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ABSTRACT: Sunscreen filters may be degraded after prolonged
UV exposure with loss of their shielding property and generation of
harmful radical species. They are contained in cosmetic
formulations in high concentrations, so the improvement of
photostability is of relevance for safety concerns. We report here
that lignin nanoparticles are sustainable carriers and photo-
stabilizers of two common UV chemical filters, namely,
avobenzone and octyl methoxycinnamate. These compounds
have been encapsulated by nanoprecipitation into kraft lignin
nanoparticles using eco-certified dimethyl isosorbide as a primary
solvent and deionized water as an antisolvent. After the
encapsulation, both compounds significantly prolonged the half-
life stability against UV irradiation. The stabilizing properties of lignin nanoparticles were further improved by coencapsulation of
avobenzone and octyl methoxycinnamate with hydroxytyrosol, a natural phenol with antioxidant activity recovered from olive oil
wastes and characterized by skin regenerative properties.

■ INTRODUCTION
UV sunscreen filters (SSFs) commonly found in commercial
formulations may cause production of radical species after
prolonged irradiation with a concomitant loss of cosmetic
function and emergence of toxicity.1−3 Photostabilizers are
used to avoid these side effects by quenching the high-energy
excited states of SSFs,4 but in turn, they can be degraded with
production of toxic side products.5,6 Over the past few years,
photostabilizers from renewable sources received a great
interest due to green chemistry and circular economy
concerns.7 Lignin, the most abundant polyphenol in nature,
is a waste recovered from pulp and paper and biorefinery
processes.8 It is characterized by different beneficial properties
for cosmetic applications, including antioxidant activity,9 sun
protection factor booster,10 antimicrobial,11 and metal
chelating effects.12 In addition, lignin forms stable colloidal
nanoparticles (LNPs) deprived of toxicity13 and characterized
by high UV absorbing capacity and radical scavenging
properties14 as a consequence of the formation of π-interaction
between the aromatic subunits of the polymer.15 Examples of
application of native lignin and LNPs as sunscreens are
reviewed,16,17 and the role played by these nanodevices in the
formulation of cosmetic and cosmeceutic products is deeply
investigated.18,19 These properties associated with the presence
of an internal cavity make LNPs a suitable nanodevice for the
encapsulation and stabilization of active substances in drug
delivery20 and Pickering emulsion technologies.21 Here, we

report that LNPs from kraft lignin are efficient and sustainable
carriers for the stabilization of two common SSFs,22 4-tert-
butyl-4′-methoxydibenzoylmethane 1 (avobenzone) and 2-
ethylhexyl-3-(4-methoxyphenyl)prop-2-enoate 5 (octyl me-
thoxycinnamate). Compound 1 is a largely applied UV-A
filter whose photostability is dependent on the overall
composition of the formulate.23 Conversely, 5 is a highly
active and photolabile UV-B filter.24 Under prolonged
irradiation, compound 1 is subjected to α-cleavage by a
McLafferty-like retro-heteroene hydrogen rearrangement to
yield tert-butylbenzene 2, 4-tert-butyl benzoic acid 3, and para-
methoxy benzoic acid 4 (Figure 1, panel A).25 The allergenic
effect and cytotoxicity of 2−4 at the lymph node level are
reported.26 In a similar way, the prolonged irradiation of 5
causes isomerization to (Z)-cis counterpart 6, followed by side
chain degradation to 4-methoxy benzaldehyde 7 and 2-ethyl-
hexanol 8, or alternately, [2 + 2]π cycloaddition to cyclobutane
dimers 9a,b (Figure 1, panel B).27−29

Toxic effects of 6, 7, and 9a,b against cellular viability in
NIH/3T3 mouse fibroblast cells are reported.30 Antioxidants
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have been explored and applied as energy quenchers31 in order
to improve the photostability of 1 and 5.32,33 These
compounds are not completely deprived of toxicity since
they can generate radical oxygen species and reactive quinone
derivatives.33,34 Presently, few examples of the application of
LNPs as carriers for UV filters are reported, apart from
encapsulation of titanium dioxide with consequent decreased
photoactivity35 and the Pickering emulsions with SSF oils.36

These procedures involve the formation of emulsions in which
the UV filter is surrounded by LNPs, or alternately, a coating
of a titanium dioxide core by layer-by-layer deposition.
Otherwise, examples of encapsulation of UV filters in the
internal cavity of LNPs are not reported, despite that these
nanodevices are expected to improve the stability of the active
ingredients by acting as a UV barrier, contemporaneously
favoring their controlled release in the medium.37 Here, we
describe the encapsulation of 1 and 5 into LNPs by
nanoprecipitation using eco-certified dimethyl isosorbide
(DMI) as a primary solvent and deionized water as an anti-
solvent. High values of loading capacity (LC) and loading
efficacy (LE) were obtained. Compounds 1 and 5 were also
coencapsulated with para-hydroxy phenethyl alcohol 10
(hydroxytyrosol), a natural phenol from olive wastewater,
characterized by high antioxidant activity and beneficial skin
regenerative effects,38 usually applied in cosmetic formulations
and functional food.39−41 Compound 10 was selected due to
its well-known UV-B shielding capacity and radical quenching
properties.42 After the loading procedure, compounds 1 and 5
showed increased photostability with respect to the bare
counterpart, showing a beneficial role of the lignin carrier and
hydroxytyrosol in the inhibition of photodegradative pathways.

■ MATERIALS AND METHODS
Reagents. 4-Tert-butyl-4′-methoxydibenzoylmethane 1

(avobenzone), 2-ethylhexyl-3-(4-methoxyphenyl)prop-2-
enoate 5 (octyl methoxycinnamate, and para-hydroxy
phenethyl alcohol 10 (hydroxytyrosol) were obtained from
Sigma-Aldrich and used without further purification. Kraft
lignin (KL) was obtained from Sigma-Aldrich and was purified

before use by standard procedures,43 including alkali−acid
treatment and continuous washing with deionized water. DMI
(purity 98.0%) was purchased from TCI Europe and used
without further purification.
Encapsulation Protocol and Determination of Load-

ing Parameters. LNPs were prepared using the nano-
precipitation method. KL (100.0 mg) was dissolved in
DMI:H2O (3.0 mL, 2.5:0.5 v/v) at 50 °C for 12 h under
gentle magnetic stirring. Milli-Q water (6.0 mL) was added to
the KL solution and LNPs formed instantaneously. For the
encapsulation procedure, the appropriate compound to be
encapsulated (0.06 mmol) was dissolved in the KL solution
before the addition of water. A similar procedure was repeated
in the presence of a mixture of compounds (1:1 molar ratio).
After the precipitation, LNPs were recovered by centrifugation
(6500 rpm, 10 min). The LC and LE were evaluated using the
high-performance liquid chromatography (HPLC) analysis of
the supernatant obtained after centrifugation using eqs 1 and
2:

×

LC (%)

:
(weight of starting SSF weight of unloaded SSF)

weight of lignin

100 (1)

×

LE (%)

:
(weight of starting SSF weight of unloaded SSF)

weight of starting SSF

100 (2)

Here, LC is the percentage of the encapsulated compound
with respect to starting KL, while LE represents the amount of
encapsulated compound with respect to the initial concen-
tration of SSF.
2,2′-Diphenyl picrylhydrazyl (DPPH) Radical Scav-

enging Activity. The antioxidant activity of LNPs was
evaluated by the DPPH radical scavenging assay. The test was
performed starting from different amounts of LNPs (500, 250,

Figure 1. Photodegradation pathway of 1 (panel A) and 5 (panel B) after UV irradiation. (i) Z/E isomerization process; (ii) side chain cleavage;
and (iii) [2 + 2]π cycloaddition.
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100, 50, and 10 μg/mL) in H2O (0.550 mL), which were
added to a freshly prepared DPPH solution (2.45 mL, 0.7 mM
in MeOH). The spectrophotometric analysis was carried out in
duplicate at 25 °C. The radical scavenging activity was
monitored as a function of time by measuring the absorbance
band of DPPH at 517 nm (λmax) until the absorbance values
reached a plateau. The kinetics of the process was analyzed for
each concentration tested, and the amount of DPPH
remaining at the steady state was estimated. This value was
used to calculate the IC50 (concentration of the substrate that
causes 50% loss of DPPH activity). Data were expressed as
percentage of inhibition of DPPH activity based on the
following eq 3:

×

inhibition of DPPH (%):
(Abs control Abs sample)

Abs control
100 (3)

where “Abs control” is the absorbance of the DPPH solution in
the absence of the sample.
Hydrodynamic Diameter and ζ-Potential Analyses.

The hydrodynamic diameter and ζ-potential values were
evaluated in H2O by dynamic light scattering (DLS) using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
apparatus equipped with a He−Ne laser (633 nm, fixed
scattering angle of 173°, 25 °C). Measurements were
performed in triplicate at 25 °C.
Field-Emission Scanning Electron Microscopy

(FESEM). FESEM was carried out using a ZEISS Gemini
500 (Oberkochen, Germany) at 5 kV. As a general procedure,
LNPs in water (20 μL) were deposited on a coverslip coated
with gold (AGAR auto 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 using the Sputter Quorum Q150T ES plus to make
the sample sufficiently conductive for measurement purposes.
Small-Angle X-ray Scattering (SAXS). The measure-

ments were performed by SAXS with a Xeuss 2.0 Q-Xoom
system (Xenocs SAS, Grenoble, France) equipped with a
microfocus Genix 3D X-ray source (λ = 0.1542 nm) and a two-
dimensional Pilatus3 R 300K detector, which can be placed at
a variable distance from the sample. The beam size was
determined by the two-pinhole collimation system equipped
with “scatterless” slits to be 0.5 mm × 0.5 mm. Calibration of
the scattering vector q range is described in eq 4

*
q:

(4 sin )
(4)

and 2θ is the scattering angle, and the calibration was
performed using silver behenate. Measurements with two

different sample detector distances (26.2 and 250 cm) were
performed and the overall explored q region was 0.045 < q <
17 nm−1. Samples of LNPs (concentration of the SAXS
samples: 1.0 mg/mL) dispersed in a DMI:H2O 1:3 mixture
were inserted into disposable borosilicate glass capillaries with
a nominal internal diameter of 0.15 cm, sealed with hot glue,
and placed in the instrument sample chamber at room
temperature and reduced pressure (∼0.2 mbar). The two-
dimensional scattering patterns were measured for a total of
3.5 h acquisition time per sample, subtracted for the “dark”
counts, and then masked, azimuthally averaged, and
normalized for calculating the transmitted beam intensity,
exposure time, and subtended solid angle per pixel using the
FoxTrot software developed at SOLEIL. The one-dimensional
I versus q profiles were then subtracted for the solvent and
capillary contributions and expressed in absolute scale units
(cm−1) by dividing for the sample thickness estimated by
scanning the capillary with the X-ray beam. The different
angular ranges were merged using the SAXS utilities tool.44

UV−Visible Assay. LNPs (10 μg) in cyclohexane were
analyzed in a quartz cuvette (3.0 mL, 1 cm path length) by a
Varian Cary UV 60 scan (Crawley, UK) in the range between
250 and 800 nm with a scan speed of 400 nm/min and a
bandwidth of 5 nm at 25 °C under gentle stirring. The analysis
was elaborated by the UV−vis scan software.
Photostability Assay. LNPs (10.0 mg) were suspended in

cyclohexane (5.0 mL) in an open glass lens (10.0 cm
diameter). The suspension was irradiated using a UV Hg
low-pressure lamp (HAERUS 250W; 40 cm of distance to
obtain 3000 mj/cm2) for 20.0 min. After the irradiation,
tetrahydrofuran (THF, 5.0 mL) was added to the crude in
order to degrade LNPs, followed by filtration (25 mm, 0.22 μm
syringe filter), roto-evaporation, and freeze-drying. The
percentage of photodegradation was evaluated by HPLC
analysis of the supernatant after the filtration step.
HPLC Analysis. The HPLC analysis was performed using

an UltiMate 3000 rapid resolution system (Thermo Fisher
Scientific) equipped with an Alltima C18 column (250 mm ×
4.6 mm, 5 μm), an injection volume of 10 μL, a mobile phase
flow rate of 1.0 mL/min, and a detector set up at 319 nm for 1,
361 nm for 5, and 280 nm for 10, respectively. The analysis
was repeated in triplicate. The compounds were separated
using the isocratic method using 95.0% MeOH and 5.0%
ultrapure formic acid for 25 min and quantified using the
calibration curve method.

■ RESULTS AND DISCUSSION
Preparation and Characterization of LNPs. LNPs were

prepared by nanoprecipitation using eco-certified DMI as the

Scheme 1. General Procedure for the Preparation and Characterization of Loaded LNPs
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primary solvent and deionized H2O as the anti-solvent. As a
general procedure, compounds 1 and 5 (0.06 mmol) were
dissolved in DMI/water (3.0 mL, 2.5:0.5 v/v) in the presence
of KL (100 mg) at 50 °C under gentle magnetic stirring.
Deionized water (6.0 mL) was added with formation of a
colloidal suspension of LNPs and contemporaneous encapsu-
lation of the selected compound. The mixture was centrifuged
(7000 rpm, 15 min), washed with deionized water (×3, 9.0
mL), and freeze-dried to yield LNPs-1 and LNPs-5,
respectively (Scheme 1).

A similar procedure was applied in the presence of a mixture
of 1 and 5 (1:1 molar ratio) to yield LNPs-1/5. In addition,
compounds 1 and 5 were coencapsulated with hydroxytyrosol
10 (0.06 mmol) to yield LNPs-1/10 and LNPs-5/10,
respectively. LC (eq 1) and LE (eq 2) of LNPs were evaluated
by HPLC analysis of the residual compound in the supernatant
after the centrifugation step. Irrespective of the experimental
conditions, the LNPs showed high values of LE and LC (Table
1), confirming the efficacy of LNPs in the encapsulation of
aromatic derivatives.45

Figure 2 shows the FESEM analysis results of LNPs-1 (panel
A), LNPs-5 (panel B), and LNPs-1/5 (panel C) as selected
representative samples (SEM images of empty LNPs, LNPs-1/
10, and LNPs-5/10 are shown in Figure S1, Supporting
Information). The samples were characterized by regular and

spherical-shaped nanoparticles bearing small clumps on the
surface, which appears rather rough. DLS analysis of LNPs
showed the formation of monodisperse population of particles
(Figure 2, bottom).

The average diameter of LNPs was in the range between 286
nm (LNPs-5; entry 3, Table 1) and 302.3 nm (LNPs-1/10;
entry 5, Table 1). It was higher than that previously observed
for empty LNPs (entry 1, Table 1) in accordance with the
steric hindrance of encapsulated compounds.46 The ζ-potential
value was found to be almost constant irrespective of the
loaded compound (Table 1, entries 2−6) and of the same
order of magnitude as empty LNPs (Table 1, entry 1),
confirming the absence of significant adsorption phenomena
on the surface of LNPs.

The SAXS analysis was performed in the selected cases of
empty LNPs, LNPs-1, LNPs-5, and LNPs-1/5. As shown in
Figure 3 panel A, the four samples had almost superimposable

scattering profiles, but LNPs-1 and LNPs-1/5 showed
additionally the presence of an evident diffraction peak at
3.065 nm−1, corresponding to an interplanar distance of 2.05
nm, and subsequent weaker peaks (the second at 6.13 nm−1)
characteristic of a crystalline phase. These peaks were not
observed in LNPs-5 and in empty LNPs. Considering the
reported crystallinity of compound 1 (compound 5 is an oil)
and comparing the observed positions of the diffraction peaks
in units of 2θ (at 4.3, 8.6, 16.6, and 18.4°, Figure 3 panel B) to
those reported in the literature,47 these data suggest the
presence of compound 1 in LNPs-1 and LNPs-1/5 samples,
respectively, in the crystalline isoform II, reported as a
metastable phase accessible from the melt of the commercially
available form I.

Regarding the measured scattering signal at lower angles, in
agreement with the DLS data showing LNPs with diameters of
the order of 200−300 nm, the overall size of the particles in
the samples lies beyond the resolution limit of the used SAXS.
Therefore, the decay of the initial intensity in the scattering
profiles (q <0.4 nm−1) is evident on a length scale between 70

Table 1. Encapsulation Parameters, Hydrodynamic
Diameter, ζ-Potential, and Polydispersive Index of LNPs-1,
LNPs-5, LNPs-1/5, LNPs-1/10, and LNPs-5/10

entry sample compound
LE
(%)

LC
(%)

ζ-
potential

mean
size
(nm) PDIa

1 LNPs −34.5 225 0.101
2 LNPs-1 1 86.1 10.8 −33.7 291 0.141
3 LNPs-5 5 79.7 12.4 −32.9 286 0.139
4 LNPs-

1/5
1,5 82.9 11.1 −34.1 301 0.138

5 LNPs-
1/10

1,10 85.1 12.0 −36.0 302 0.134

6 LNPs-
5/10

5,10 81.9 10.9 −34.2 297 0.135

aPolydispersive index.

Figure 2. Results of (top) FESEM analysis of LNPs-1 (panel A),
LNPs-5 (panel B), and LNPs-1/5 (panel C) and (bottom) DLS
analysis.

Figure 3. SAXS profiles of LNP samples. (A) The intensity vs q data
in a double logarithmic scale are shown as colored dots and lines
(LNPs, red; LNPs-1, green; LNPs-5, blue; and LNPs-1/5, purple),
while the model function of the Porod law decay (c/q4, with c = 3.2 ×
10−4 cm−1 nm−4, reference slope indicated as dotted gray line) and
the Guinier contribution (I(0)exp(−Rg

2q2/3) with I(0) = 8 × 10−3

cm−1 and Rg = 1.33 nm) with a flat background (3 × 10−3 cm−1) are
shown as a solid black line. The latter contribution is also reported as
a dashed black line. The most evident diffraction peak position is
indicated. (B) The wider-angle scattering region presenting the
diffraction peaks for samples LNPs-1 and LNPs-1/5 (q > nm−1) is
highlighted by plotting data as a function of 2θ rather than q. The data
are vertically shifted on the intensity scale for better visualization and
the peak positions are indicated by dotted gray lines.
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and 10 nm, following the power law (Porod law, ∼1/q4),
expected for the interface between the particles and the
solvent. A fit according to the Guinier law in this region
provides such additional feature, related to a radius of gyration
Rg of 1.33 nm, which means sizes of 3−4 nm (from the value of
the radius of gyration Rg of 1.33 nm estimated from the
intensity decay according to the Guinier law) such an
additional feature could be interpreted as due to both the
characteristic internal porosity of the self-assembled LNPs and
the individual lignin units.15,48

UV-Shielding Capacity of LNPs. The UV-shielding
capacity of LNPs-1, LNPs-5, and LNPs-1/5 was evaluated
by a spectrophotometric analysis after dispersion of 10 μg of
the particles in 3.0 mL of cyclohexane (250−800 nm) at 25 °C
(UV-shielding data of LNPs-1/10 and LNPs-5/10 are shown
in Figure S2).

Empty LNPs and compounds 1, 5, and 10 were used as
references (Figure 4, panels A−C). LNPs-1, LNPs-5, and

LNPs-1/5 showed increased absorption capacity (hyper-
chromic effect) and pronounced bathochromic shift with
respect to references. In particular, LNPs-1 and LNPs-5
showed an appreciable red shift (Δλ of 43.7 nm and Δλ of 51.2
nm, respectively) with respect to the corresponding references
1 (364.5 nm) and 5 (310.2 nm) as reported in Figure 4 panels
A and B. A similar effect was observed for LNPs 1/5 (Figure 4,
panel C).

This effect was probably due to the interaction between the
auxo-chromic groups of KL and the chromophore moieties of
compound 1 and 5, associated with the formation of typical J-
aggregation modes in lignin subunits.

Antioxidant Activity of LNPs. The antioxidant activity of
LNPs-1, LNPs-5, LNPs-1/5, LNPs-1/10, and LNPs-5/10 was
evaluated by measuring the radical scavenging activity against
DPPH. The percentage of quenching of the DPPH radical was
evaluated at different sample concentrations by applying eq 3.
The IC50 values (μg/mL of sample that causes 50% loss of
DPPH concentration) are reported in Figure 5 and Table S1.
Empty LNPs and commercially available butyl-hydroxytoluene
(BHT) were used as references. LNPs-5 and LNPs-1/5
showed higher antioxidant activities than LNPs-1 and
references. The presence of 10 further increased the
antioxidant activity, and LNPs-1/10 and LNPs-5/10 showed
IC50 values lower than those of LNPs-1 and LNPs-5,
respectively.

LNPs-5/10 showed the highest antioxidant activity.
Irrespective of the sample, the antioxidant activity of LNPs
was probably due to the radical scavenging properties of
aromatic OH moieties, as previously reported.49

UV Photostability of 1 and 5 after Encapsulation into
LNPs. The ability of LNPs to protect 1 and 5 from UV
photodegradation was evaluated by analysis of the residual
amount of these compounds after irradiation. Briefly, LNPs 1
and 5 (10 mg) were suspended in 5.0 mL of cyclohexane and
irradiated by a UV lamp (Hg, low pressure) for 20 min at 25
°C. The irradiation of 1 and 5 alone or their mixture (1:1
equivalent ratio) was performed under similar experimental
conditions as a reference. After the irradiation of the sample,
the nanoparticles were treated with THF (5.0 mL) in order to
deliver the encapsulated compounds. The residual amount of 1
and 5 was determined after evaporation of the organic phase
by HPLC analysis. High percentage of photodegradation was
measured for 1 (72.2%) and 5 (79.1%) as references with
formation of expected photoproducts 2−4 and 7 and 8,
respectively. The percentage of photodegradation increased for
5 (87.8%) and decreased for 1 (69.2%) during the irradiation
of the mixture due to the undesired photochemical-induced
isomerization of 5 by 1.50,51 It is worth noting that
photodegradation was significantly reduced in the case of
LNPs-1 (12.8%) and LNPs-5 (10.9%), confirming the
photostability of the compounds after the encapsulation
process (Figure 6 and Table S2). A similar result was observed
for LNPs-1/5 in which case the energy transfer process was
limited by the presence of lignin. This enhanced photostability
is of great commercial interest since both 1 and 5 are widely
used as a mixture in sunscreen formulations. Finally, the
photodegradation of 1 and 5 was further inhibited by the
presence of 10 (LNPs-1/10 5.1% and LNPs-5/10 4.2%) as a
consequence of a combined UV shielding and antioxidant
effect exerted by this catechol derivative (Figure 6 and Table
S2).

■ CONCLUSIONS
Photolabile UV filters avobenzone and octyl methoxycinna-
mate have been successfully encapsulated into lignin nano-
particles by a sustainable and efficient nanoprecipitation
procedure using eco-certified DMI as the primary solvent
and deionized water as the anti-solvent. The loaded nano-
particles were isolated in high yield and were characterized by
high values of LC and LE. FESEM and DLS analyses
confirmed the formation of spherical particles with a size
(between 286 and 302 nm) slightly higher than the empty
counterpart as a consequence of the steric hindrance of loaded
compounds. The ζ-potential values were found to be

Figure 4. In vitro UV−vis absorbance of aqueous suspensions of
LNPs-1 (panel A), LNPs-5 (panel B), and LNPs-5/10 (panel C).
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unchanged after the loading procedures in accordance with the
absence of a significant adsorption process on the surface of
particles. The loaded lignin nanoparticles generally increased
the UV−vis absorption capacity with respect to references,
with the presence of bathochromic and hyperchromic effects
suggesting the occurrence of interactions between the
auxochromic groups of lignin and the chromophore moieties
in selected chemical filters. In addition, the loaded lignin
nanoparticles showed IC50 antioxidant values comparable to
commercially available antioxidants like BHT as a reference.
The key role of lignin nanoparticles in enhancing photo-
stability of selected compounds was finally demonstrated by
the significant inhibition of degradative processes, even when
the two compounds were tested in a 1:1 ratio mixture. In this
latter case, the presence of hydroxytyrosol further increased the

photostability of the compounds, allowing the design of more
safe, effective, and eco-sustainable SSFs.

■ ASSOCIATED CONTENT
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Figure 5. DPPH scavenging activity of loaded lignin nanoparticles presented as % of DPPH radical inhibitions and IC50 values (μg/mL).

Figure 6. Photostability evaluation of loaded LNPs compared to the corresponding dissolved SSF.
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