
toxics

Article

Development, Cytotoxicity and Eye Irritation Profile
of a New Sunscreen Formulation Based on
Benzophenone-3-poly(ε-caprolactone) Nanocapsules

Thallysson Carvalho Barbosa 1,2, Lívia Éven Dias Nascimento 1,2, Cristiane Bani 3,
Taline Almeida 1,2, Marcelo Nery 1, Rafael Silva Santos 1 ,
Luana Renyelle de Oliveira Menezes 1,2, Aleksandra Zielińska 4 , Ana Rita Fernandes 4,
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Abstract: The objective of this work was to characterize the toxicological profile of a newly
developed sunscreen formulation based on polymeric nanocapsules (NCs) loading benzophenone-3
(BZP3). NCs composed of poly(ε-caprolactone) carrot oil and Pluronic® F68 were produced by
emulsification-diffusion method. Their mean particle size (Z-Ave) ranged from 280 to 420 nm,
polydispersity index (PDI) was below 0.37, while zeta potential (ZP) reached about |+11 mV|. No
cytotoxic effects were observed in L929 fibroblast cell line for the blank (i.e., non-loaded) NCs
and BZP3-loaded NCs (BZP3-NCs). The semi-solid sunscreen formulation was stable over time
(centrifugation testing) and exhibited non-Newtonian pseudoplastic behavior, which is typical of
products for topical application onto the skin. The sun protection factor (SPF) value reached 8.84,
when incorporating BZP3-NCs (SPF of 8.64) into the semi-solid formulation. A synergistic effect was
also observed when combining the formulation ingredients of nanocapsules, i.e., SPF of carrot oil
was 6.82, blank NCs was 6.84, and BZP3-loaded NCs was 8.64. From the hen’s egg-chorioallantoic
membrane test (HET-CAM) test, the non-irritation profile of the developed formulations could also
be confirmed. The obtained results show a promising use of poly(ε-caprolactone) nanocapsules to be
loaded with lipophilic sunscreens as benzophenone-3.
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1. Introduction

Sunscreens are commonly applied onto large skin areas to prevent erythema, premature aging,
and skin cancer. A suitable sunscreen formulation should exhibit bioadhesiveness when applied
onto the skin without any toxicological reaction, while creating a protective film on the stratum
corneum for efficacy and durability [1]. Sunscreens usually contain both chemical (e.g., organic) and
physical (e.g., TiO2 and ZnO) filters [2]. Chemical organic filters are classified as UVA (benzophenones,
anthranilates, dibenzoylmethanes, avobenzones, and ecamsule) and UVB (aminobenzoates, such as
para-aminobenzoic acid (PABA) derivatives; salicylates; cinnamates; camphor derivatives; octocrylene;
and ensulizole) blockers [2,3]. To avoid white marks upon application onto the skin surface, chemical
UV filters are preferentially used, also because these are easier to formulate in sunscreens [4].

Among the UV filters, benzophenone-3 (BZP3) is a promising UV-blocking agent, because it can
reflect and absorb a wide spectrum of UV light (200–400 nm) with a maximum absorbance of 288 and
325 nm. BZP3 has been approved by the U.S. Food and Drug Administration (FDA) and is being
usually used in combination with other UV filters [5].

Since UV filters must be kept onto the uppermost skin regions, innovative and more effective
formulations are still needed in order to meet these demands [5–8]. No systemic absorption must be
ensured to limit the risk of toxicity and/or adverse side reactions. UV filters and sunscreens must be
explicitly authorized by the European Parliament and the Council for cosmetic products. As BZP3
was shown to be easily penetrated into the skin causing side effects, such as photoallergies or skin
irritation [9], its use has been questioned by the Scientific Committee on Consumer Safety (‘SCCS’) since
16 December, 2008 [10]. By virtue of Commission Regulation (EU) 2017/238, it has been approved up to
the maximum admissible concentration of 6% (wt/wt) as a UV-filter in cosmetic sunscreen products.
Benzophenone-3 (BZP3) can also be applied up to 0.5% (wt/wt) in all types of cosmetic products for UV
protection, not posing risk to human health (unless allergic and photoallergic reactions are reported).

Conventional oil-in-water emulsions are commonly used in skin formulations for the delivery of
anti-aging actives, as well as in sunscreen formulations [11]. However, due to the risk of penetration of
actives through the skin, dermatitis and other allergic reactions may occur. Furthermore, the degradation
of UV filter and cellular damage have also been reported [4]. With this in mind, nanotechnology is being
singled out as the latest development in technological innovations to achieve this goal. The results
released in the scientific literature demonstrate that nanoformulations can strongly impact on the
action of sunscreens by providing a higher concentration of the UV filter on the stratum corneum and
overcoming the disadvantages of conventional emulsions.

Polymeric nanocapsules (NCs) have been recognized to avoid the risk of photodegradation, as they
reduce the risk of skin absorption of the active ingredient or may even increase the sun protection
due to the occlusive barrier forming on the skin surface [12]. Due to these synergistic effects, higher
effectiveness and higher safety may be achieved with a lower amount of UV filter loading the NCs.
Polymeric NCs have high encapsulation efficiency for lipophilic active ingredients, which, together
with a longer contact time of the formulation with the skin, an enhanced protection effect may be
achieved. The use of NCs in sunscreens was shown to exhibit a lower frequency of allergic reactions
and toxic effects [13–16].

The aim of this study was to develop a sunscreen formulation composed of polymeric NCs loading
benzophenone-3 as a model active ingredient of lipophilic character. The particle size of polymeric
NCs was determined by photon correlation spectroscopy (PCS) and transmission electron microscopy
(TEM) and their cytotoxicity profile was checked against fibroblasts. The polymeric NCs were then
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formulated as a semi-solid sunscreen, for which the sun protection factor (SPF), stability, viscosity,
and compatibility by hen’s egg-chorioallantoic membrane test (HET-CAM) were determined [17].

2. Materials and Methods

2.1. Materials

Tween® 80 and Crodamol® GTCC were provided by Croda (Brazil) and Miglyol® (812 e 840) was
bought from Sasol (Germany). Pluronic® F68 was purchased from Sigma-Aldrich (Sintra, Portugal).
Poly(ε-caprolactone) was a gift from Purac (Gorinchem, The Netherlands). The oils of natural
origin were purchased from Henrifarma (São Paulo, Brazil). L929 fibroblast cell line was obtained
from a cell bank in Rio de Janeiro (BCRJ) (Rio de Janeiro, RJ, Brazil). Consumables for cell culture
assays were purchased from Gibco (Alfagene, Invitrogene, Portugal). Dimethyl sulfoxide, ethanol,
glycerine, triethanolamine, and methyl-thiazolyl diphenyl-tetrazolium bromide (MTT) were bought
from Sigma-Aldrich (Sintra, Portugal). Ammonium acryloyldimethyltaurate/vinylpyrrolidone (VP)
copolymer (Aristoflex®AVC) was obtained from UPI Chem (Somerset NJ, USA). Crodamol SG® was
obtained from Croda (East Yorkshire, UK). Ultra-purified water was obtained from MiliQ®Plus system
(Millipore, Germany).

2.2. Production and Characterization of Polymeric Nanocapsules

2.2.1. Production of Polymeric Nanocapsules

NCs were produced by emulsification-diffusion method [14] and selected for their high
reproducibility for the synthesis of polymeric nanoparticles with limited use of toxic organic solvent [18].
In this case, the organic phase was composed of poly(ε-caprolactone), oil, and acetone. The water
phase consisted of an aqueous solution of Pluronic®F68. Both the phases were separately heated
until 40 ◦C was reached, under magnetic stirring (KASVI-K40-1820H, Brazil). Then, the organic phase
was slowly added to the water phase using a syringe to produce an emulsion which was kept under
stirring for 24 h. For the loading of the NCs with the active ingredient, BZP3 was added to the organic
phase prior to emulsification. The composition of polymeric NCs is shown in Table 1.

Table 1. Composition of polymeric nanocapsules (NCs).

Formulation F1 *
[wt.%]

F2 **
[wt.%]

Organic Phase
Poly(ε-caprolactone) 0.017 0.017

Carrot oil 0.005 0.005
Benzophenone-3 0.0005 -

Acetone 10 10

Aqueous phase
Pluronic® F68 0.02 0.02

Distilled water (q.s.) 20 mL 20 mL

* F1—Formulation no. 1 containing BZP3; ** F2—Formulation no. 2 without BZP3.

2.2.2. Photon Correlation Spectroscopy

The obtained NCs were characterized by photon correlation spectroscopy (Malvern Zetasizer,
Nano ZS; Malvern Instruments, Worcestershire, UK) in order to assess mean particle size (Z-Ave),
polydispersity index (PDI), and zeta potential (ZP). NCs were dispersed with ultra-purified water
prior to the analysis of Z-Ave and PI at a fixed angle of 173◦ and a temperature of 25 ◦C. The zeta
potential (ZP) was measured by laser Doppler anemometry at 25 ◦C in purified water adjusting
conductivity (50 µS/cm) with a solution of 0.9% (m/V) NaCl. Each recorded value is the average of
three measurements (mean ± SD).
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2.2.3. Cytotoxicity

Cell viability was tested against a L929 fibroblast cell line using the colorimetric
methyl-thiazolyl-tetrazolium (MTT) assay for the assessment of cell metabolic activity. Cells
were cultured in RPMI containing 10% fetal bovine serum with 50 IU/mL penicillin and 50µg/mL
streptomycin in a 5% CO2 atmosphere (37 ◦C). NCs in the concentration of 30 µg/mL were seeded
in 96-well culture plates (2 x 104 cells/well). A solution of MTT was placed in contact with the cells,
which were incubated at 37 ◦C for 3 h. After removal of the MTT, dimethyl sulfoxide was placed for
solubilization of the tetrazole salt crystals and then optical density reading was performed by the
automated plate reader at the wavelength of 570 nm. The tests were conducted in quadruplicate and
then normalized. Statistical data analyses were performed recording the mean ± standard error of the
mean (SEM) and using one-way analysis of variance (ANOVA) followed by Tukey post-test. Graph
Pad Prism software (version 5.0) was used. P values <0.05 were considered statistically significant.

2.2.4. Transmission Electron Microscopy

Morphology of the obtained NCs was observed in a transmission electron microscope (TEM-MSC
JEOL 210, USA), operating at 200 kV acceleration. In this case, samples were directly dripped onto the
carbon-covered copper grid.

2.3. Production and Characterization of the Semi-Solid Sunscreen

2.3.1. Production of the Semi-Solid Sunscreen

The semi-solid sunscreen formulation was produced by adding 1.0% (wt/v) of Aristoflex® AVC in
the aqueous dispersion of NCs keeping it at rest at 24 h. After that, 2.5% (wt/v) of Crodamol SG®, 5%
(wt/v) of glycerine, 5% (wt/v) of Tween® 80, and 10% (v/v) of ethanol were sequentially added under
mechanical stirring (Fisatom 713D, Brazil) until reaching the desired consistency. Finally, the pH was
corrected to 7.4 with triethanolamine.

2.3.2. Viscosity Analysis

The viscosity was determined by using Viscometer Fungilab (Visco Start-R Brazil). The spindle
R4 was put into the semi-solid sunscreen in order to avoid the formation of air bubbles in contact with
the surface of the sample. The assay was performed at shear rates ranging from 1 to 100 rpm at room
temperature. The viscosity analysis for semi-solid formulations were performed in triplicate.

2.3.3. Stability Tests

Macroscopic analysis was performed to visually inspect the semi-solid sunscreen for its color,
homogeneity, and consistency for a period of 2 months. Then, 2 g of the semi-solid formulation was
added in a tube to perform the centrifugation test. The semi-solid sunscreen was submitted to a
cycle of 3000 rpm for 30 min at room temperature using a centrifugal Daiki (DTC-16000-BI, Brazil).
The semi-solid sunscreen was submitted to freeze and thaw cycles. The stability test including 2 cycles
was performed for a period of 7 days. In each cycle, the sample remained at a particular temperature
for a period of 24 h at different temperature conditions, namely, −5 ± 2 ◦C, 40 ± 2 ◦C and −55 ± 2 ◦C.
Finally, pH of the formulations was evaluated 7 days after production.

2.3.4. Sun Protection Factor (SPF)

The SPF was determined according to the method described by Santos et al., [19]. This method is
simple, fast, and easy. The absorbance of the samples was measured in the UV-B wavelength range
(290–320 nm), with increments of 5 nm and three determinations were made at each point. The SPF
was calculated applying the Mansur equation:
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SPF “spectrophotommetric” = CF × ΣEE (λ) × I (λ) × Abs (λ) (1)

where EE(l)—erythemal effect spectrum, I(l)—solar intensity spectrum, Abs(l)—absorbance of sunscreen
product, and CF—correction factor (= 10). The values of EE x I are constants.

2.3.5. In Vitro Hen’s Egg Test on the Chorioallantoic Membrane (HET-CAM)

The methodology was done as previously reported [20–22]. The eggs were incubated for 10 days
38 ± 0.5 ◦C. The membrane was then carefully removed using fine-tipped forceps and the CAM
was exposed. The formulations were added on embryonated hen´s egg membrane, and their effects
were studied for 300 s. As a positive control (for vascular hemorrhage and lysis), 300 µL of sodium
hydroxide solution (0.1 M) was applied, while 300 µL of NaCl solution (0.9 wt%) was applied as a
negative control. Then, a volume of 300 µL of the semi-solid formulations diluted in distilled water
was applied to the CAM of the eggs. The assay was performed in triplicate. It was monitored for any
event (hemorrhage, lysis, and coagulation) for 300 s and the time of onset of these three events was
recorded. The standard irritation scores were calculated as follows:

300 [IS] = 5 [301 − H] + 7 [301 − L] + 9 [301 − C] (2)

where IS—irritation score, H—start time in seconds for the onset of bleeding, L—start time in seconds
to start lysis, and C—start time in seconds for coagulation to start. The tested materials were classified
according to the irritability score: 0 to 0.9 = non-irritant, 1 to 4.9 = slightly irritant, 5 to 8.9 = moderately
irritant, and 9 to 21 = strongly irritating.

2.3.6. Morphological Analysis

The images of the semi-solid sunscreen were captured from the blades using an Olympus C-7070
video camera and an Olympus CX31 microscope [5].

3. Results and Discussion

The mean particle size of the developed non-loaded and BZP3-loaded poly(ε-caprolactone) NCs
was recorded within the nanometer range (Table 2), with a slightly higher increase in size and PDI
when loading the active ingredient (287.43 ± 13.60 nm versus 418.60 ± 56.28 nm). Monomodal size
distribution reflects a homogeneous population of particles and higher long-term stability. For both
the formulations, the PDI was recorded below 0.4, and the particles also showed no tendency for
aggregation over time. In a sunscreen formulation, it is desirable that particles cover the stratum
corneum providing occlusive effect onto the skin, without penetration into deeper layers. It is
also known that the physicochemical properties of NCs, in particular their size, may influence skin
penetration [23]; the higher the size, the lower the capacity for skin penetration. Smaller sized particles
may enter the stratum corneum via hair follicles. De Brum et al. have shown that nanoparticles
around 200 nm could reach the dermis [23]. Our results do not compromise the feasibility of aqueous
dispersions for topical application as a sunscreen formulation.

Table 2. The values of Z-Ave, PDI and ZP for polymeric nanocapsules.

Formulation Z-Ave
[nm] ± SD

PDI
[−]± SD

ZP
[mV] ± SD

NCs-BZP3 418.60 ± 56.28 0.366 ± 0.062 +11.30 ± 0.79
NCs 287.43 ± 13.60 0.189 ± 0.079 +6.11 ± 0.87

The zeta potential (ZP) is an important parameter to estimate long-term stability and it helps to
predict the risk of aggregation of nanoparticles. The recorded values of ZP were +11.30 ± 0.79 mV
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and +6.11 ± 0.87 mV for non-loaded and BZP3-loaded NCs, respectively. The positive values are
attributed to the positively-charged poly(ε-caprolactone). Additionally, Pluronic® F68 has been used as
a non-ionic surfactant to improve steric stabilization, thereby avoiding agglomeration. The non-ionic
block co-polymer contributed for the decrease of zeta potential. In the next step, the nanocapsule was
incorporated in a hydrogel also favoring stability.

For the assessment of the safety profile of sunscreen formulations, and to limit the need for animal
experiments, cytotoxicity testing in fibroblast cell lines is a viable approach [24]. Utsunomiya et al.
have recently reported that benzophenone-3 exhibits toxic effects in systemic use [25], which can be
attributed to oxidative stress with an increase in intracellular Zn2+ levels. However, BZP3 is approved
by FDA and Agência Nacional de Vigilância Sanitária (ANVISA) and there are commercially available
formulations for its use as sunscreen.

Using the MTT assay, our non-loaded (blank) and BZP3-loaded NCs did not exhibit metabolic
changes in the cell culture, nor cell death (Figure 1). Cell viability above 70 wt% were recorded
(91.12 wt% for non-loaded and 89.45 wt% for BZP3-loaded NCs), which demonstrated the NCs to
be non-cytotoxic [26–28]. No statistical difference was observed using the ANOVA test. The MTT
reduction assay is widely used and was the first developed cell viability assay. Viable cells with active
metabolism convert MTT reagent into a purple-stained product, while dead cells are not capable of
such reaction. The mechanism behind it involves reactions with reducing molecules such as NADH
that transfer electrons to MTT. The released purple-colored compound is an insoluble intracellular
precipitate that accumulates near the cell wall. In this work, we did not observe any difference among
samples; however, the sample may accumulate in the wall or the cell with the MTT. No cytotoxicity was
observed in this assay, but more details may be obtained with complementary in vitro cell techniques.
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Figure 1. Cell viability of L929 fibroblast cell line treated with blank NCs and BZP3-NCs. Cytotoxicity at
concentrations ranging from 10–150 µg/mL. Results are expressed as the mean ± standard deviation (n = 4).

The results obtained by photon correlation spectroscopy were confirmed by morphological
analysis of particles by TEM. Blank NCs (Figure 2a) and BZP3-loaded NCs (Figure 2b) ranged in size
between 200–500 nm, exhibiting a spherical shape.

The production of a semi-solid formulation containing BZP3-NCs was successfully achieved.
The developed semi-solid sunscreen was of white and homogeneous appearance, with a good
spreadability. Its effectiveness as sunscreen was calculated as a measure of the SPF, which was
determined in comparison to carrot oil and to the developed aqueous dispersions of NCs (blank NCs
and BZP3-NCs) (Table 3).
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Table 3. Sun protection factor (SPF) of carrot oil, blank NCs, BZP3-NCs, and semi-solid sunscreen.
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Figure 2. TEM images of (a) blank NCs and (b) BZP3-NCs.

Carrot oil has been used as the inner core of nanocapsules to solubilize benzophenone-3 and
has been demonstrated to have some sun protection effect on its own. The oil has been recently
formulated as oil-based cosmetic emulsions, for which the authors have recorded a SPF value of
6.92 [29]. Nanocapsules alone also demonstrated capacity to absorb UV light, while a synergistic effect
could be shown when combining all three ingredients i.e., the oil, NCs, and the active ingredient (BZP-3).
SPF of BZP3 is nevertheless dependent on its concentration in the formulation [12]. The incorporation
of BZP3-NCs into the semi-solid formulation slightly increased the SPF values from 8.64 to 8.84.

The developed semi-solid sunscreen showed a decrease in viscosity with increasing shear
velocity (Figure 3), a behavior that is typical of non-Newtonian pseudoplastic formulations commonly
used in topical applications. These formulations are characterized by their return to the initial
viscosity, when tension (shear velocity) is reduced or interrupted. The topical administration of NCs
incorporated in a semi-solid formulation combines the advantage of prolonging the residence time of
BZP3 onto the skin and offering an opportunity for the sustained release of the active. The developed
semi-solid sunscreen has additional attributes such as improved spreadability and greater uniformity
of nanoparticle distribution when applied onto to the skin.

The semi-solid sunscreen was submitted to the centrifugation test for the assessment of its stability,
wherein it showed no risk of phase separation over time. No precipitation was visible over a period
of 7 days. The recorded pH values at time zero and after 7 days slightly decreased from 7.0 to 6.8,
respectively, which again confirm the feasibility for topical application as skin is characterized by a
acid mantle of pH 4–6 [30].

The HET-CAM test is widely used to evaluate the potential eye irritation of raw materials [20–22].
This method consists of the evaluation of irritation potential by the application of the product onto
the chorion-allantoic membrane (CAM) of chicken eggs, and determining hyperemia, hemorrhage,
and coagulation/opacity on the 10th day of incubation.

Eyelids are a sensitive region commonly in contact with cosmetic sunscreens, and it is many times
neglected in the irritation studies of sunscreens. Together with the fact that BZP3 is aggressive to
skin and eye, we have carried out the ocular irritation study of our BZP3-loaded NCs in a HET-CAM
assay. HET-CAM is an easy-to-use and highly sensitive in vitro method for predicting the ocular
irritation effect of cosmetic products. HET-CAM is a reliable screening assay for the non-irritating
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potential of colloidal systems such as nanoparticles. The positive control sample of 0.1 M of NaOH is
considered a strong irritant, while the negative 0.9 wt% of NaCl shows no irritation [21,31]. Based
on the irritation scores of the control formulations, the analyzed formulations were classified as
non-irritating ingredients, since no vascular events were observed during the 300 s (Figure 4).

Both the semi-solid formulations, containing blank NCs (without benzophenone-3) in Figure 5A
and containing the benzophenone-3-loaded NCs (BZP3-NCs) in Figure 5B were analyzed by optical
microscopy to confirm that NCs remained individualized within the semi-solid network (Figure 5).
Uniformily distributed spherical shaped nanocapsules of approximately 3 µm were clearly visible in
both the cases.
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The results reported in this work show that benzophenone-3 was easily formulated in carrot oil
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