LNPs, KL-LNPs, and AL-LNPs produced from different primary solvents. The analysis has been performed
after the isolation of the particles. The spectra of native lignin are included as a reference.
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capacity, always higher than that of the reference. UV
absorbance of LNPs and cLNPs from THF is also reported
as a reference. Notably, cLNPs were more efficient absorbers
than the corresponding LNPs. This result was probably due to
the effect of the colloidal aggregation state on the UV
absorbance capacity.43

The following order of UV absorption capacity was observed
for cLNPs: DMI > GVL > IPG. DLS analysis showed that KL-
cLNPs were characterized by the lowest diameter value. This
data can explain the higher UV-shielding capacity of KL-cLNPs
with respect to the other lignin particles, since the distribution
of chromophores and auxochromes between the surface and
core of LNPs has been reported to depend on the particle
size.44

The antioxidant activities of LNPs and cLNPs were
evaluated by measuring the radical scavenging properties of
the sample against 2,2′-diphenyl picrylhydrazyl radical (DPPH,
0.25 mM EtOH solution) at different concentration values
(from 0.025 to 0.5 mg/mL) in MilliQ water using parent lignin
as the reference. Table 5 reports the IC50 values (mg/mL of
sample that causes 50% loss of DPPH concentration) and the
radical scavenging index (RSI) (corresponding to the
reciprocal value of IC50). No antioxidant activity was recorded
in the cases of DMI, IPG, and GVL alone. Again, the
antioxidant activities of LNPs and cLNPs were higher than that
of native lignin. In addition, cLNPs were more active than the
corresponding LNPs, with the only exception for cLNPs
prepared from IPG, for which an inverse trend was observed.
Irrespective of the primary solvent used, KL was the most
efficient lignin in scavenging the DPPH radical, followed by AL
and OL. Finally, LNPs and cLNPs from DMI were
characterized by the highest radical scavenging activity. The
increase in the UV absorbing properties and antioxidant
activity in nanoscaled LNPs has been reported and related to
the π−π self-aggregation of the aromatic subunits favoring the
electron-transfer process.45,46 In this context, the bathochromic
shift we observed in LNP and cLNP samples (Figure 3)
strongly suggests the formation of the head-to-tail J-type motif
as the optimal aggregate state for the enhancement of the UV
absorbing capacity.25,47

Generally, the primary solvent used to dissolve lignin can
affect the morphological and chemical properties48 of the

starting material due to its interference with the network of
noncovalent bonding in the polymer.49 The influence of
different selected binary solvents on LNP sizes has been
reported.50 In addition, the binary solvent can control the
formation of the J-aggregate with respect to the H-aggregate as
well as the correct arrangement of hydrophilic groups on the
surface of the LNPs, thus affecting the UV photoabsorption
and antioxidant capacity.

Procedure for the Preparation of Sunscreen For-
mulations and Evaluation of the Stability of Formula-
tions. KL-cLNPs obtained from DMI were selected to prepare
four novel sunscreen formulations. The sunscreen formulations
were prepared by mixing a standard oil phase (coco-caprylate,
mono- and triglycerides from coconut, Eumulgin VL-75, and
tocopherol) with small amounts of natural UV filters (γ-
oryzanol (γ-o) and α-bisabolol (α-BL); samples KL1−KL4;
Table 6) with a water phase (glycerin, D-panthenol, and
Xanthan gum) containing KL-cLNPs (1.0% and 2.5%,
respectively, of the original colloidal suspension (1.0 g/mL))
in the presence of small amounts of natural secondary
metabolites such as ferulic acid (FA), quercetin (Q), and
gentisic acid (GA). Amounts of KL-cLNPs higher than 2.5%
were not studied since they resulted in too dark formulations.
An additional amount of DMI (5.0% and 10.0%) was also
added to obtain complete homogenization of the formulation.
A similar procedure was applied with KL-cLNPs (1.0%, 2.5%,
and 5.0 % from the original colloidal suspension (1.0 g/mL))
in the absence of natural UV filters, to yield formulations B1−
B3 (Table 6). Finally, formulation B4 was used as a negative
control, having no KL-cLNPs and UV filters (Table 6). A
commercial SPF50+ formulation (COM50+) was used as a
reference. Figure 4 reports the coloration of KL-cLNP in eco-
sustainable solvents (panel A) and in sunscreen formulations
KL1−KL4 (panel B).
The UV transmittance spectra of KL1−KL4 and B1−B4

samples are reported in Figure 5 (panels A and B,
respectively). As a general trend, KL1−KL4 showed lower
transmittance values as compared to B1−B4 in all the
wavelengths studied. The SPF, critical wavelength Cλ (defined
as the wavelength at which the integral of the spectral
absorbance curve reaches 90% of the integral from 290 to 400
nm), and UV-A/UV-B ratio (UV ratio) values are listed in

Table 4. Functional Group Distribution as Derived by Quantitative 31P NMR Analyses of the Samples

aromatic OHa,b

sample COOH aliphatic OH S G H ToT

OL 0.97 2.28 1.09 1.21 0.15 2.45
KL 0.21 1.62 0.01 1.62 0.02 1.65
AL 0.20 1.59 0.02 1.51 0.03 1.56

THF OL-LNPs 0.45 2.31 1.08 1.19 0.14 2.41
KL-LNPs 0.20 1.63 0.00 1.65 0.01 1.66
AL-LNPs 0.19 1.58 0.01 1.50 0.02 1.53

DMI OL-LNPs 0.47 2.31 1.06 1.18 0.16 2.40
KL-LNPs 0.23 1.69 0.00 1.59 0.01 1.60
AL-LNPs 0.21 1.61 0.00 1.49 0.03 1.52

IPG OL-LNPs 0.40 2.21 1.09 1.19 0.12 2.40
KL-LNPs 0.16 1.49 0.01 1.41 0.01 1.43
AL-LNPs 0.14 1.41 0.00 1.49 0.03 1.52

GVL OL-LNPs 0.43 2.30 1.08 1.18 0.15 2.41
KL-LNPs 0.22 1.64 0.00 1.59 0.02 1.61
AL-LNPs 0.21 1.60 0.01 1.47 0.01 1.49

aS, syringyl units; G, guaiacyl units; and H, para-hydroxy phenolic units. bMillimoles/gram of unit.
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Table 6 (data referring to samples KL1−KL4 characterized by
the presence of other actives and the absence of KL-cLNPs are
reported in parentheses). Among the B1−B3 formulations
(without additional filters different from KL-cLNPs), the SPF

values well correlated with the lignin content. Indeed,
formulation B3 displayed the highest SPF value (2.91; Table
6). Better results were obtained by adding natural UV filters to
formulations. In particular, formulations KL3 and KL4 showed

Figure 3. UV absorbance capacity of LNPs and cLNPs. The analysis was performed with the appropriate sample (0.05 mg/mL) in the range from
190 to 700 nm at 25 °C under gentle stirring. Native amorphous lignin was used as a reference. Both UV-B and UV-A ranges are reported.
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the highest SPF (31.1 and 60.5, respectively), Cλ, and UV ratio
values, of the same order of magnitude of the reference values
established by the EU regulation (Regulation (EC) No. 1223/
2009; Cλ > 370 nm; UV ratio > 0.33). In accordance with the
data in Table 6, increased amounts of FA and GA, besides the
higher concentration of α-BL, afforded better results. These
results showed that KL-cLNPs at concentrations up to 5% do
not act as UV filters such as the SPF booster ingredient. The
SPF boosters are additives that weakly absorb UV rays but are
able to increase the performance of UV filters by synergistic
physical and transfer electron processes.51 Indeed, in mixture
with natural UV filters (FA, Q, and GA), KL-cLNPs displayed
a synergy UV boosting effect (BE), starting from around 74.2%
(Table 6). The BE increased dose dependently with the total
amount of cLNPs, reaching its highest value (93.3%) in the

case of sample KL4. Petrochemical derivatives are usually
employed in commercial products (from 2.5% to 12% in
weight), with a maximum reported BE of 20%.21 Microplastics
are very dangerous for the environment due to their toxicity
and implications for human health.52 Noteworthily, KL-cLNPs
showed an overall BE higher than microplastics. In addition,
the SPF value of KL4 was similar to that observed for the
Com50+ formulation, despite the lower number of UV filters
(20.8% vs 37.6%) and the absence of metal oxides such as
titanium dioxide or hydroxyapatite. The stability of the most
active samples KL3 and KL4 was evaluated by measuring the
SPF, Cλ, and UV ratio values after treatment at 50 °C for 60
days under dark conditions. Under these experimental
conditions, SPF values of 30.8 and 60.1 were obtained,
respectively, confirming the retained stability of the for-
mulations. Data on the BE of LNPs prepared from THF are

Table 5. Antioxidant Activity of LNPs

sample IC50 RSIa sample IC50 RSIa

OL 0.035 28.57
KL 0.026 38.46
AL 0.031 32.26

THF OL-LNPs 0.027 37.03 OL-cLNPs 0.026 38.46
KL-LNPs 0.022 45.45 KL-cLNPs 0.021 47.65
AL-LNPs 0.024 41.66 AL-cLNPs 0.023 43.41

DMI OL-LNPs 0.026 38.46 OL-cLNPs 0.021 47.62
KL-LNPs 0.018 55.56 KL-cLNPs 0.014 71.44
AL-LNPs 0.023 43.48 AL-cLNPs 0.018 55.61

IPG OL-LNPs 0.031 32.26 OL-cLNPs 0.039 25.69
KL-LNPs 0.022 45.45 KL-cLNPs 0.025 40.06
AL-LNPs 0.026 38.46 AL-cLNPs 0.029 34.50

GVL OL-LNPs 0.028 35.71 OL-cLNPs 0.027 37.03
KL-LNPs 0.02 50.00 KL-cLNPs 0.019 52.69
AL-LNPs 0.023 43.41 AL-cLNPs 0.021 47.65

aRSI parameter is defined as the reciprocal of IC50.

Table 6. SPF, Cλ Value, and the UV-B/UV-A Ratio (UVratio) of KL-cLNP-Based Sunscreen Formulationsa

phase UV filterb B1 B2 B3 B4 KL1 KL2 KL3 KL4 COM50+

oil phase (4.0% coco-caprylate, 3.0% mono- and
triglycerides from coconut, 2.8% Eumulgin VL-75, and
0.7% tocopherol)

γ-ο 2.0% 5.0% 5.0% 5.0% BEMTb

α-BL 0.5% 0.5% 1.0% 1.0 % TiO2

water phase (3.0% glycerin, 0.5% D-panthenol, and 0.2%
Xanthan gum)

FA 3.0% 5.0% 6.0% 8.0% S2E

KL-cLNPs 1.0% 2.5% 5.0% 1.0% 2.5% 2.5% 2.5% SAC
Q 0.3% 0.3% 0.3% 0.3% DHHB
GA 1.0% 1.0% 2.0% 4.0% EMC
DMI 1.0% 2.0% 2.0% 5.0% HA

total filter (%) 1.0 2.0 5.0 0 7.8 14.3 16.8 20.8 37.6
SPFc 1.09 1.88 2.91 0.4 5.4

(3.1)
15.1
(8.3)

31.1
(16.4)

60.9
(31.5)

63.5

Cλ 290 348 358 290 365
(356)

369
(359)

370
(361)

371
(363)

373

UVratio 0.92 0.86 0.82 1.1 0.49
(0.59)

0.45
(0.56)

0.39
(0.48)

0.36
(0.46)

0.39

boosting effect (%)d 74.2 81.9 89.6 93.3

aB1−B3: formulations containing different amounts of KL-cLNPs in the absence of UV natural filters. B4: formulation without KL-cLNPs and UV
natural filters. KL1−KL4: formulations containing KL-cLNPs in the presence of UV natural filters. COM50+: commercially available sunscreen
used as a reference. bDescription of the acronyms used for the UV natural and synthetic filters: FA, ferulic acid; Q, quercetin; γ-ο, γ-oryzanol; GA,
gentisic acid; α-BL, α-bisabolol; BEMT, bis-ethylhexyloxyphenol methoxyphenyl triazine; EMC, ethylhexyl methoxycinnamate; S2E, 2-ethylhexyl
salicylate; SAC, styrene/acrylate copolymer (synthetic booster); DHHB, diethylamino hydroxybenzoyl hexyl benzoate; and HA, hydroxyapatite.
cSPF, sun protection factor; λcrit, wavelength at which the integral of the spectral absorbance curve reaches 90% of the integral from 290 to 400 nm
maximum value of transmittance; UV ratio, UV-B/UV-A. The values of these parameters recorded in the absence of KL-cLNPs are reported in
parentheses. dThe boosting effect was calculated following eq 1.

Figure 4. (A) Coloration of KL-cLNPs prepared in the three eco-
sustainable organic solvents (DMI, IPG, and GVL). (B) Colorations
of sunscreen formulations KL1−KL4 in relation to the amount of KL-
cLNPs, B4, and COM50+ are reported as references.
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reported. This effect was of the same order of magnitude than
that observed with LNPs from DMI.20

Biological Assay. KL-LNPs Protect against UVA-Induced
Cell Death. The cytotoxicity of KL-LNPs was evaluated in the
human keratinocyte cell line HaCaT. The absence of
cytotoxicity for amorphous lignin53 and KL-LNPs prepared
from THF has been previously reported and discussed.14

HaCaT keratinocytes were incubated for 24 h with different
concentrations of KL-LNPs prepared from DMI (0, 0.1, 0.5,
1.0, 5.0, and 10.0 μg/mL; water suspension), and their viability
was tested by the MTT assay. A solution of 1.0% sodium
dodecyl sulfate in purified water (SDS 1.0%) was employed at
the same range of concentration as a positive control. As
expected, SDS (1.0%) increased cell toxicity dose dependently.
Noteworthily, KL-LNPs showed no cytotoxicity at any of the
assayed concentrations (n = 5; Figure 6, panel A). To evaluate
the ability of KL-LNPs to protect against UVA-induced cell
death, HaCaT cells were preincubated for 5 h with 0, 0.1, 0.5,
or 1.0 μg/mL KL-LNPs and then irradiated with UV-A at the
cytotoxic dose of 15 J/cm2 for 5 min. UV-A treatment
significantly reduced HaCaT cell viability in the absence of KL-
LNPs. Importantly, KL-LNPs protected HaCaT cells dose
dependently reaching their maximum activity at a concen-
tration of 1.0 μg/mL (Figure 6, panel B).
KL-LNPs Protect against UVA-Induced Cell Death in

Sunscreen Formulations. Cytotoxicity and UVA protection of
KL-LNPs were successively evaluated in sunscreen formula-
tions. Cytotoxicity was assayed for KL4 at different
concentrations (0, 0.1, 0.5, and 10.0 μg/mL) and compared
with data recorded in the absence of KL-cLNPs (KL4−).
Noteworthily, KL4 was not toxic at any of the tested
concentrations (Figure 7, panel A).
The cytoprotective property of KL4 was assayed, as already

described for KL-LNPs. HaCaT cells were preincubated with
different concentrations of KL4 (0, 0.1, 0.5, and 1.0 μg/mL)
for 5 h and then irradiated (or not) with 15 J/cm2 UV-A for 5
min at room temperature and cultured for an additional 24 h
under standard conditions. At the end of the incubation
period, cell viability was assessed by the MTT assay. In the
absence of the KL4 formulation, UV-A-treated HaCaT cells
displayed a significant increase in cell death, as expected.

Importantly, the viability of UV-A-treated cells was not
significantly different from untreated cells in the presence of
KL4. This result clearly demonstrates the safety and
cytoprotective activity of KL4 (Figure 7, panel B). The cyto-
protective assay of KL4 was also performed under more
physiological conditions using an HSE model prepared starting
from the human keratinocyte HaCaT cell line (details are
provided in the Experimental Section).54 HSEs were
preincubated with samples for 5 h, irradiated with UV-A (15
J/cm2) for 15 min, and incubated under standard culture
conditions for an additional 18 h. Water (negative control,

Figure 5. Transmittance of KL1−KL4 and B1−B3 sunscreen formulations prepared with KL-cLNPs. The composition of samples KL1−KL4 is
reported in the text. Samples B1−B3 did not contain natural UV filters different from KL-cLNPs.

Figure 6. (A) Cytotoxicity of KL-LNPs prepared from DMI. The cell
viability was expressed as the variation of the optical density (OD)
value at 550 nm. (B) UV-A damage protection of KL-LNPs prepared
from DMI. The cell damage was quantitatively assessed by the MTT
assay.
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CTR−) and KL4 without KL-cLNPs (KL4−) were used as
experimental references. At the end of the incubation period,
HSEs were processed, and apoptosis was determined by a
standard terminal 2′-deoxy-uridine nick and labeling assay
(TUNEL assay). As expected, UV-A treatment induced a
significant increase in apoptotic TUNEL+ cells. Apoptotic cells
were significantly reduced in the presence of both KL4 and
KL4 without KL-LNP formulations. Moreover, the cytopro-
tective effect of KL4 was higher than the one observed for KL4
without KL-LNPs, demonstrating the efficacy of KL-LNPs
(Figure 8).

■ CONCLUSIONS
Phototoxic and photoallergic responses associated with
traditional UV filters have been reported,55 as well as long-
term photoaging and cell damage effects.56 The use of
biocompatible and eco-friendly ingredients completely devoid
of toxic effects, such as lignin, can solve this problem, leading
to safer formulations, with improved SPF values and
eliminating dangerous booster additives such as microplastics.
In this context, lignin has been selected during molecular
evolutions to minimize the damage caused by UV radiation
and chemical oxidative stress in the plant cell.57 KL-cLNPs
prepared by nanoprecipitation of KL from DMI showed the
highest UV absorbing capacity and antioxidant activity
compared to the corresponding cLNPs from GVL, IPG, and
THF. In addition, KL-cLNPs suspended in DMI can be
directly included in sunscreen formulations, thanks to the
recognized eco-certification degree of DMI, while conventional
solvents, such as THF, need to be removed before the
application for regulatory concerns. As a general trend, KL-
cLNPs performed better than OL-cLNPs and AL-cLNPs as an
UV absorber and an antioxidant. KL-cLNPs from DMI were
always characterized by their lowest hydrodynamic diameter

and slightly lighter yellow color. KL-cLNPs were used for the
preparation of four eco-friendly sunscreen formulations (KL1−
KL4) in which the LNPs showed an UV BE significantly higher
than that reported for microplastics. The KL4 formulation
performed similarly to the commercial sample Com50+
characterized by a higher amount of synthetic UV filters.
The novel formulations did not show cytotoxicity and
genotoxicity effects on both HaCaT cells and HSEs. The BE
of cLNPs and the absence of toxicity associated with high
biocompatibility and biodegradability make KL-cLNPs an
optimal green alternative for the preparation of environ-
mentally friendly sunscreen formulations.58

Experimental Section. Materials. OL from hardwood
(average Mw 3500 g mol−1) was purchased from Chemical
Point UG (Oberhaching, Germany). KL from softwood was
purchased from Stora Enso (average Mw 6000−7000 g mol−1).
AL (average Mw 10,000 g mol−1), 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane (TMDP), chromium (III) acetylacet-
onate, N-hydroxy-5-norbornene-2,3-dicarboximide (NHND),
DPPH, FA, Q, γ-o, α-BL, MTT (3,(4,5-dimethylthiazol-2)2,5
difeniltetrazolium bromide), SDS, and organic solvents were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
without further purification. Commercial lignins were purified
before use by standard procedures including alkali−acid
treatment and continuous washing with deionized water.
Ingredients for the emulsion (coco-caprylate, mono- and
triglycerides from coconut, Eumulgin VL-75, α-tocopherol,

Figure 7. (A) Cytotoxicity of the KL4 sample. The cell viability was
expressed as variation of the OD value at 550 nm. (B) UV-A damage
protection of KL4 prepared from DMI. The cell damage was
quantitatively assessed by the MTT assay.

Figure 8. Evaluation of the genotoxicity of KL4 by the skin equivalent
assay (HSE). (A) Images of histological analysis. (B) Quantitative
analysis of the TUNEL positive cells. Statistical analysis was
performed by the one-way ANOVA method followed by the
Bonferroni test.
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glycerin, D-panthenol, and Xanthan gum) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). DAPI and HaCaT were
purchased from Thermo Fisher. The TUNEL-FITC assay kit
was supplied by Roche Applied Science.
General Procedure to Prepare cLNPs and LNPs. Colloidal

lignin nanoparticles were prepared by the nanoprecipitation
method. The selected lignin was dissolved in an appropriate
solvent (from 0.01 to ca. 0.3 g, 50 mL) until complete
dissolution using an ultrasonication bath for 30 min at 50 °C
or for 24 h under magnetic stirring at 25 °C. Successively, H2O
MilliQ (100 mL) was added under gentle stirring to yield the
colloidal lignin nanoparticles (cLNPs). For the preparation of
dry LNPs, the organic solvent was removed by dialysis using a
3.5 kDa SnakeSkin dialysis tube and the lyophilized crude.
Determination of Solubility and Yield of LNPs. The

solubility of native lignin was calculated for each organic
solvent and compared with THF. Generally, 100.0 mg of
appropriate dried lignin was dissolved in 10 mL of select
solvent by sonication for 30 min using a water bath sonicator at
50 °C. The lignin solution was centrifuged for 20 min at
11,000 rpm to recover the insoluble fraction, when present.
The recovered insoluble part was dried and weighed. The
solubility of lignin was calculated by subtracting the insoluble
fraction from the initial weight. The final yield of LNPs,
defined as milligrams of particles per milligram of the starting
material, was calculated after the isolation through centrifuga-
tion of the particles from the colloidal suspension followed by
lyophilization.
General Procedure for the Preparation of Sunscreen

Formulations. KL-cLNP suspension was used after concen-
tration by centrifugation and resuspension in the same binary
system solvent (DMI/H2O with 1:2 ratio), obtaining 1.0 g/mL
suspension. The percentage amounts of ingredients were
expressed in w/w. The sunscreen formulations were prepared
by a direct emulsion procedure. The oil phase (10 g; 4.0%
coco-caprylate, 3.0% mono- and triglycerides from coconut,
2.8% Eumulgin VL-75, and 0.7% tocopherol; all amounts are
expressed as wt %) in the presence of the appropriate amounts
of γ-o(2.0−5.0%) and α-BL (0.5−1.0%) was mixed with a
water phase (90 g; 3.0% glycerin, 0.5% D-panthenol, 0.2%
Xanthan gum, and H2O MilliQ) containing KL-cLNPs [1.0%
and 2.5% from the original colloidal suspension (1.0 g/mL)]
and the appropriate amounts of FA (3.0−8.0%), Q (0.3%), and
GA (1.0−4.0%). The homogeneity of the formulation was
optimized by adding an additional amount of DMI (1.0−
5.0%). A similar procedure was applied by using KL-cLNPs
[1.0%, 2.5%, and 5.0% of the original colloidal suspension (1.0
g/mL)] in the absence of UV filters.
ATR FT-IR Analysis. ATR-IR analysis was performed at

room temperature with a Perkin−Elmer “Spectrum One”
spectrometer (Waltham, MA, USA) equipped with an ATR-IR
cell. The IR spectra were recorded by averaging 32 scans with a
resolution of 4 cm−1.

31P NMR Analysis. 31P NMR analyses were acquired by a
400 MHz Bruker spectrometer (Billerica, MA, USA) with a
90° pulse width, 1.2 s acquisition time, and 25 s pulse delay to
collect 64 scans. The appropriate lignin sample (10−20 mg)
was phosphorylated with 60 μL of TMDP in 700 μL of
pyridine/CDCl3 (1.6:1, v/v) using chromium (III) acetylacet-
onate (1.0 mg/mL) as the relaxation agent and NHND (0.8
mmol) as the internal standard. The quantitative analysis was
carried out using the Topspin 5.0 software.

Hydrodynamic Diameter and ζ Potential Analyses.
Measurements of hydrodynamic diameter and ζ potential
values were performed by resuspending freshly prepared
cLNPs in H2O by DLS using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, U.K.) apparatus, equipped with an He−
Ne laser (633 nm, a fixed scattering angle of 173°, 25 °C).
Measurements were performed in triplicate at room temper-
ature (T = 25 °C).

SEM Analysis. SEM was carried out using ZEISS Gemini
500 (Oberkochen, Germany) at 5 kV. As a general procedure,
LNPs in water dispersion (20 μL) were deposited on a
coverslip coated with gold by sputtering (AGAR Automatic
Sputter Coater) and dehydrated in air. The coverslip was
mounted on the stub with conductive carbon glue, and a thin
film (5.0 nm) of chromium was deposited onto the sample
using the Sputter Quorum Q150T ES plus to make the sample
enough conductive for measurement purposes.

Antioxidant Activity. The radical scavenging properties of
LNPs and cLNPs were evaluated by the DPPH assay. Briefly,
an appropriate amount of LNPs or cLNPs (0.001−
0.5 mg mL−1 in MilliQ water), or alternative raw lignin
(0.001−0.5 mg mL−1 in DMSO), was added to freshly
prepared DPPH solution (0.25 mM in EtOH). The decrease
in absorbance (517 nm) was detected using an UV−vis
spectrophotometer (Varian Cary50 UV) at different time
ranges and concentrations until the reaction reached a plateau.
The kinetics of the radical scavenging process was studied for
each concentration, and the amount of the residual DPPH was
estimated. This value was used to calculate the IC50 (defined as
the concentration of substrate in mg/mL that causes 50% loss
of DPPH activity) and further expressed by the RSI value
corresponding to the reciprocal value of IC50.

UV Shielding Assay. The UV absorption property of cLNPs
and LNPs (0.05 mg/mL) in a quartz cuvette (3.0 mL) was
determined using a Varian Cary 50 UV scan (Crawley, U.K.)
in the range from 190 to 700 nm at 25 °C under gentle stirring.
The original cLNP suspension was diluted, maintaining the
initial solvent ratios. The LNPs were resuspended in H2O after
purification from original solvents. The analysis was elaborated
by the UV−vis scan software. The SPF value was calculated
following the European COLIPA protocol59 using a Shimadzu
UV-2600 spectrophotometer (Kyoto, Japan) equipped with an
integration sphere for the collection of the UV transmittance
spectra of the sunscreen formulations. The sample was coated
(1.3 mg/cm2) on PMMA plates (5.0 cm2 with a textured upper
surface) followed by incubation in the dark at room
temperature for 15 min and subsequently analyzed in the
transmittance mode (the dose of UV delivered during one
measurement cycle was 0.18 J/cm2) using the UV Probe
software. The spectrum obtained was finally converted by the
SPF calculator software to extrapolate the final SPF value. The
BE was expressed in percentage and calculated as follows:

=
−

×BE
SPF SPF

SPF
100f i

f (1)

where SPFi = KL1−KL4 formulations in absence of KL-cLNPs
and SPFf = KL1−KL4 formulations

Cell Viability Assay. The cytotoxicity of KL-LNPs and KL4
samples was determined using the 3-(4,5-dimethylthiazol-2-
yl)-2,5 diphenyltetrazolium bromide (MTT) test (reduction to
the corresponding blue formazan) on the viability of HaCaT
cells by spectrophotometric analysis at 550 nm. This biological
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test involves culturing the cells for 24 h before and after
treatment with the appropriate sample to be tested. SDS
(1.0%, water solution) was used as a positive cytotoxicity
control. The evaluation of cytotoxicity was performed using a
concentration-dependent curve carried out starting from the
concentration of 0.1 up to 10 μg/mL. The measurements were
repeated five times. To evaluate the cell viability after UV-A
exposition, HaCaT cultures were exposed to radiation before
and after the treatment with KL-LNPs or KL4. Briefly, HaCaT
cells were treated with the appropriate amount of the samples
(0.1, 0.5, and 1.0 μg/mL), and after 5.0 h, they were exposed at
an UV-A cytotoxic dose (15 J/cm2) for 5 min. Finally, the cells
were evaluated for viability.
HSE Preparation and TUNEL Assay. HSEs were produced

from HaCaT cultures and human fibroblasts. Briefly, human
fibroblasts were added to collagen I gel to maintain vitality and
to proliferate the fibroblasts in the dermal-like component.
Human keratinocytes have been plated on this substrate and
subcultured for 7 days to allow the formation of the basal
layers of the epidermis. They were subsequently subcultivated
for 7 days under emergence conditions to allow the generation
of the stratum corneum of the epidermis. Tissue sections of
HSE were treated with UV-A under previously reported
conditions, and the sample was analyzed for the presence of
apoptotic cells using an in situ terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL-FITC) assay
(Roche Applied Science) following the standard protocol. Cell
nuclei were counterstained with DAPI solution (Thermo
Fisher) and imaged using fluorescence microscopy.
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