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ABSTRACT: Sunscreens rely on multiple compounds to
provide eﬀective and safe protection against UV radiation. UV
ﬁlters in sunscreens, in particular, provide broadband UV
protection but are heavily linked to adverse health eﬀects due
to the generation of carcinogenic skin-damaging reactive
oxygen species (ROS) upon solar irradiation. Herein, we
demonstrate signiﬁcant reduction in the ROS concentration by
encapsulating an antioxidant photostabilizer with multiple UV
ﬁlters into biobased ethyl cellulose nanoparticles. The
developed nanoparticles display complete broadband UV
protection and can form transparent and ﬂexible ﬁlms. This
system therefore shows signiﬁcant potential toward eﬀective and safe nanoparticle-based UV protective coatings.
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solvents) is reduced. So far, encapsulation has been most
popular using materials such as solid−lipid nanoparticles
(SLNs),19 poly(D,L-lactide) particles,12,15 and silica.14,16,20,21
Notably, SLNs have shown to be suitable carriers for
encapsulating UV ﬁlter “couples”, two UV ﬁlters into the
same carrier, in order to provide broader UV spectrum
protection.22 Nanoparticle-based UV-protective coatings still,
however, need to meet the requirements currently faced by
sunscreens. Therefore, there is a need to develop nanoparticles
which can eﬀectively encapsulate multiple UV ﬁlters and
antioxidants all together, regardless of their initial physical
states (liquid/solid), in order to provide broadband UV
spectrum protection and vital photostabilization concerning
protection against ROS. Furthermore, the developed nanoparticles should be biobased for maximum cosmetic appeal and
also suitable for multiple solvent systems. Nanoparticles that
can be dispersed in multiple solvent systems oﬀer versatility for
usage within many diﬀerent sunscreen formulation types (e.g.,
oil, emulsion). SLNs for instance, although biobased, are not
suitable for oil-based formulations as they will simply dissolve.
Herein, we therefore demonstrate the encapsulation of multiple
UV ﬁlters together with an antioxidant into biobased and
environmentally benign nanoparticles designed from ethyl
cellulose (EC). EC is a material with potential for use within
many solvent systems. We show that broadband UV spectrum
protection can be achieved and that the concentration of ROS

n essential issue within consumer products is protection
against ultraviolet (UV) radiation. UV protection within
food and packaging materials is required for retarding chemical
degradation, whereas UV protection within personal care
products (i.e., sunscreens) is imperative for the preservation
of human health as excessive exposure to UV-radiation
accounts for the vast majority of skin cancers.1−3 The main
requirements and challenges in the preparation of UVprotective coatings are (i) to provide broad protection over
the entire UVA/UVB spectrum, and (ii) to maintain photostability after extended periods of irradiation.4−6 Currently,
broad UV spectrum protection is realized via the use of
multiple organic UV ﬁlters (e.g., avobenzone, octinoxate,
oxybenzone, padimate-O, octocrylene) together in sunscreen
formulations where the UV ﬁlters are solubilized via emulsions.
There is, however, considerable concern regarding the
production of carcinogenic reactive oxygen species (ROS) by
organic UV ﬁlters because of photodegradation when exposed
to sunlight.7,8 To address the issue, antioxidants (i.e., αtocopherol) are added to sunscreen formulations in order to
scavenge generated ROS, thus providing photostabilization.9−11
Minimising skin contact with UV ﬁlters is also desirable due to
concern over adverse eﬀects caused by systemic absorption of
UV ﬁlters penetrating the skin.12,13 This has led to interest
involving encapsulation into nanoparticles to reduce their
(photo)-toxicity.14−17 Encapsulation into nanoparticles provides further advantages such as the amount of UV ﬁlter added
to a formulation is no longer limited by its solubility in the
solvent/vehicle,18 photodegradation can be stymied,15 and the
need for unnecessary chemicals (i.e., surfactants, organic
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Figure 1. (a−c) Absorption spectra for a series of ECNPs prepared in which varying amounts of UV ﬁlter (a) octinoxate, (b) oxybenzone, and (c)
avobenzone have been added to the synthesis. The concentration of all aqueous ECNPs dispersions measured here are equal (5.35 × 10−3 g L−1).
“50%” is a weight percentage indicating, for example, 0.5 g of UV ﬁlter was added to 1 g of EC. (d) TEM image of ECNPs with encapsulated
octinoxate. Scale bar 500 nm.

in the synthesis was always kept constant but the amount of UV
ﬁlter was varied. Figure 1 shows three absorption spectra, one
for each UV ﬁlter series, for the resulting aqueous dispersions of
ECNPs. The spectra clearly show the eﬃcient encapsulation of
all UV ﬁlters tested. There is a general trend that the more UV
ﬁlter initially added to the synthesis the more encapsulated,
which is intuitive. However, in the two series involving
encapsulating avobenzone and oxybenzone the maximum
absorbance appears to level oﬀ for the addition of greater
amounts of UV ﬁlter. This leveling oﬀ indicates that the ECNPs
become completely saturated with UV ﬁlter to a point in which
they cannot encapsulate any greater amounts. This result is
consistent with the experimental observation that increasing
amounts of nondispersed aggregates were seen. Transmission
electron microscopy (TEM) imaging (Figure 1d) and dynamic
light scattering (DLS) measurements (Figure S1) indicated no
change in morphology/size of the nanoparticles upon
encapsulation of the UV ﬁlters.
To provide full UV spectrum coverage with the ECNPs, we
prepared ECNPs with multiple UV ﬁlters encapsulated
together. To achieve this, the same antisolvent precipitation
technique used before to encapsulate an individual UV ﬁlter
was implemented. Thus, equal amounts (by weight) of the
three UV ﬁlters (oxybenzone, avobenzone, octinoxate) were
dissolved with EC in ethanol before pouring into water. After
evaporation of the ethanol, an aqueous dispersion of ECNPs
with multiple UV ﬁlters encapsulated was prepared. From the
spectra in Figure 2a, b, it is clear that by encapsulating all three

within the ethyl cellulose nanoparticles (ECNPs) is reduced
upon the encapsulation of an antioxidant. Furthermore,
considering the application of UV-protective coatings we
show the ability to form uniform, transparent, ﬂexible, UV
protective coatings from the ECNPs.
ECNPs, with a desirable size for cosmetic applications (<100
nm) were prepared using a modiﬁed “anti-solvent precipitation” procedure of that from literature.23 This was chosen
primarily for its up-scalable potential. Here, ethyl cellulose was
dissolved in ethanol before being poured into a large volume of
water resulting in spontaneous formation of ECNPs. Removal
of the ethanol (and some water) by rotary evaporation resulted
in a stable aqueous dispersion of ECNPs with an average size of
50 nm and narrow distribution (Figure S1). We then
investigated the encapsulation of three commonplace UV
ﬁlters separately, which together span the entire UVA/UVB
spectrum (oxybenzone, avobenzone, and octinoxate), into
ECNPs. The encapsulation procedure relies on the coprecipitation of the hydrophobic UV ﬁlters together with the EC. To
physically encapsulate UV ﬁlters into ECNPs, the individual
UV ﬁlter was dissolved with the ethyl cellulose in ethanol
before undergoing the antisolvent precipitation to form ECNPs
with encapsulated UV ﬁlter. For each of the three model UV
ﬁlters the encapsulation eﬃciency and the maximum amount of
UV ﬁlter encapsulated into ECNPs were explored. To explore
this, we prepared a series of dispersions for each UV ﬁlter in
which increasing amounts of the UV ﬁlter were added to the
synthesis along with the EC. To clarify, the amount of EC used
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Figure 2. (a, b) Absorption spectra of ECNPs with equivalent amounts (by weight) of encapsulated UV ﬁlters octinoxate, oxybenzone, and
avobenzone, (a) individually and (b) together. (c, d) Absorption spectra of ECNPs containing these three UV ﬁlters and an antioxidant (αtocopherol (λ = 288 nm)) all encapsulated together, (c) in equivalent amounts (by weight) and (d) with more α-tocopherol relative to the UV ﬁlters
(mass ratio 1:1:1:10). Increasing the mass ratio as in (d) accentuates the presence of the α-tocopherol.

UV ﬁlters together the ECNPs provide protection across the
entire UVA/UVB spectrum (λ = 290−380 nm).
To address the issue of large concentrations of ROS
generated by UV ﬁlters when irradiated by sunlight, we
encapsulated an antioxidant along with the UV ﬁlters. We chose
α-tocopherol as the model antioxidant to be encapsulated as a
result of the many independent studies demonstrating the
photostabilizing eﬀect when used in combination with UV
ﬁlters.9,10,24 α-tocopherol has an absorption maximum at λ =
288 nm, which overlaps with that of octinoxate and oxybenzone
but is far less prominent. Despite this, however, its presence can
be seen by these absorption spectra since there is a slight
absorbance increase at λ = 288 nm (Figure 2c), which becomes
more prominent upon the addition of more α-tocopherol
(Figure 2d). We found these ECNPs with encapsulated UV
ﬁlters and antioxidant maintained a high level of stability with
respect to the loss of absorbance as a function of time when
irradiated by artiﬁcial sunlight (Figure S2).
We devised an experiment to test whether the encapsulated
antioxidant reduced the concentration of carcinogenic ROS
within the ECNPs by using the ROS scavenger 9,10diphenylanthracene (DPA). DPA is well-known as a ROS
in particular, singlet oxygen species (1O2)scavenger, used for
the quantiﬁcation of 1O2.25 DPA absorbs UV light whereas its
reaction product with 1O2 (DPA-endoperoxide) does not
(Scheme 1), so monitoring the degradation of the absorbance
of DPA at λmax= 376 nm indirectly provides an indication of the
amount of 1O2 species produced.

Scheme 1. Reaction of Diphenylanthracene (DPA) with a
Singlet Oxygen Species To Form DPA-Endoperoxide

An aqueous dispersion of ECNPs with encapsulated DPA
was irradiated by artiﬁcial sunlight. DPA was found to degrade
signiﬁcantly under UV-light itself. We found that encapsulating
the UV ﬁlter octinoxate−known to produce 1O226 − along with
DPA did result in even greater degradation, although this was a
relatively small increase. We demonstrated that the encapsulation of the antioxidant signiﬁcantly suppresses this degradation (Figure 3a, b), and that a greater amount of encapsulated
antioxidant results in slightly greater suppression (Figure 3c).
Therefore, we demonstrated that the encapsulation of an
antioxidant reduces the concentration of carcinogenic 1O2
within the ECNPs.
Finally, transparent, ﬂexible and uniform UV-protective
coatings were prepared by spin coating a concentrated
dispersion (290 g L−1) of the ECNPs containing encapsulated
UV ﬁlters avobenzone, oxybenzone, and octinoxate in equal
amounts onto plasma-cleaned glass microscope coverslips at
1500 rpm for 1 min (Figure 4a). We found that coating
subsequent layers upon the original layera well-established
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Figure 3. (a, b) Absorption spectra showing the degradation of the absorbance of singlet oxygen (1O2) scavenger DPA encapsulated into ECNPs as a
function of time when irradiated by artiﬁcial sunlight. DPA itself degrades under UV-irradiation to a certain extent but also due to the reaction with
1
O2 to form DPA-endoperoxide (Scheme 1), which unlike DPA does not absorb in the 500−300 nm range. The decrease in absorbance at λ = 376
nm therefore is an indication for the amount of 1O2 in the ECNPs. (a) ECNPs contain DPA and octinoxate only (mass ratio 1:1) and signiﬁcant
degradation at λ= 376 nm is observed. (b) ECNPs contain DPA, octinoxate, and α-tocopherol (mass ratio 1:1:1) and this degradation at λ = 376 nm
is considerably suppressed as a result of the α-tocopherol presence reducing the concentration of 1O2. (c) displays these degradations from a and b as
a percentage as a function of time, as well as cases not shown in which the degradation was monitored for (i) ECNPs with DPA only and (ii) ECNPs
with DPA, octinoxate, and α-tocopherol but with a greater amount of α-tocopherol than in b.

Figure 4. (a) Photo of a coated glass coverslip with a transparent, uniform, UV-protective coating. (b) Absorption spectrum showing the absorbance
exhibited when multiple layers are spin coated. Wavelengths lower than λ = 290 nm are not shown as they are absorbed by the glass coverslip. (c, d)
Three UV-induced (by a λ = 375 nm LED) ﬂuorescent squares in which the middle square has either: (c) a plain glass coverslip or (d) our multiplecoated glass coverslip on top of it. The middle square with the UV-protective coated glass slide (border indicated by the dashed line) appears
considerably darker than that of the plain glass slide because the coating - containing encapsulated UV ﬁlters in the ECNPs−blocks UV-light from
passing through it and stimulating the square to ﬂuoresce. The top and bottom squares are references. (e) Photo of a coated rectangular glass
coverslip with an intact coating upon bending, showing that the coating is ﬂexible.
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technique in spin coatingallowed complete ﬂexibility to tune
the coating UV protection that we desired (Figure 4b). We
observed that the coating remained transparent to visible light
when the glass was coated with multiple layers, but was eﬀective
in blocking out UV light (Figure 4c, d). Furthermore, the
coating is completely ﬂexible (Figure 4e) in contrast with sol−
gel inorganic coatings,21 rendering it attractive for applications
in, for example, UV-protective food packaging materials. By
SEM (scanning electron microscopy) imaging we observed that
a three layer coating was 235 ± 18 nm thick (Figure S3);
therefore, we deduced that each coating layer was 78 ± 6 nm
thick, assuming each layer contributes an equal amount to the
overall coating. Thus, to get a coating that ﬁlters 90% of UVAlight (sun protection factor (SPF) = 10) at, for example, λ =
320 nm (absorbance = 0.68 A.U. for three-layer coating), a
coating thickness of 391 nm is required.
In conclusion, the encapsulation of multiple UV ﬁlters along
with a photostabilizing antioxidant into nanoparticles designed
from ethyl cellulose (ECNPs) was demonstrated. Importantly,
the addition of this antioxidant photostabilizer (α-tocopherol)
showed signiﬁcant reduction of the concentration of carcinogenic ROS within the ECNPs, known to be produced by UV
ﬁlters. These nanoparticle carriers eﬀectively encapsulated all
the UV ﬁlters (oxybenzone, avobenzone, octinoxate) and the
antioxidant tested resulting in ECNPs with complete UVA/
UVB protection and photostabilized UV ﬁlters. Moreover,
considering that these nanoparticles are interesting for the
application of UV-protective coatings, the ability for these
nanoparticles to form transparent, uniform, ﬂexible, UVprotective coatings with tunable thicknesses and SPF were
also demonstrated. As interest for nanoparticle use within
sunscreens grows because of the substantial concerns associated
with UV ﬁlter−skin contact, it must be demonstrated that
suitable options exist that fulﬁll the requirements. Here, we
present a step toward realizing this goal.
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