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Abstract: The aim of this study was to develop a new hybrid biomaterial that could photo-stabilize
and improve the photoprotective capacity of a Baccharis antioquensis extract. Different combinations
of lignin/gelatin/natural extract were applied to prepare hybrid biomaterial nanoparticles (NPs),
which were then incorporated into an emulsion. The in vitro photoprotection and photostability
were evaluated. The methanolic extract showed high phenolic content (646.4 & 9.5 mg GAE/g dry
extract) and a DPPH radical assay revealed that the antiradical capacity of the extract (0.13 t0 0.05 g
extract/mmol DPPH) was even better than that of BHT. The particle size of the hybrid biomaterial
ranged from 100 to 255 nm; a polydispersity index (PdI) between 0.416 and 0.788 is suitable for
topical use in dermocosmetic products. The loading capacity of the extract ranged from 27.0 to
44.5%, and the nanoparticles (NPs) showed electrostatic stability in accordance with the zeta potential
value. We found that the formulation based on lignin: extract (1:1 ratio) and gelatin: lignin: extract
(0.5:0.5:1 ratio) demonstrated photoprotection qualities with a sun protection factor (SPF) ranging
from 9.4 to 22.6. In addition, all the hybrid NP-formulations were time-stable with %SPFeff and
%UVAPFeff greater than 80% after exposure to 2 h of radiation. These results suggest that the hybrid
biopolymer-natural extract improved the photoprotection and photostability properties, as well as
the antiradical capacity, of the B. antioquensis extract, and may be useful for trapping high polyphenol
content from natural extracts, with potential application in cosmeceutical formulations.
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1. Introduction

Currently, there is a limited number of organic synthetic UV filters, which have been
used as active ingredients in sunscreens. Some of them can promote the formation of reac-
tive intermediates, such as free radicals, which compromises their safety and efficacy [1].
Furthermore, their photolysis products could generate photo-contact dermatitis [2]. Inor-
ganic filters, e.g., titanium dioxide (TiO,) or zinc oxide (ZnO), reflect UV radiation and are
good broad-spectrum protectors, but their particle size is the main disadvantage in their
use in the preparation of homogeneous dermo-cosmetic formulations [3]. Furthermore,
TiO, nanoparticles are involved in reactive oxygen species (ROS) production through
exposure to UVR [4,5].

Natural products are gaining an increasingly important role as alternative sources of
chemical compounds with UV absorption capacity [6,7]. Enriched extracts containing an
effective mixture of compounds are an alternative method through which to produce broad-
spectrum sunscreens. However, these organic filters could be photodegradable, and some
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alternatives to overcome this drawback have been developed, such as encapsulated systems
that protect them from adverse conditions, including exposure to solar ultraviolet radiation
(UVR) [8]. Furthermore, encapsulation techniques improve the biological properties of
natural products [9,10]. The aim of this study was to develop novel bioparticles using a
combination of natural polymers that can encapsulate natural extracts while preserving
their photochemical properties.

Baccharis is a genus of the Asteraceae family from tropical and subtropical areas of
America. It is one of the most important genus composed of flora in Colombia [11]. Baccharis
antioquensis is an endemic plant of Colombia; it is found between 2500 and 3000 m.a.s.1.
Our previous research showed that the methanolic extract of B. antioquensis demonstrated
excellent photoprotection activity and a high polyphenolic composition. Furthermore, we
reported the presence of three glycosides of quercetin (quercetin 3-O-xilopyranosyl-(1—6)-
glucopyranoside, quercetin 3-O-rhamnopyranosyl-(1—6)-glucopyranoside and quercetin
3-O-(4""-O-caffeoyl)-rhamnopyranosyl-(1—6)-galactopyranoside), a kaempferol glycoside
(kaempferol 3-O-rhamnopyranosyl-(1—6)-glucopyranoside), and a derivative of caffeic
acid (3-O-caffeoylquinic acid) [12].

Gelatin is a biodegradable and biocompatible natural polymer obtained from collagen,
which has previously been used in medicinal and pharmaceutical products [13-15]. In
addition to its mucoadhesive properties, this polymer could enhance the effectiveness
of topic formulations [16]. Lignin, for its part, is the second most abundant biopolymer
on Earth. It is mainly obtained as a waste product from the pulp and paper industries.
The multiple phenolic functions present in lignin are responsible for its high antioxidant
activity and UV spectroscopy properties [17]. Recently, Qian et al. [18] reported that
lignin is capable of enhancing the SPF value of commercial sunscreens. Here, we present
our efforts to obtain hybrid material based on lignin/gelatin/natural extract NPs, with
biodegradable and photostability characteristics that make them suitable for potential
applications in cosmetic formulations.

2. Materials and Methods
2.1. Materials and Instrumentation

The lignin (low sulfonate content), sorbitan monooleate (Span 80), 2,2-Diphenyl-2-
picrylhydrazyl (DPPH) stable radical and gallic acid were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The methanol, ethanol, hexane, Folin—Ciocalteu phenol reagent and
sodium carbonate were obtained from Merck Chemical Supplies (Damstadt, Germany).
The butylated hydroxy toluene (BHT) was purchased from Alfa Aesar (Ward Hill, MA,
USA). The gelatin USP (Granular 100 bloom) and mineral oil were obtained from Fisher
Scientific Company (Hampton, NH, USA). The lanolin, cetyl alcohol, glyceryl monostearate,
stearic acid, sorbitol, and triethanolamine, were purchased from JM. Chemicals. The
polymethylmethacrylate (PMMA) plates, Helioplate HD6, were from Labsphere (North
Sutton, NH, USA).

All the spectrophotometric data were obtained using either one of the following: a
Thermo Scientific Evolution 60S UV-Visible spectrophotometer (Shanghai, China); a Cary
60, Agilent Technologies UV-Vis spectrophotometer (Santa Clara, CA, USA); or a UV Trans-
mittance Analyzer UV-2000S, Labsphere (North Sutton, NH, USA). The homogenization
of the formulations was performed with a Kinematica Polytron PLU-2-110 homogenizer
(Fisher Scientific, Hampton, NH, USA). The sample centrifugations were carried out in the
Eppendorf Centrifuge 5804 R. (Eppendorf AG, Hamburg, Germany) Scanning Electron
Microscopy (SEM) imaging was performed by scanning the coated samples in powder
and grids with a Jeol JSM-1600 SE Microscope (Tokyo, Japan). The size, polydispersity
index (PdI), and zeta potential of each NP sample were determined using the Zetasizer
Nanoseries Nano-ZS from Malvern (Malvern, UK). A solar simulator apparatus equipped
with a xenon arc lamp (1500 W) and special UV glass filters cutting off radiation below
290 nm were used.
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2.2. Extraction Procedure

The plant material was collected in September 2013 in Llanos de Cuiva, Yarumal,
Antioquia, Colombia, at 2730 m above sea level (at geographic coordinates of 6°49'50.6” N;
75°29'29.9"” W). A voucher specimen (HUA194796) was deposited in the herbarium of
the University of Antioquia, Colombia (Contract for Access to Genetic Resources and
their Derivative Products N° 252, Resolution 0399-Ministerio de Ambiente y Desarrollo
Sostenible, Colombia). The extraction procedure was performed according to the method
described by Mejia-Giraldo et al. [12], with slight modifications. Fresh vegetal materials
(leaves) were dried at room temperature protected from natural and artificial light. Next,
dry vegetal materials (DVM) were crushed using an electric grinder (IKA, A11 basic S1)
(Wilmington, NC, USA). Briefly, 180 g of crushed DVM were degreased using 1.8 L of
hexane and magnetic stirring for 6 h (ca. 25 °C). Next, the defatted material was subjected to
four successive extractions using methanol at room temperature (ca. 25 °C) with magnetic
stirring for 24 h. Subsequently, the extract was filtered and treated with 180 g activated
carbon, and it was again filtered. Finally, the crude extracts obtained were concentrated
to dryness in a rotary evaporator (Wilmington, NC, USA) (IKA, RV10 basic) at 40 2 °C.
According to the United States Pharmacopeia (USP) [19], methanol is Class 2, so the latter
procedure was sufficient to remove methanol from the extracts and could be considered
acceptable for cosmetic applications. Furthermore, in previous research, we reported low
cytotoxicity in a U937 cell model and the low hemolytic capacity of the dry extract obtained
with this solvent [12].

2.3. Antiradical Screening Assays
2.3.1. Total Phenolic Content

The total phenolic content (TPC) of the sample was measured using a modified
colorimetric Folin—Ciocalteu [20] method with some modifications. Briefly, 10 uL of extract
solution and 615 pL of deionized water were added to a test tube. Subsequently, 125 pL of
Folin-Ciocalteu reagent were added to the solution and allowed to react for 5 min. Next,
1250 pL of sodium carbonate solution (20% w/v) were added into the test tubes and mixed.
The absorbance was read at 760 nm using an Evolution 60S spectrophotometer (Thermo
Fisher Scientific, Inc., Shanghai, China). The results are expressed as milligrams of gallic
acid equivalents per g dry extract (mg GAE/g DE) (y = 0.1199412x + 2.243652 x 1072,
r = 0.99993), where y = absorbance and x = concentration of gallic acid.

2.3.2. Antiradical Activity-DPPH Assay

Different concentrations of extracts were estimated according to the method described
by Mejia-Giraldo et al. [12]. The effective relative concentration (ECsp) at which 50% of
DPPH was removed was expressed as mg of dry extract/ mmole DPPH radical, based on
Equation (1).

EC50 = Concentration of sample at steady state/initial concentration of DPPH (1)

The initial concentration of DPPH (100 umole/L) in the reaction system was calculated
in relation to a curve (y = 1.146 x 1072x — 4.192 x 1073; r = 0.9999) at 514 nm, where
y = absorbance and x = concentration of DPPH. All the spectrophotometric data were
obtained using a Thermo Scientific Evolution 60S UV-Visible spectrophotometer (Shanghai,
China). BHT standard was used as the positive control.

2.4. Hybrid Material: Synthesis and Characterization
2.4.1. Preparation of Gelatin and Lignin Nanoparticles

The NPs were prepared through an emulsification process according to the methods
reported by Lim [21] and Patel [22], with some modifications. The NPs of each polymer
and mixtures thereof containing the extract in various proportions were prepared following
the composition described in Table 1. The starting materials (gelatin, lignin, and extract)
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were dissolved in distilled water. The gelatin was heated at 40 °C in order to facilitate its
dissolution. Subsequently, an emulsion was prepared by adding the aqueous solution drop-
wise to 40 g of mineral oil containing Span 80 (1%, w/w) as the emulsifying agent, under
stirring at 5000 rpm, using a homogenizer. Once the emulsion was formed, the crosslinking
process was induced by heating using a water bath at 40 °C for 24 h. Subsequently, the
emulsion was centrifuged at 3000 rpm for 20 min and three layers were obtained (upper
layer: mineral oil; middle layer: particles; bottom layer: aqueous phase). Thereafter, the oil
and aqueous phases were removed, and the NPs were separated and washed twice with
10 mL of distilled water and four times with 20 mL of hexane. After each washing, the
particle suspension was centrifuged at 3000 rpm for 10 min and the supernatant and the
lower phase were discarded. Afterwards, the particles were dried at 40 °C in an oven for
one week and then washed with 10 mL of hexane. Finally, the particles were dried again at
40 °C in the oven for one week. The hybrid NPs procedure and characterization assays
were performed in triplicate.

Table 1. Polymer-extract composition ratio of nanoparticles as prepared.

Composition Gelatin Lignin Extract
Gelatin-Extract (G-E) 1 - 1
Lignin-Extract (L-E) - 1 1
Gelatin-Lignin-Extract (G-L-E) 0.5 0.5 1
Gelatin-Extract (G-E) 1 - 0.5
Lignin-Extract (L-E) - 1 0.5
Gelatin-Lignin-Extract (G-L-E) 0.5 0.5 0.5

2.4.2. Characterization of Gelatin and Lignin Nanoparticles

The samples for the Scanning Electron Microscopy (SEM) study were prepared by
lightly sprinkling the formulation on a double adhesive tape stuck to an aluminum stub.
The samples were then coated with gold to a thickness of ca. 30 nm under argon atmosphere
using a gold sputter module in a high-vacuum evaporator. Furthermore, the nanoparticle
samples in aqueous dispersion were placed on copper grids with a carbon film.

The size, polydispersity index (PdI) and zeta potential of each NP sample were deter-
mined using dispersions of each NP in ethanol at concentration of 0.1 mg/mL and placed
in a cuvette at 25 £ 2.0 °C. Three samples were prepared and ten readings of each sample
were performed. The data obtained were evaluated through Zetasizer software (Malvern,
UK), using the size distribution by number. Finally, dispersions of each nanoparticle and
the starting polymers (gelatin and lignin) in distilled water at 0.025 mg/mL were prepared
and the UV absorption spectra were measured within the 250 to 400 nm range.

2.4.3. Loading Capacity (%LC) and Entrapment Efficiency (%EE) of Hybrid NPs

The %LC and %EE were determined by measuring the concentration of free extract
in the dispersion medium. A total of 12.5 mg of NPs was dispersed in 25 mL of distilled
water and subjected to ultrasonic agitation for 30 min at ca. 40 °C. Next, the dispersion was
centrifuged at 3000 rpm for 10 min, and the supernatant was filtered through a 0.20 um
membrane. Finally, the extract content in the solution (250 pL of supernatant in 5 mL of
distilled water) was quantified by the absorption at 325 nm, according to the maximum
absorbance of the polyphenol compounds from a curve (y = 21.329x — 0.0008, R? = 0.9993;
where y = absorbance and x = concentration of polyphenol extract of B. antioquensis).

The %LC was expressed as mg of extract per 100 mg of NP and the %EE was calculated
according to Equations (2) and (3), respectively [23]:

% Loading capacity (%LC) = [We/Wnps] x 100 (2)

% Entrapment efficiency (%EE) = [We/W,] x 100 3)
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where Wypg is the amount (mg) of NPs in the assay; We is the amount (mg) of extract
encapsulated in the NPs and Wa is the amount (mg) of extract added in the preparation
of NPs.

2.5. Preparation of Topical Emulsion to Be Used in the Evaluation of the NPs’ Photostability
and Photoprotection

2.5.1. Preparation of Topical Emulsion

Different emulsions (oil-in-water) containing each of the six types of NPs were pre-
pared as shown in Table 2. Briefly, phase A (oil phase) was heated up to ca. 70-80 °C and
the NPs were added and mixed with a homogenizer at 2000 rpm. Afterward, the phase B
(water phase) was added slowly to phase A while stirring at 2000 rpm for 5 min, then the
system was cooled down to room temperature. Table 3 shows the NP composition of each
formulation. The control formulations were also prepared for evaluation: emulsion without
extract, emulsion with 5% w/w lignin (negative controls), and commercial sunscreen with
SPF 25 (positive control).

Table 2. Composition of the sunscreen emulsion formulations.

Components % Formulation (w/w)
Phase A (oil phase):

Lanolin 45

Cetyl alcohol 2.0

Glyceryl monostearate 3.0

Stearic acid 2.0

Nanoparticles X = amount of NPs equivalent to 10% (w/w) of dry extract (See Table 3)
Phase B (aqueous phase):

Sorbitol 5.0

Triethanolamine 1.0

Water Sufficient quantity to 100%.

Table 3. Amount of nanoparticles in each formulation.

Formulation Composition (Ratio) % (wlw) *
F1 B. antioquensis extract 10.0 +
F2 G-E (1:1) 23.1
F3 L-E (1:1) 23.1
F4 G-L-E (0.5:0.5:1) 22.5
F5 G-E (1:0.5) 37.0
F6 L-E (1:0.5) 29.5
F7 G-L-E (0.5:0.5:0.5) 33.1
Negative control Active free emulsion -
Negative control Emulsion + Lignin (5% w/w) -
Positive control Commercial sunscreen (CSS) SPF 25 -

* Equivalent to 10% (w/w) of dry extract in each formulation. + Dry extract.

2.5.2. In Vitro Determination of Photoprotective Capacity

The photoprotective capacity was evaluated in vitro by diffuse reflectance spec-
troscopy with an integrated sphere. The sunscreen formulation was accurately applied
(0.75 mg/cm?) to roughen the polymethyl methacrylate (PMMA) plates and distributed
uniformly over the whole surface using a cot-coated finger. Next, the film was left to
equilibrate in a dark place at room temperature (25 & 2 °C) for 15 min [24-26]. UV trans-
mission measurements (from 290 to 400 nm) were performed using a spectrophotometer
equipped with an integrating sphere. In vitro photoprotection efficacy was calculated
according to the following parameters: UVB efficacy by estimating sun protection factor
(SPF); and UVA efficacy by UVAPF, UVA /UVB ratio and critical wavelength (A.). Three
plates were prepared by formulation and nine different points per plate were measured for
each sample.
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2.5.3. Photostability of Sunscreen Formulations

The photostability study was carried out using the method used by Jarzycka et al. [24].
The plates, prepared according to the steps outlined in the previous section, were irradi-
ated for 2 h (taking measurements every 30 min) under simulated solar conditions. The
light source emission was maintained at 650 W/m? in accordance with the global solar
spectral irradiance. Before and after irradiation, all the characteristic parameters of the
photoprotection of the formulations (SPF, UVAPF, UVA /UVB ratio and critical wavelength
(Ac)) were measured in vitro. The degree of photostability was expressed as the percentage
effectiveness from SPF in vitro (% SPF.g) and UVAPF (%UVAPF,) which were calculated
according to Equations (4) and (5), respectively [27,28]. Three plates were prepared by
formulation and nine different points per plate were measured for each sample.

%SPFef = (SPFiy, vitro after irradiation/SPFy, viiro before irradiation) x 100 4)

%UVAPF.¢ = (UVAPF, vitro after irradiation/UVAPF;, vitro before irradiation) x 100 (5)

2.6. Statistical Analysis

The results were expressed as the means & SD. All the data were analyzed by one-way
analysis of variance (ANOVA) and followed by Tukey tests when appropriate, using R
Development Core Team (2011) R: A Language and Environment for Statistical Computing.
The p values that were lower than 0.05 (p < 0.05) were considered significant [29].

3. Results and Discussion
3.1. Extraction Yield, TPC, and Antiradical Activity

According to the proposed modification by Mejia-Giraldo et al. [12] to the extraction
of B. antioquensis, four successive extractions were carried out. As a result, an increase in
the yield percentage from 27.65 £ 1.28 to 35.5 & 2.1% was obtained; the TPC increased
from 277.3 £ 7.6 to 646.4 = 9.5 mg GAE per g dry extract and the antiradical capacity was
improved from 0.13 # 0.01 to 0.05 + 0.01 g extract mmol~! DPPH, which was even better
than the antiradical capacity of BHT (0.11 & 0.01 g of antioxidant mmol~! DPPH). This
was related to the successive extractions, which improved the extraction efficiency of the
polyphenol.

In our previous research [12], we evidenced the antioxidant capacity of B. antioquensis
extracts through a DPPH radical assay as well as through the oxidation of methyl linoleate,
considering that linoleic acid is one of the main components of lipid membranes within cells.
A good correlation between both results was found. These findings are relevant because
the UVR produces reactive oxygen species (ROS), which can oxidize proteins, lipids, and
DNA bases such as 8-dihydroxy-2-deoxyguanosine, and therefore cause cancer [30,31].
Consequently, the use of filters with antioxidant activity in a photoprotective formulation
is an effective approach to prevent harmful effects of UVR in skin [32-34].

3.2. Characterization of Lignin-Gelatin-Extract Nanoparticles

The SEM images (Figure 1) show that spherical NPs were obtained in all cases. The
starting materials of the NPs (lignin and gelatin) provided a hydrophilic environment.
Particle aggregation observed from the SEM images and DLS analysis indicated an inverse
relationship between the mean particle diameter and the B. antioquensis extract concen-
tration. Since the B. antioquensis extract also exhibited a hydrophilic character, it could be
entrapped into the NPs and protected against the degradation caused by UVR, thereby pre-
serving its biological activities, such as photoprotective and antioxidant capacity. However,
more work is needed to assess its performance and overall synthesis.
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Figure 1. SEM micrographs of nanoparticles. (A,B). G-E (1:1); (C,D). L-E (1:1); (E,F). G-L-E (0.5:0.5:1).

In the DLS analyses, the particle size ranged from 99 to 254 nm and the PdlI varied
from 0.416 to 0.788 (Table 4). Among the NPs evaluated, those with the composition G:E
(1:0.5 ratio) formed the biggest particles, which were estimated at 253 nm. These results are
in agreement with those odd Jabar et al. and Gaur et al. [35,36], who associated the high
viscosity of the solution with the formation of bigger droplets that lead to the formation of
larger nanoparticles. This effect was also observed in G-L-E NPs (Table 4).
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Table 4. Physicochemical characterization of the hybrid biomaterial nanoparticles.

. ¢ Potential, . %o Loading Entrapment

NPs Mean Size, nm PdI mV Yield * % Capacity% + Efficiency% 1
G-E (1:1) 107 £ 38 0.653 —-393+27 60.9 +2.0 432 +23 52.6 0.2
L-E (1:1) 99 + 32 0.416 —4554+3.2 469 + 2.1 432 +1.5 40.5 + 0.3
G-L-E (0.5:0.5:1) 109 + 39 0.788 -503+1.2 21.8 +3.7 445+ 1.4 194+ 0.6
G-E (1:0.5) 253 + 39 0.503 —38.6 = 0.5 784+ 3.2 27.0 £ 0.9 60.3 +7.6
L-E (1:0.5) 134 + 22 0.548 —62.4 4+ 0.9 720+1.1 339+ 1.0 65.2 5.4
G-L-E (0.5:0.5:0.5) 167 +47 0.592 —-542 4+ 0.7 699 +14 302+ 1.3 63.1 3.6

* mg NP per 100 mg of reagents. + mg extract per 100 mg of NP.  mg nano-encapsulated extract per 100 mg of extract added. G: Gelatin. L:
Lignin. E: B. antioquensis extract. NP: Nanoparticles.

Although the PdI values indicate a broad size distribution, the polydisperse particle
dispersions obtained were suitable and did not affect either the performance or the sensorial
characteristics for topical application [37]. All the NPs remained in suspension; this was
likely due to their electrostatic stability, according to the Zeta potential values obtained [38].

The %LC ranged from 27.0 to 44.5%, which is considered a good outcome for NPs
based on biopolymer raw material. According to the preparation method, subsequent
washing process of the NPs and the water solubility of the polyphenolic compounds of B.
antioquensis, we suggest that the latter are distributed inside the NPs and not only adsorbed
on the surface. Regarding the NPs with a 1:1 polymer-extract ratio, the loading capacity
was between 43.2 & 1.5 and 44.5 £ 1.4%. The NPs with a 1:0.5 polymer-extract ratio
exhibited a decrease in the loading (27.0 = 0.9-33.9 £ 1.0%), which was due to the lower
concentration of extract in the solution. Furthermore, the measurement of the %EE in the
NPs with a 1:0.5 ratio was higher (60.3 &= 7.6-65.2 & 5.4%) compared to the values for the 1:1
ratio (19.4 £ 0.6 and 52.6 + 0.2%) (Table 4). This could have been associated with the NPs’
saturation, which would have prevented the extract from adsorbing into the interstices of
the polymer matrix, remaining on the outside, and subsequently being eliminated in the
washing process. These results showed that Ns formation depends on factors such as the
concentration of gelatin and lignin, as well as the biopolymer to B. antioquensis extract ratio.
The NPs synthetized in this work can be useful for trapping enriched polyphenol natural
extracts with potential applications in topical formulations.

3.3. Photoprotective Capacity and Photostability of Hybrid NPs

UV filters are contained in several types of vehicles, such as silica, chitosan and
hyaluronic acid microparticles [39,40], each one with peculiar characteristics. In our case,
we used biopolymer-based NPs and the effect of the NPs on the UVA-UVB protection
effectiveness was observed (Figure 2, Table 5).

Figure 2A shows that the B. antioquensis extract was exclusively responsible for the
UVA-UVB absorption in NP G-E (1:1); conversely, the gelatin (yellow line) had no absorp-
tion over this range. On the other hand, the lignin (blue line Figure 2B,C) showed an
absorption maximum wavelength at 280 nm. This absorption was also detected in the NP
L-E (green line Figure 2B) and G-L-E (purple line Figure 2C) spectra. In both cases, the
lignin exhibited an additive effect on the spectrum of the extract from 280 to 330 nm and,
consequently, the photoprotection properties of the extract were substantially increased
(Table 5).
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Figure 2. UV spectra of NPs and polymers 0.025 mg/mL in milliQ water. (A). Gelatin (yellow), B.
antioquensis extract (red), and NP G-E (1:1) (black). (B). Lignin (blue), B. antioquensis extract (red) and
NP L-E (1:1) (green). (C). Gelatin (yellow), B. antioquensis extract (red), Lignin (blue) and NP G-L-E

(0.5:0.5:1) (purple).

Table 5. In vitro photoprotective capacity and photostability of hybrid polymer-extract nanoparticles (NPs).

SPF t UVAPF } Ac UVA/UVB
Active free emulsion 0.93 £+ 0.01 0 - -
Emulsion + lignin 5% 3.33 £0.31 2 376 0.53
CSS * SPF 25 26.18 + 1.11 3.0+ 0.0 356 0.43
Time (min) 0 30 60 90 120
SPF 148 +254 8.0+0.7 7.0+0.8 6.0£0.8 6.0 £0.7
UVAPF 70+052 - - - 40405
Emulsion + B. antioquensis Ac 378 379 379 380 380
extract 10%; F1 UVA/UVB 0.78 0.80 0.80 0.81 0.81
% SPFeg 100.0% 54.1% 47.3% 40.5% 40.5%
%UVAPFq4 100.0% - - - 57.1%
SPF 17.7 £2.2 16.1 +£2.8 15.6 £ 2.4 15.0£23 142 +24
UVAPF 80+ 0.6P - - - 73+04
Emulsion + G-E NP (1:1); Ac 379 381 381 382 381
F2 UVA/UVB 0.79 0.81 0.80 0.80 0.79
% SPFegt 100.0% 91.0% 88.1% 84.7% 80.2%
%UVAPF¢ 100.0% - - - 91.3%
SPF 22.6 +2.5 21.8 £ 0.5 21.1 £ 0.3 20.8 £ 0.3 199 +£47
UVAPF 87+06P - - - 83+04
Emulsion + L-E NP (1:1); Ac 382 383 383 383 383
F3 UVA/UVB 0.72 0.73 0.72 0.72 0.72
% SPFegs 100.0% 96.5% 93.4% 92.0% 88.1%
%UVAPF 4 100.0% - - - 95.4%
SPF 13.9+3.74 13.7+1.1 135+ 1.0 134+1.1 13.2+27
UVAPF 6.04+:03¢ - - - 6.0+ 04
Emulsion + G-L-E NP Ac 382 383 383 383 383
(0.5:0.5:1); F4 UVA/UVB 0.78 0.79 0.79 0.78 0.77
% SPFegs 100.0% 98.6% 97.1% 96.4% 95.0%
%UVAPFq4 100.0% - - - 100.0%
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Table 5. Cont.
SPF t UVAPF § Ac UVA/UVB
SPF 94 +14Pb 88+t1.1 87+1.0 86+t1.1 85+14
UVAPF 6.0£03¢ - - - 57+03
Emulsion + G-E NP (1:0.5); Ac 377 379 379 379 380
F5 UVA/UVB 0.76 0.76 0.76 0.76 0.76
% SPFegs 100.0% 93.6% 92.6% 91.5% 90.4%
%UVAPF ¢ 100.0% - - - 95.0%
SPF 142+172 13.0£1.8 124+19 123+1.8 123 +£2.0
UVAPF 731062 - - - 6.7 £0.5
Emulsion + L-E NP (1:0.5); Ac 383 383 383 383 384
F6 UVA/UVB 0.71 0.72 0.72 0.72 0.72
% SPFegt 100.0% 91.5% 87.3% 86.6% 86.6%
%UVAPF ¢ 100.0% - - - 91.8%
SPF 101+ 05P 10.0 £ 0.4 10.0 0.4 10.0 £ 0.5 10.0 £ 0.1
UVAPF 5.0+ 0.6 - - - 5.0+ 0.6
Emulsion + G-L-E NP Ac 379 380 380 380 381
(0.5:0.5:0.5); F7 UVA/UVB 0.66 0.66 0.66 0.66 0.66
% SPF ¢ 100.0% 99.0% 99.0% 99.0% 99.0%
%UVAPFq¢ 100.0% - - - 100.0%

* CSS: commercial sunscreen. t SPF: sun protection factor.  UVAPF: UVA protection factor. A.: critical wavelength. Results are expressed
as the mean value + standard deviation (1 = 3). Values in the same column followed by different letters are significantly different at the

5% level.

The formulations named 5 (G-E NP 1:0.5 ratio), 6 (L-E 1:0.5 ratio), and 7 (G-L-E
0.5:0.5:0.5 ratio), exhibited very intense brown coloration, low spreadability, and high
stickiness, in accordance with the high polymer content (Table 3). These results could
affect consumer acceptance (due to the color of the formulations), and could affect the
application of the product on the skin, since it was difficult to spread them on the PMMA
plates. Instead, the formulations named 2 (G-E 1:1 ratio), 3 (L-E 1:1 ratio), and 4 (G-L-E
0.5:0.5:1 ratio) exhibited adequate sensorial and photoprotection qualities. Furthermore,
the NPs with the 1:0.5 polymer-extract ratio demonstrated lower SPF values, between 9.4
and 14.2, and a UVAPF between 5.0 and 7.3; with respect to the formulations with the NPs
with a 1:1 polymer-extract ratio, the SPF values were between 13.9 and 22.6 and the UVAPF
between 6.0 and 8.7. This was expected because of the low loading capacity obtained
with the NPs with the 1:0.5 ratio (27.0 and 30.2% w/w) and the polar characteristics of the
biopolymers (gelatin and lignin), which could affect the selective encapsulation of the polar
compounds present in the B. antioquensis extract (mainly glucosides). On the other hand,
it was evidenced that in the formulations of lignin NPs, this contributed significantly to
the UVA-UVB photoprotection properties, since higher values of SPF and UVAPF were
obtained than in those in which they were not present. In addition, the photoprotective
effect of lignin was observed in the negative control formulation (Emulsion + Lignin (5%
w/w)) with SPF = 3.3 &+ 0.3 and UVAPF = 2.0 &+ 0.3 (Table 5).

Finally, the critical wavelength (A;), UVA/UVB ratio, and sun protection factor of all
the formulations were in accordance with the COLIPA and FDA regulation parameters.
All the A. values obtained during the evaluation were above 370 nm and the values of
the UVAPF were higher than 1/3 of the SPF, which satisfied the requirements for broad-
spectrum UVA-UVB protection. In addition, the UVA /UVB ratio ranged from 0.6 to 0.8
(equivalent to three stars), which is considered high protection level in the UVA, according
to the Boots Star Rating system [41]. Additionally, both the A. values and the UVA/UVB
ratio in all the formulations did not change significantly in the photostability study and
were never below 370 nm or 0.6, respectively (Table 5).

A product is considered photostable when the %SPF eff and %UVAPFeff are at least
80% after exposure to radiation. In this sense, the photostability assays showed that
all the hybrid NP formulations were time-stable with %SPFeff and %UVAPFeff greater
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than 80% after exposure to 2 h of radiation (Figure 3, Table 5). The (1:1 ratio) NP-lignin-
extract formulation exhibited higher photoprotection and photostability parameters in
comparison to the free-NPs formulation (improved photostability between 38 and 47%).
These outcomes may imply that encapsulation methodology enhances the photostability
properties of the free-NP B. antioquensis natural extract, as reported previously [12].

— Formulation 210 min
03 — Formulation 2130 min

— Formulation 2160 min
0.2 — Formulation 2 t90 min

— Formulation 310 min
— Formulation 3t 30 min

— Formulation 4 £ 0 min
0.2 — Formulation 4 t 30 min

— Formulation 360 min — Formulation 4 t 60 min

0.2  — Formulation 3 t90 min 0.1 — Formulation 4 t 90 min
04— Formulation 2t 120 min 04 — Formuaton3t120min : Formulation 4120 min
0.0 0.0 %0
440 300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440
1.1 14 12
1o E « F oo G

Absorbance

— Formulation 6 10 min — Formulation 7t 0 min

— Formulation 510 min

— Formulation 5 1 30 min 03— Formulation 6t 30 min — Formulation 7 t 30 min
02 _ Fomulation 5160 min — Formulation 6t 60 min 0.2 — Formulation 7 60 min

— Formulation 5190 min 02 Formulation 6t 90 rin — Formulation 7 £90 min
0:1 0.1 Formulation 6 t 120 min 0.1 Formulation 7 t 120 min

Formulation 5 t 120 min

00 0.0
300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3. Photo-stability of B. antioquensis extract and NPs. UV-vis spectra before (blue) and after 30 min (red), 60 min (light
blue), 90 min (green), and 120 min (yellow) under UVA-UVB irradiation. Average measurement of formulation: (A). F1; (B).
F2; (C). E3; (D). F4; (E). F5; (F). F6; (G). F7 (See Table 5 for formulation details).

4. Conclusions

An interesting spherical and relatively low polydispersed hybrid polymer nanoparticle
composed of gelatin-lignin and extract of B. antioquensis were synthetized. The systems
evaluated, consisting of a mixture of different biopolymers, and the data showed that all of
them could help to obtain emulsion with a satisfactory overall photostability. Moreover, the
formulation containing lignin: extract NPs improved the photoprotection capacity of the
single extract at a level very close to that of commercial sunscreens, and the photostability
was remarkably upgraded to 38-47% in the B. antioquensis extract cream formulation (F1).
Finally, these NPs can be useful for trapping high contents of polyphenol from natural
extracts, with a prospective application in pharmaceutical and cosmetic formulations. To
the best of our knowledge, this is the first report on nanoparticles based on B. antioquensis
extract and biopolymers that has improved the photoprotective properties of the evaluated
raw material.

Author Contributions: Conceptualization, M.A.P.-M. and ].C.S.; methodology and formal analysis,
J.CM.-G,; resources, supervision experiments at the University of Ottawa, revision and editing of
the paper, ].C.S.; supervision photoprotection analysis, C.G.-C.; project administration, review and
editing of the paper, and funding acquisition, M.A.P.-M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by CODI-University de Antioquia (Grant number IN632CE).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Antioxidants 2021, 10, 1904 12 of 13

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: The authors acknowledge CODI-University de Antioquia (Grant no. IN632CE)
for its financial support and laboratory of J.C. Scaiano. Mejia-Giraldo J.C. acknowledges the doctoral
fellowship granted by Minciencias (formerly Colciencias National Research Council). We are grateful
to Santiago Varela for his technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gaspar, L.R.; Maia Campos PMBG. Photostability and efficacy studies of topical formulations containing UV-filters combination
and vitamins A, C and E. Int. |. Pharm. 2007, 343, 181-189. [CrossRef]

2. Wong, T.; Orton, D. Sunscreen allergy and its investigation. Clin. Dermatol. 2011, 29, 306-310. [CrossRef] [PubMed]

3. Morabito, K.; Shapley, N.C.; Steeley, K.G.; Tripathi, A. Review of sunscreen and the emergence of non-conventional absorbers and
their applications in ultraviolet protection. Int. . Cosmet. Sci. 2011, 33, 385-390. [CrossRef] [PubMed]

4. Miller, RJ.; Bennett, S.; Keller, A.A ; Pease, S.; Lenihan, H.S. TiO, Nanoparticles Are Phototoxic to Marine Phytoplankton. PLoS
ONE 2012, 7, €30321. [CrossRef] [PubMed]

5. Fu, L.; Hamzeh, M.; Dodard, S.; Zhao, Y.H.; Sunahara, G.I Effects of TiO2 nanoparticles on ROS production and growth inhibition
using freshwater green algae pre-exposed to UV irradiation. Environ. Toxicol. Pharmacol. 2015, 39, 1074-1080. [CrossRef]

6. Yamada, M.; Mohammed, Y.; Prow, T.W. Advances and controversies in studying sunscreen delivery and toxicity. Adv. Drug
Deliv. Rev. 2020, 153, 72-86. [CrossRef]

7. He H,Li, A;LiS,; Tang, J.; Li, L.; Xiong, L. Natural components in sunscreens: Topical formulations with sun protection factor
(SPF). Biomed. Pharmacother. 2021, 134, 111161. [CrossRef]

8. Xu,C,; Zeng, X.; Yang, Z.; Ji, H. Sunscreen enhancement of octyl methoxycinnamate microcapsules by using two biopolymers as
wall materials. Polymers 2021, 13, 866. [CrossRef]

9.  Bhattacharya, S.; Sherje, A.P. Development of resveratrol and green tea sunscreen formulation for combined photoprotective and
antioxidant properties. J. Drug Deliv. Sci. Technol. 2020, 60, 102000. [CrossRef]

10. Detsi, A.; Kavetsou, E.; Kostopoulou, I.; Pitterou, I.; Pontillo, A.R.N.; Tzani, A.; Christodoulou, P; Siliachli, A.; Zoumpoulakis, P.
Nanosystems for the encapsulation of natural products: The case of chitosan biopolymer as a matrix. Pharmaceutics 2020, 12, 669.
[CrossRef]

11. Diaz-Piedraita, S.; Cuatrecasas, ]. Nueva especie de Baccharis (Asteraceae) de Colombia. Rev. Acad. Colomb. Ciencias Exactas Fiisica
Nat. 1991, 18, 127-129.

12. Mejia-Giraldo, J.C.; Winkler, R.; Gallardo, C.; Sanchez-Zapata, A.M.A.M.; Puertas-Mejia, M.A. Photoprotective Potential of
Baccharis antioquensis (Asteraceae) as Natural Sunscreen. Photochem. Photobiol. 2016, 92, 742-752. [CrossRef] [PubMed]

13.  Young, S.; Wong, M.; Tabata, Y.; Mikos, A.G. Gelatin as a delivery vehicle for the controlled release of bioactive molecules. Proc. J.
Control. Release 2005, 109, 256-274. [CrossRef]

14. Naomi, R,; Bahari, H.; Ridzuan, PM.; Othman, F. Natural-based biomaterial for skin wound healing (Gelatin vs. collagen): Expert
review. Polymers 2021, 13, 2319. [CrossRef]

15.  Bello, A.B.; Kim, D.; Kim, D.; Park, H.; Lee, S.H. Engineering and functionalization of gelatin biomaterials: From cell culture to
medical applications. Tissue Eng. Part B Rev. 2020, 26, 164-180. [CrossRef] [PubMed]

16. Goémez-Mascaraque, L.G.; Soler, C.; Lopez-Rubio, A. Stability and bioaccessibility of EGCG within edible micro-hydrogels.
Chitosan vs. gelatin, a comparative study. Food Hydrocoll. 2016, 61, 128-138. [CrossRef]

17.  Cesari, L.; Mutelet, F.; Canabady-Rochelle, L. Antioxidant properties of phenolic surrogates of lignin depolymerisation. Ind. Crops
Prod. 2019, 129, 480-487. [CrossRef]

18. Qian, Y;; Qiu, X.; Zhu, S. Lignin: A nature-inspired sun blocker for broadspectrum Sunscreens. Green Chem. 2015, 17, 320-324.
[CrossRef]

19. The United States Pharmacopeia Convention USP (467) Residual Solvents 2019, 1-18. Available online: https://www.uspnf.com/
sites/default/files /usp_pdf/EN/USPNEF/revisions/gc-467-residual-solvents-ira-20190927.pdf (accessed on 15 October 2021).

20. Hudz, N.; Yezerska, O.; Shanaida, M.; Sedlackova, V.H.; Wieczorek, P.P. Application of the Folin-Ciocalteu method to the
evaluation of Salvia sclarea extracts. Pharmacia 2019, 66, 209-215. [CrossRef]

21. Lim, S.T.; Martin, G.P; Berry, D.].; Brown, M.B. Preparation and evaluation of the in vitro drug release properties and mucoadhe-
sion of novel microspheres of hyaluronic acid and chitosan. J. Control. Release 2000, 66, 281-292. [CrossRef]

22. Patel, M.; Jain, S.; Yadav, A.; Gogna, D.; Agrawal, G. Preparation and characterization of oxybenzone-loaded gelatin microspheres
for enhancement of sunscreening efficacy. Drug Deliv. 2006, 13, 323-330. [CrossRef] [PubMed]

23. de Oliveira, C.A,; Peres, D.D.; Graziola, F.; Chacra, N.A.B.; de Aratjo, G.L.B.; Flérido, A.C.; Mota, J.; Rosado, C.; Velasco, M.VR,;
Rodrigues, L.M.; et al. Cutaneous biocompatible rutin-loaded gelatin-based nanoparticles increase the SPF of the association of
UVA and UVB filters. Eur. ]. Pharm. Sci. 2016, 81, 1-9. [CrossRef] [PubMed]

24. Jarzycka, A.; Lewiriska, A.; Gancarz, R.; Wilk, K.A. Assessment of extracts of Helichrysum arenarium, Crataegus monogyna,

Sambucus nigra in photoprotective UVA and UVB; photostability in cosmetic emulsions. J. Photochem. Photobiol. B 2013, 128,
50-57. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2007.05.048
http://doi.org/10.1016/j.clindermatol.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21496739
http://doi.org/10.1111/j.1468-2494.2011.00654.x
http://www.ncbi.nlm.nih.gov/pubmed/21507015
http://doi.org/10.1371/journal.pone.0030321
http://www.ncbi.nlm.nih.gov/pubmed/22276179
http://doi.org/10.1016/j.etap.2015.03.015
http://doi.org/10.1016/j.addr.2020.02.001
http://doi.org/10.1016/j.biopha.2020.111161
http://doi.org/10.3390/polym13060866
http://doi.org/10.1016/j.jddst.2020.102000
http://doi.org/10.3390/pharmaceutics12070669
http://doi.org/10.1111/php.12619
http://www.ncbi.nlm.nih.gov/pubmed/27416883
http://doi.org/10.1016/j.jconrel.2005.09.023
http://doi.org/10.3390/polym13142319
http://doi.org/10.1089/ten.teb.2019.0256
http://www.ncbi.nlm.nih.gov/pubmed/31910095
http://doi.org/10.1016/j.foodhyd.2016.05.009
http://doi.org/10.1016/j.indcrop.2018.12.010
http://doi.org/10.1039/C4GC01333F
https://www.uspnf.com/sites/default/files/usp_pdf/EN/USPNF/revisions/gc-467-residual-solvents-ira-20190927.pdf
https://www.uspnf.com/sites/default/files/usp_pdf/EN/USPNF/revisions/gc-467-residual-solvents-ira-20190927.pdf
http://doi.org/10.3897/pharmacia.66.e38976
http://doi.org/10.1016/S0168-3659(99)00285-0
http://doi.org/10.1080/10717540500398175
http://www.ncbi.nlm.nih.gov/pubmed/16877306
http://doi.org/10.1016/j.ejps.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26428697
http://doi.org/10.1016/j.jphotobiol.2013.07.029

Antioxidants 2021, 10, 1904 13 of 13

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Moyal, D.; Alard, V.; Bertin, C.; Boyer, F; Brown, M.W.; Kolbe, L.; Matts, P; Pissavini, M. The revised COLIPA in vitro UVA
method. Int. J. Cosmet. Sci. 2013, 35, 35-40. [CrossRef] [PubMed]

Padera, F. Sunscreen Testing According to COLIPA 2011/FDA Final Rule 2011 Using UV/Vis LAMBDA Spectrophotometers; PerkinElmer,
Inc.: Waltham, MA, USA, 2011; pp. 1-9.

Choquenet, B.; Couteau, C.; Paparis, E.; Coiffard, L.J.M. Quercetin and rutin as potential sunscreen agents: Determination of
efficacy by an in vitro method. J. Nat. Prod. 2008, 71, 1117-1118. [CrossRef]

Hojerova, J.; Medovcikova, A.; Mikula, M. Photoprotective efficacy and photostability of fifteen sunscreen products having the
same label SPF subjected to natural sunlight. Int. J. Pharm. 2011, 408, 27-38. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2011; Volume 1. [CrossRef]
Schuch, A.P; Moreno, N.C.; Schuch, N.J.; Menck, C.EM.; Garcia, C.C.M. Sunlight damage to cellular DNA: Focus on oxidatively
generated lesions. Free Radic. Biol. Med. 2017, 107, 110-124. [CrossRef]

de Jager, T.L.; Cockrell, A.E.; Du Plessis, S.S. Ultraviolet Light Induced Generation of Reactive Oxygen Species. Adv. Exp. Med.
Biol. 2017, 996, 15-23. [CrossRef]

Cefali, L.C.; Ataide, J.A.; Fernandes, A.R.; de Oliveira Sousa, .LM.; da Silva Gongalves, F.C.; Eberlin, S.; Davila, J.L.; Jozala, A.F,;
Chaud, M.V,; Sanchez-Lopez, E.; et al. Flavonoid-Enriched Plant-Extract-Loaded Emulsion: A Novel Phytocosmetic Sunscreen
Formulation with Antioxidant Properties. Antioxidants 2019, 8, 443. [CrossRef]

Cefali, L.C.; Ataide, J.A.; de Oliveria Sousa, LM.; Figueiredo, M.C.; Ruiz, A.L.T.G.; Foglio, M.A.; Mazzola, P.G. In vitro solar
protection factor, antioxidant activity, and stability of a topical formulation containing Benitaka grape (Vitis vinifera L.) peel
extract. Nat. Prod. Res. 2020, 34, 2677-2682. [CrossRef]

Cefali, L.C.; Ataide, ].A.; Fernandes, A.R.; Sanchez-Lopez, E.; de Oliveira Sousa, I.M.; Figueiredo, M.C.; Ruiz, A.L.T.G.; Foglio,
M.A.; Mazzola, P.G.; Souto, E.B. Evaluation of in vitro solar protection factor (Spf), antioxidant activity, and cell viability of mixed
vegetable extracts from dirmophandra mollis benth, Ginkgo biloba L., Ruta graveolens L., and Vitis vinifera L. Plants 2019, 8, 453.
[CrossRef]

Jabar, A.; Madni, A.; Bashir, S.; Tahir, N.; Usman, F.; Rahim, M.A; Jan, N.; Shah, H.; Khan, A.; Khan, S. Statistically optimized
pentazocine loaded microsphere for the sustained delivery application: Formulation and characterization. PLoS ONE 2021, 16,
€0250876. [CrossRef] [PubMed]

Gaur, PX,; Mishra, S.; Bajpai, M. Formulation and evaluation of controlled-release of telmisartan microspheres: In vitro/in vivo
study. J. Food Drug Anal. 2014, 22, 542-548. [CrossRef] [PubMed]

Shi, L.; Shan, J.; Ju, Y,; Aikens, P.; Prud’homme, R.K. Nanoparticles as delivery vehicles for sunscreen agents. Colloids Surf. A
Physicochem. Eng. Asp. 2012, 396, 122-129. [CrossRef]

Mehnert, W.; Mider, K. Solid lipid nanoparticles: Production, characterization and applications. Adv. Drug Deliv. Rev. 2012, 64,
83-101. [CrossRef]

Song, R.; Murphy, M.; Li, C.; Ting, K.; Soo, C.; Zheng, Z. Current development of biodegradable polymeric materials for
biomedical applications. Drug Des. Dev. Ther. 2018, 12, 3117-3145. [CrossRef] [PubMed]

Widsten, P.; Tamminen, T.; Liitid, T. Natural Sunscreens Based on Nanoparticles of Modified Kraft Lignin (CatLignin). ACS Omega
2020, 5, 13438-13446. [CrossRef]

Europe Cosmetics. In Vitro Method for the Determination of the UVA Protection Factor and “Critical Wavelength” Values of Sunscreen
Products; COLIPA: Auderghem, Belgium, 2011.


http://doi.org/10.1111/j.1468-2494.2012.00748.x
http://www.ncbi.nlm.nih.gov/pubmed/22882080
http://doi.org/10.1021/np7007297
http://doi.org/10.1016/j.ijpharm.2011.01.040
http://www.ncbi.nlm.nih.gov/pubmed/21277959
http://doi.org/10.1007/978-3-540-74686-7
http://doi.org/10.1016/j.freeradbiomed.2017.01.029
http://doi.org/10.1007/978-3-319-56017-5_2
http://doi.org/10.3390/antiox8100443
http://doi.org/10.1080/14786419.2018.1550758
http://doi.org/10.3390/plants8110453
http://doi.org/10.1371/journal.pone.0250876
http://www.ncbi.nlm.nih.gov/pubmed/33930049
http://doi.org/10.1016/j.jfda.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28911472
http://doi.org/10.1016/j.colsurfa.2011.12.053
http://doi.org/10.1016/j.addr.2012.09.021
http://doi.org/10.2147/DDDT.S165440
http://www.ncbi.nlm.nih.gov/pubmed/30288019
http://doi.org/10.1021/acsomega.0c01742

	Introduction 
	Materials and Methods 
	Materials and Instrumentation 
	Extraction Procedure 
	Antiradical Screening Assays 
	Total Phenolic Content 
	Antiradical Activity-DPPH Assay 

	Hybrid Material: Synthesis and Characterization 
	Preparation of Gelatin and Lignin Nanoparticles 
	Characterization of Gelatin and Lignin Nanoparticles 
	Loading Capacity (%LC) and Entrapment Efficiency (%EE) of Hybrid NPs 

	Preparation of Topical Emulsion to Be Used in the Evaluation of the NPs’ Photostability and Photoprotection 
	Preparation of Topical Emulsion 
	In Vitro Determination of Photoprotective Capacity 
	Photostability of Sunscreen Formulations 

	Statistical Analysis 

	Results and Discussion 
	Extraction Yield, TPC, and Antiradical Activity 
	Characterization of Lignin-Gelatin-Extract Nanoparticles 
	Photoprotective Capacity and Photostability of Hybrid NPs 

	Conclusions 
	References

