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ABSTRACT

Exposure of the skin to ultraviolet (UV) radiation is associated with many pathological conditions such as pre-
mature aging and skin cancer. Furthermore, members of Nicotinamide Adenine Dinucleotide Phosphate-oxidase
(NADPH oxidase or NOX) enzyme family can produce UV-induced reactive oxygen species (ROS), even after
cessation of radiation exposure. The caffeic acid-phthalimide (CF) compound is a potent antioxidant, which
reduces the generation of ROS. However, its high lipophilicity may hamper its permeation through the skin. Solid
lipid nanoparticles (SLNs) can ensure close contact and increase the amount of drug absorbed into the skin. The
present work aims to develop and optimize SLNs containing CF to achieve enhanced skin photoprotection along
with antioxidant and anti-aging effects. SLNs were prepared by the hot homogenization method using Compritol
888 ATO as lipid matrix, and Tween 80 and Pluronic® F-127 as surfactants to stabilize the nanoparticle
dispersion. The particles had high stability for at least 30 days. Physicochemical characterizations of the selected
SLNs formulations showed sizes in the range 150-180 nm, polydispersity index (PDI) of 0.2, and a negative zeta
potential (=2 —25 mV). The SLNs had high CF entrapment efficiency (96-97 %) and showed a controlled drug-
release profile. The in vitro study revealed low cytotoxic properties of CF-loaded SLNs towards fibroblasts and a
photoprotective effect, reflected from the increased viability of UVB-irradiated fibroblasts treated with CF-SLNs.
Moreover, the CF-SLNs induced fibroblast migration and closure, showing that these nanosystems offer not only
biological photoprotection, but also stimulate wound healing.

1. Introduction

Excessive exposure to ultraviolet (UV) B (290-320 nm) is associated
with various skin issues, including premature skin aging and skin cancer,
primarily due to the generation of reactive oxygen species (ROS). These
ROS not only damage macromolecules like DNA, proteins, and lipids,
but also trigger specific signaling pathways that lead to alterations in
gene expression (Avadhani et al., 2017). Moreover, UVB induces the
activation of ROS-producing NADPH oxidases, which continue to pro-
duce the superoxide anion (0%) even after radiation exposure ceases
(Trautinger et al., 2001; Fu et al., 2014; da Silva et al., 2021).

Broad-spectrum organic and inorganic sunscreens are widely used to
mitigate the harmful effects of both UVB and UVA (320-400 nm)

* Corresponding authors.

sunlight radiation (Schneider et al., 2019). However, inorganic mole-
cules such as titanium dioxide and zinc oxide have been associated with
skin irritation and photosensitivity, which limits their use (maximum of
25 wt% in sunscreens as mentioned in Bocca et al., 2018; Bordes et al.,
2021). This has led to growing interest in biobased organic molecules for
photoprotection due to their better tolerability and reduced environ-
mental impact (Ganesan et al., 2016; Petrovic et al., 2023). Naturally
occurring polyphenolic acids and their derivatives represent a promising
alternative to synthetic sunscreens (Lee et al., 2024). These molecules
act as antioxidants by scavenging free radicals and inhibiting the activity
and expression of enzymes like NADPH oxidases that generate ROS (dos
Santos et al., 2021).

However, phenolic compounds, such as caffeic acid and derivatives,
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Fig. 1. Caffeic acid-phthalimide derivative compound (CF).

are known to be poorly soluble in biological fluids and sensititive to
oxidative degradation when exposed to air and light, which can signif-
icantly reduce their effectiveness (Figueroa-Robles et al., 2021; Hallan
et al., 2021). Therefore, appropriate carriers are required in order to
improve their bioavailability, protect them from degradation and ensure
the maintenance of their antioxidative power. In that prospect, nano-
carrier systems based on natural lipids have attracted significant interest
because of their biocompatibility, ability to encapsulate lipophilic
molecules, and straightforward production methods that eliminate the
need for organic solvents (Mehta et al., 2023; Esposito et al., 2019).
Furthermore, lipid-based nanosystems are well-suited for skin applica-
tions because their matrix has a strong affinity for the intercellular lipids
of the stratum corneum (Esposito et al., 2019). In particular, solid lipid
nanoparticles (SLNs) are interesting candidates not only because they
were recently used for the oral and topical delivery of phenolic com-
pounds and were shown to offer protection against chemical degrada-
tion (Munin et al., 2011; Borges et al., 2020), but also since SLNs can act
as physical UV blockers potentialy yielding synergistic protective effect
when combined with photoprotective agents (Souto et al., 2020; Netto
et al., 2018).

In this context, the present work aims at designing SLNs containing
caffeic acid-phthalimide (CF - see formula in Fig. 1) to achieve enhanced
skin photoprotection. As reported recently, CF is a potent ROS scavenger
and NOX inhibitor (dos Santos et al., 2021). Its ROS scavenging abilities
were found slightly lower than those of caffeic acid, but it showed much
better capacities as NOX2 inhibitor. To the best of our knowledge, this
study reports for the first time the development of an encapsulation
strategy for this new antioxidant agent. We systematically investigated
formulation parameters that influence the physicochemical character-
istics of SLNs, and subsequently evaluated the stability, release profiles
of the optimized CF-loaded SLNs, as well as their cytotoxicity and
photoprotective properties on fibroblasts.

2. Materials and methods
2.1. Materials

Compritol 888 ATO was kindly provided by Gattefossé (Saint-Priest,
France). Precirol ATO 5 was kindly supplied by Gattefossé (Leon,
France). Tween 80 (Polysorbate 80) and Pluronic® F-127 were pur-

chased from Sigma-Aldrich GmbH Merck (Germany). The main char-
acteristics of solid lipids and surfactants used as excipients for SLN

Table 1
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development are shown in Table 1. Caffeic acid-phthalimide (370.1 g/
mol; RMN spectra are available in SI, Fig. S1) was synthesized by Prof.
Valdecir F. Ximenes (Universidade Estadual Paulista UNESP- Bauru)
(dos Santos et al., 2021). Water used in all the experiments was purified
by using an Elga Purelab purification system, with a resistivity of 18.2
MQ cm. Amicon® centrifugal filters (ultracel-10 kDa) and dialysis
membranes (MWCO 6-8 kDa) were purchased from Sigma-Aldrich
GmbH Merck.

2.2. Solubility studies for lipid selection

The solubility of CF in different solid lipids was determined by lipid
solubility studies (Shah et al., 2007). A fixed amount of drug (10 mg)
was weighed accurately and added to 50 mg of lipid melts, namely,
Compritol 888 ATO and Precirol ATO 5. The mixtures were maintained
under continuous stirring and heated at 10 degrees above the lipid
melting point (~70 °C and ~55 °C for Compritol and Precirol, respec-
tively, as reported by Hamdani et al., 2003). The amount of lipid melt
was increased by incremental additions of 50 mg until complete solu-
bilization of CF. The formation of a translucent, and homogeneous light
brown solution was the endpoint of the solubility study. To verify the
stability of CF at elevated temperatures (60-75 °C), UV-Vis absorbance
spectra of CF solutions were measured at various temperatures,
revealing no significant effects (see Fig. S2).

2.3. Formulation procedure

SLN samples were prepared by the hot homogenization method as
previously described (Muller et al.., 2004; Manjunath et al., 2005) using
a total mass of 4 g for each sample (corresponding to an approximate
volume of 4 mL). In a typical preparation protocol, the lipid phase,
Compritol 888 ATO and surfactants (Tween 80 or/and Pluronic® F-127)
were heated (75 °C) and kept under stirring (magnetic stirrer, 600 rpm,
10-20 min). In the case of CF-loaded samples, caffeic acid-phthalimide
was mixed with the lipid phase and kept at a temperature above the solid
lipid melting point (75 °C). The hot aqueous phase (ultrapure water) was
then added to the melted lipid phase to form a premix. The premix was
then subjected to emulsification at 19,000 rpm for 3 min using a T 10
digital Ultra-Turrax® (IKA Works, Inc.). The mixture was further ultra-
sonicated using a sonicator probe (2 mm diameter; Vibra CellTM, Sonics
& Materials Inc., USA), with an amplitude of 70 % for 3 min, at 75 °C.
The temperature during the entire process was maintained at 75 °C £+
2 °C. The resulting emulsion was then cooled to room temperature. In
the present study, the standard parameters for the preparation of the
SLN dispersion were optimized by studying the effect of the emulsifi-
cation process as well as the influence of the surfactant type and con-
centration on the mean particle size and dispersity (see section 3.1).

2.4. Determination of particle size and polydispersity index

The particle size and polydispersity index (PDI) were measured by
dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS

Characteristics of solid lipids and surfactants used as excipients for SLNs development.

Trademark Name EP Name/USP Name

Chemical Description

Melting Point

(oC)
Compritol 888 Glycerol dibehenate/Glyceryl Mono-, di-, and triesters of behenic acid (Cz2), the diester fraction being predominant 65-77
ATO dibehenate
Precirol ATO 5 Glycerol distearate (type Esters of palmitic (Cy¢) and stearic (Cyg) acids, the diester fraction 50-60
I)/Glyceryl distearate
Tween 80 Polysorbate 80/Polysorbate Partial esters of oleic acid with sorbitol and its anhydrides ethoxylated with ethylene oxide -25
80 (1:20)
Pluronic® 2-[2-(2-hydroxyethoxy)propoxy] Poly(oxyethylene)-poly(oxypropylene) triblock copolymer 52-57

F-127 ethanol
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(Malvern Instruments, UK) at 25 °C. The instrument contains a 4mW He-
Ne laser operating at a wavelength of 633 nm. Shortly before each
measurement, the nanoparticle dispersions were appropriately diluted
(1:1000) with ultrapure water to avoid multiple scattering and shaken
manually for a few seconds. During the light scattering experiments, the
intensity of the scattered light was recorded at an angle of 173°. The
correlation function obtained from the measurement was then analysed
with a cumulant fit (i.e. fitting the correlation function with a third order
polynomial equation as explained in Koppel, 1972) to extract the
average hydrodynamic diameter (referred to as “particle diameter” in
this manuscript) and PDIL

2.5. Stability assessement

The stability of the SLN formulations was evaluated at room tem-
perature (RT, 25 £+ 2 °C) over 30 days. Briefly, all the samples were
protected from light and stored in glass vials, analyzed in triplicate and
the values of particle diameter and PDI were recorded at different time
points (0, 13, 20 and 30 days).

2.6. Transmission electron microscopy

The morphology of CF-SLNs was investigated by transmission elec-
tron microscopy (TEM) after negative staining as commonly performed
on lipid-based nanoparticles (Dora et al., 2012; Benizri et al., 2018).
Briefly, one drop of diluted sample (1:50) was placed on a carbon-coated
copper grid. After blotting excess liquid, the grid was then stained with a
2 wt% uranyl acetate aqueous solution and allowed to dry in air. The
TEM observations were performed using a JEM-2100 Plus (JEOL Japan)
operated at 200 kV. The images were recorded on a RI0O16 CMOS
camera (AMETEK, U.S.A.). Analysis of the SLN diameter was done with
the software ImageJ. A minimum of 150 measurements per image were
performed.

2.7. Release of CF from SLNs

2.7.1. Determination of encapsulation efficiency (EE)

EE (%) values were expressed as the percentage of the entrapped
drug compared to the initially added drug. The encapsulation efficiency
was herein determined by evaluating the un-encapsulated drug. To
achieve this, the CF-loaded SLN (CF-SLNs) formulations were diluted at
a ratio of 1:20 in ultrapure water. This dilution was performed to pre-
vent drug crystal deposition on the SLN surface, which could result in
inaccurately high EE measurements (Silva et al., 2012). This solution
was then centrifuged (9000 rpm for 45 min, 4 °C) in an Amicon® cen-
trifugal filter unit (Ultracel-10 K). By this technique, un-encaspulated
drug was recovered in the bottom chamber of the unit (Shah et al.,
2014; Sharma et al., 2022). The drug concentration in the bottom
chamber was determined by UV/visible spectrophotometry (Bio-Tek®,
Power Wave XS) (Amax = 330 nm) using a calibration curve in the range
of 10-100 pg/mL with 2 = 0.9998 (see SI, Fig. S3). EE(%) was calcu-
lated mathematically according to the following equation:

EE (0/0): [(Winiﬁaldrug - Wfreednlg )/ M’inin’aldrug} x 100

where Wipjtialdrug is the mass of drug initially used and Weeedrug is the
mass of released drug detected in the lower chamber of the Amicon®
filter unit after centrifugation of the SLN formulations.

The drug loading (DL) and the encapsulation capacity (EC) were also
calculated from Wipjtialdrug and Wreedrug using the following equations:

DL(O/O): [(Wmitialdrug - Wfreedrug)/WSLN] x 100
EC(%)= [(Winisiatdrug — Wireedrug) / Wipia] x 100

where Wsy is the total mass of SLN in the system and Wj;q is the total
mass of lipid (i.e. Compritol).
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2.7.2. Invitro CF release

Cumulative in vitro release of CF was carried out by dialysis. For that
purpose, 8 mL of the CF-SLNs formulation were placed into a dialysis
bag (MWCO 6-8 kDa). The bag was incubated at room temperature in
110 mL of release medium (0.5 % w/v Tween 80 in ultrapure water, pH
~ 6), (Nazemiyeh et al., 2016). During dialysis, the medium was
continuously stirred at 100 rpm with a magnetic stirrer. Samples (2 mL)
were collected at specific time intervals (0, 48, 96, 144, 192 and 288 h
(=12 days)) and replaced immediately with the same volume of fresh
release medium. The concentration of drug released in each collected
aliquots was evaluated by measuring its absorbance at 330 nm (Bio-
Tek®, Power Wave XS) and comparing it to the calibration curve (see SI,
Fig. S3).

The cumulative pourcentage release (%) was calculated as follows:

Volume of sample withdrawn (mL)
Bathvolume (V)

xP(t—1)+P(t)

Cumulative percentagerelease (%) =

where P(t) is the percentage of drug released at time t and P(t-1) is the
percentage of drug released at time t-1.

2.8. Cell culture and viability study

The experiments were performed with fibroblast L929 cells (clone
NCTC 929, L CELL, L-929; ATCC® CCL1™, Manassas, USA;), provided
by Dr. Maria José Vieira Fonseca (Faculty of Pharmaceutical Sciences of
Ribeirao Preto, University of Sao Paulo, Ribeirao Preto, Brazil). Murine
fibroblast cells were maintained and cultured in DMEM (DMEM, Life
Technologies/Gibco Laboratories, Grand Island, NY, USA) supple-
mented with 2 mM L-glutamine, 10 % (v/v) fetal bovine serum (FBS, Life
Technologies/Gibco Laboratories, Grand Island, NY, USA), penicillin
(50 U/mL) and streptomycin (50 pg/mL) at 37 °C in a 5 % CO; atmo-
sphere. Depending on the experiment, cells were seeded in 96-well
plates (2.5-10° cells/mL) or 24-well plates (2.5-10° cells/mL) and
maintained in the tissue culture incubator for 24 h to allow monolayer
formation.

Cell viability was determined by neutral red assay (3-amino-7-
dimethylamino-2-methylphenazine hydrochloride; Inlab®, Sao Paulo,
SP, BR), a cationic dye that stains lysosomes of viable cells (Borenfreund
et al., 1985). Cell vability was first evaluated in the absence of UV. For
that, L929 fibroblasts in 96-well plates were treated for 24 h with 100 pL
SLNs (50 pg/mL) or CF-laden SLNs (0.5-25 pg/mL). Additionally, cell
viability was determined after UVB irradiation. In 24-well plates, L929
fibroblasts were treated with 500 uL of CF-SLN (0.5 to 2.5 pg/mL) for 24
h. Subsequently, they were exposed to UVB irradiation (UVB lamp:
TL40W/12RS; Philips; peak intensity of 312 nm) applied at an intensity
of 600 mJ/cm? (de Oliveira et al., 2018) monitored using a UV spectra
radiometer (VLX-3 W, Vilber Lourmat) and finally incubated for another
24 h. Subsequently, neutral red (40 pg/mL) was added for a period of 3
h. Cells were then fixed with an aqueous solution of formaldehyde (2 %
v/v) and calcium chloride (1 % w/v). Immediately following fixation, a
solution of acetic acid (1 % v/v) and ethanol (50 % v/v) was added to
extract the dye. The readings were taken on a spectrophotometer (Bio-
Tek®, Power Wave XS) at 540 nm.

2.9. Cell migration

The stimulatory effect of CF-SLNs on the migration of L929 cells was
determined as described by Balekar et al., 2012 with some modifica-
tions. When the cell monolayer is streaked, it responds to the interrup-
tion of cell-cell contacts by increasing the concentration of growth
factors and cytokines at the edge of the wound, thus initiating the
migration of different types of cells, such as fibroblasts (Liang et al.,
2007). To perform this assay, L-929 cells were plated (2.5-10° cells/mL)
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in 24-well plates and kept= at 37 °C for 24 h. The next day, cells were
incubated with DMEM supplemented with 0.5 % FBS for 6 h. The cell
monolayer was wounded in the center of the well with a sterile 20 uL
pipette tip, washed with PBS and treated with CF-SLN in supplemented
DMEM (0.5 % FBS) at concentrations of 1 and 2.5 pg/mL. Wound
healing was observed at times of 0, 24 and 48 h on an inverted phase
contrast microscope (Olympus CKX41; 5X magnification). To quantify
the open area of the wound, the ImageJ software was used, and the
percentage of open wound area was calculated in comparison with the
initial wound (at t = Oh).

2.10. Statistical analysis

Statistical analyzes were performed using GraphPad Prism software
v. 5.00 (San Diego, CA, USA). Tables and graphs show the mean +
standard deviation of at least three independent experiments. Data were
analyzed using the ANOVA test (one-way or two-way), followed by
Tukey post-test, considering p < 0.05 as statistically significant.

3. Results
3.1. Design and optimization of solid lipid nanoparticles

3.1.1. Selection of solid lipid

In order to select the appropriate lipid for the formulation of CF-
loaded SLNs, the solubility of CF was tested in two lipids commonly
used for SLN formulations, Precirol ATO 5 and Compritol ATO 888. This
was done by evaluating the minimum amount of lipid necessary to
solubilize 10 mg of CF (see Material and Method section for details). An
amount of 200 mg of Compritol was found to be sufficient to solubilize
CF, whereas 250 mg of Precirol were required. As CF exhibits a higher
solubility in Compritol, this lipid was selected for the preparation of
SLNs.

3.1.2. Optimization of the SLN preparation method

In this part, the influence of the preparation method on the charac-
teristics of the SLNs was assessed. To this end, a model formulation of
SLN [4.72-10"2 mol/L (5 wt%) of Compritol and 7.63-10"> mol/L (1 wt%)
of Tween 80 in ultrapure water] was first subjected to 3 different
emulsification processes: (i) a single homogenization step with ultra-
turrax (19 000 rpm, 3 min, at room temperature), (ii) a single sonicat-
ion step (70 % of amplitude, 3 min, at 75 °C) and (iii) a combination of
both. It can be noted that Tween 80 was chosen as the primary surfactant
in this study because it is commonly used in the formulation of SLNs

A

1500
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= 3 Sonicator
;..:1000_ XX Combination of both
<
g
=
=
~ 500
=
-
-9

04

(i) (i'i) (ii'i)
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(Makoni et al., 2019; Badawi et al., 2020). Fig. 2-A shows the diameters,
measured by DLS, of the SLNs obtained by the different emulsification
methods. These results indicate that the lower particle diameter (=~ 290
nm) is obtained by a combination of homogenization and sonication. To
further optimize the preparation method, the impact of the sonication
time on the SLN size was studied. For that, SLNs [4.72-10'2 mol/L (5 wt
%) of Compritol and 7.63-10"3 mol/L (1 wt%) of Tween in ultrapure
water] were prepared by a homogenization step with ultra-turrax
(19,000 rpm, 3 min, at room temperature, RT), followed by a sonicat-
ion step (70 % of amplitude, at 75 °C) of different durations (3, 5 and 7
min). Fig. 2 B displays the particle size and PDI of the resulting SLNs as
characterized by DLS. This shows that the SLN characteristics are very
similar in the three different samples. The diameters are between 279
and 290 nm and the PDI varies from 0.286 to 0.300, a variation that is
below the recorded standard deviation. Hence, the duration of the
sonication step does not seem to have an important impact on the SLNs
features. Accordingly, a sonication step of 3 min was used to prepare
SLNs for the rest of this study.

3.1.3. Optimization of the surfactant concentration

In an attempt to obtain smaller and more monodisperse particles,
which are more likely to remain stable for long storage times, we then
investigated the effect of the concentration of surfactant on the SLNs
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Fig. 3. Particle diameter and polydispersity index of SLN formulations con-
taining different Tween 80 concentration: 7.63-10° (1 wt%), 1.14-102 (1.5 wt
%), and 1.53-102 mol/L (2 wt%). Error bars correspond to the standard devi-
ation obtained after at least three independent measurements on the
same sample.
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Fig. 2. (A) Particle diameter of standard SLNs obtained by different emulsification process methods. (i) a single homogenization step with ultra-turrax (19,000 rpm,
3 min, at room temperature), (ii) a single sonication step (70 % of amplitude, 3 min, at 75 °C) and (iii) a combination of both. (B) Particle Diameter and PDI of
standard SLNs prepared with different sonication times (3, 5 and 7 min). The displayed hydrodynamic particle diameter (nm) were obtained by DLS. Error bars
correspond to the standard deviation obtained after at least three independent measurements on the same sample.
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characteristics. For that, three different formulations of SLNs were
prepared with increasing Tween concentration: 7.63-10" mol/L (1 wt
%); 1.14-102 mol/L (1.5 wt%) and 1.53-102 mol/L (2 wt%). Fig. 3
shows the diameter and PDI of the resulting SLNs as characterized by
DLS. It can be seen that, with increasing Tween concentration, the
particle size decreases from 290 to 180 nm (see Fig. 3 A), and the PDI is
also reduced from 0.300 to 0.239 (see Fig. 3 B). This is expected as the
addition of surfactant reduces the interfacial tension between the lipid
and the aqueous phase, thereby allowing the formation of smaller SLNs
(and yielding a larger total interfacial area). However, although higher
Tween concentrations conveniently lead to smaller particle size, a large
quantity of Tween can have a detrimental effect on cells. In fact, studies
have shown that for concentrations down to 0.4-10° mol/L, Tween 80
exhibits toxicity against human fibroblasts (Arechabala et al., 1999).
Accordingly, even though we plan to use our SLN system in diluted
conditions for biological assays (up to 5 pg/mL which correspond to a
maximum Tween concentration around 4-10°° mol/L), it is important to
limit the surfactant concentration in our formulations.

3.1.4. Effect of surfactant mixture

One strategy to obtain smaller and more stable SLNs while main-
taining the total surfactant concentation is to resort to a mixture of
surfactants. In particular, it has been shown that combining Tween 80
with a surfactant displaying a higher hydrophilic/lipophilic balance
(HLB), i.e. adding a more hydrophilic surfactant, can yield SLNs of
smaller size (Hippalgaonkar et al., 2013; Abdelbary et al., 2009).
Accordingly, in this work, Tween 80 (HLB = 15) was combined with
Pluronic® F-127 (aslo referred to as Poloxamer 408, HLB = 22). To the
best of our knowledge, this precise combination of surfactant was never
employed for the formulation of SLNs although Tween 80 was success-
fully combined with another Poloxamer (Poloxamer 188; HLB = 29)
(Hippalgaonkar et al., 2013; Abdelbary et al., 2009). Different molar
ratios of surfactants were tested for the preparation of SLNs while
maintaining a constant total surfactant concentration as listed in
Table 2.

Fig. 4 displays the diameter and PDI of the SLNs obtained with the
different mixtures of surfactant. It clearly shows that, as expected, both
the diameter and the PDI decrease with increasing Pluronic® content in
the mixture. This decrease leads to particle diameters below 200 nm
when more than 5 mol% of Pluronic® is used in the surfactant mixture
(~150 nm for 10 mol% and ~140 for 15 mol%).

In addition, the colloidal stability of these formulations was inves-
tigated over a long storage time. To this aim, DLS measurements were
performed on the samples at regular time intervals over a period of 30
days. The resulting data are shown in Fig. 5. It can be seen that the
diameter and PDI of the formulations containing Pluronic® F-127
remain stable over 30 days. In contrast, for the formulation based solely
on Tween 80, the particle size seems to decrease over time (circular
symbols on Fig. 5 A) while there is a concomittant increase of poly-
dispersity (circular symbols on Fig. 5 B). Such an observation could be
attributed to the occurrence of aggregation between SLNs in solution. As
a matter of fact, the formation of aggregates would enhance the poly-
dispersity whereas the sedimentation of larger aggregates may yield a
progressive decrease of the average particle size.

The two formulations containing the most Pluronic® (90:10 and
85:15) will be used in the rest of the manuscript as they lead to small
particles (diameter <160 nm) that are stable over time (30 days).
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Fig. 4. Particle diameter and polydispersity index of SLN formulations con-
taining different molar ratios of the mixture of surfactant Tween 80: Pluronic®
F-127 (100:0, 95:05, 90:10 and 85:15). Error bars correspond to the standard
deviation obtained after at least three independent measurements on the
same sample.

3.1.5. Effect of drug loading on the size and colloidal stability of SLNs

In the previous sections, the preparation method and the formulation
of SLNs were improved in the absence of CF. The aim of this part is to
introduce CF in the formulations and investigate its influence on the size
and stability of the SLNs.

In that purpose, CF was added to the optimized formulations iden-
tified previously (namely the ones containing Tween 80 and Pluronic®
F-127 with the ratio 90:10 and 85:15). Two different concentrations of
CF were tested: 1.35-10° mol/L (2.5 wt% in relation to lipid content)
and 2.70-10°° mol/L (5 wt% in relation to lipid content). Fig. 6 shows the
size and polydisperstity of the resulting SLNs shortly after preparation.
For both formulations (90:10 and 85:15), the introduction of CF seems
to lead to a slight increase in the size of these SLNs. This effect is
enhanced when a larger amount of CF is introduced. Comparing the
“unloaded” SLNs to the one containing the largest quantity of CF, the
diameters expands from 151 to 176 nm (for the formulation 90:10,
2.7-10° mol/L) and from 143 to 175 nm (85:15, 2.7-10"> mol/L). Hence,
the addition of CF results in a 20-30 % increase of the SLN diameter
which means that the volume of single SLNs increases by 60-85 %.
Nevertheless, the size of the CF loaded SLNs remains relatively low
(below 200 nm).

Next, the colloidal stability of the CF-loaded SLNs — specifically, their
ability to resist particle aggregation — was probed over a 30-day period,
following procedures that were used for other colloidal formulations like
liposomes (Michel et al., 2013) and nanogels (Abdi et al., 2020). This
was done primarily to evaluate the influence of storage time on the CF-
loaded SLNs and to establish how long after their preparation the SLNs
could still be considered as stable colloidal suspensions. This is crucial
for potential commercial applications and, more importantly, for plan-
ning the biological assays in the following sections, ensuring that the
SLNs remain well-dispersed at the time of the experiments. Accordingly,
the hydrodynamic diameter and PDI of SLN formulations stored at room
temperature were recorded regularly over 30 days as depicted in Fig. 7.
It can be seen on these graphs that the SLNs with the surfactant ratio
85:15 (Tween 80: Pluronic®) have a stable size and PDI over the whole
duration of the study. In the case of the formulations with the surfactant
ratio 90:10 (Tween 80: Pluronic®), the SLNs containing the largest

Table 2
Composition of the prepared SLNs.
Compritol ATO 888 concentration mol/L 4.72:102 4.72:102 4.72-1072 472102
Total Surfactant concentration mol/L 7.63:10° 7.63:107 7.63-107° 7.63-107°
Tween 80 Molar ratio 100 95 90 85
Pluronic® F-127 0 05 10 15
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Fig. 5. Time dependant measurement of (A) particle diameter and (B) polydispersity index of different SLN formulations containing different molar ratios of the
mixture of surfactant Tween 80: Pluronic® F-127 (100:0, 95:05, 90:10 and 85:15). Samples were kept at room temperature (25 + 4 °C) for the duration of the study.

Results were expressed as mean + SD (n = 3).
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Fig. 7. (A) Time dependant measurement of particle diameter and (B) polydispersity index of different SLN formulations containing different mixtures of surfactant
Tween 80: Pluronic® F-127 (90:10, and 85:15) as well as different CF concentration (2.5 wt% and 5 wt% in relation to the total mass of lipid). Samples were kept at
room temperature (21 + 4 °C) for the duration of the study. Results were expressed as mean + SD (n = 3). Error bars correspond to the standard deviation obtained

after at least three independent measurements on the same sample.

amount of CF exhibit an increase in size over the first 13 days followed
by a size decrease (see Fig. 7 A). This comes along with an important
increase in PDI (see Fig. 7 B). As previously seen for unloaded SLNs
based on Tween 80 (see Fig. 5, formulation 100:0), such a behavior
reveals the instability of the sample and suggests the formation of

aggregates of SLNs which are eventually large enough to sediment. On
the contrary, for the formulation 90:10 with the lower CF concentration
both the size and PDI are stable over time.

To conclude, the design and optimization of SLNs led to the identi-
fication of 3 CF-loaded SLN formulations with small diameters
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(150-200 nm), reduced polydispersity (PDI ~ 0.2) and long term
colloidal stability (> 30 days). It is worth mentioning that even after 30
days of storage, the size distribution of the SLNs, as measured by DLS
(see SI, Fig. S4), showed no evidence of aggregation, with a single par-
ticle population observed. This stability can be attributed to the nega-
tively charged surface of the SLNs (as evidenced by a negative Zeta
potential, see SI — Fig. S5), which may promote electrostatic repulsion
between adjacent particles, thereby delaying the aggregation process.

In the following, the focus will be put on two formulations. First, the
SLNs with a surfactant ratio of 85:15 and 5 wt% CF, which contains the
largest amount of CF. The second formulation, with a surfactant ratio of
90:10 and 2.5 wt% CF, is selected as an alternative to investigate
whether the surfactant composition influences the release efficiency of
CF from the SLNs.

It is important to note that, when included in these two SLN for-
mulations, the CF was efficiently protected from photodegradation (as
can be seen in SI, Fig. S6).

3.2. Microscopic morphology of CF-SLNs

The morphology of the SLNs was investigated by TEM. Fig. 8A shows
the micrographs obtained for the formulation 90:10 (2.5 wt%) and
85:15 (5.0 wt%). On these images, SLNs have a polygonal shape. Such an
angular morphology was already reported and attributed to lipid crys-
tallization processes (Balamurugan et al., 2018). The particle sizes
measured on these images follow a typical log-normal law and the
average diameter is 140 nm for the formulation 90:10 and 126 nm for
the formulation 85:15 with a large standard deviation (see Fig. 8B).
These results are similar to those obtained with DLS data (Fig. 6 and
Fig. 7) that feature diameters around 150-170 nm and PDI values above
0.2 (corresponding to a standard deviation of around + 40 nm).

3.3. Release of CF from SLNs

3.3.1. Encapsulation efficiency (EE)
The encapsulation efficiency of 90:10 (2.5 wt%) and 85:15 (5.0 wt%)
formulations was determined by separating the un-encapsulated drug by

B 90:10 | 85:15
—\;20< \‘:20
2; (D) =140+63nm < (D) =124 +56nm
:’.; 10 .g; 10
£ S
0 0
0 100 200 300 400 0 100 200 300 400

Particle diameter (nm) Particle diameter (nm)

Fig. 8. (A) Transmission electron micrographs of CF-SLNs 90:10 (with 2.5 wt%
CF) and CF-SLNs 85:15 (with 5.0 wt% CF). (B) Distribution of particle size as
measured on TEM images starring the mean diameter (black curves are ob-
tained by fitting the data with a log-normal law).
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Table 3

Evaluation of the efficiency of encapsulation (EE%), drug loading (DL%) and
encapsulation capacity (EC%) of solid lipid nanoparticles (SLN), associated with
Caffeic acid-phthalimide (CF-SLNs).

Formulation EE% EC% DL%
CF-SLNs 90:10 2.5 wt%* 97 2.43 1.74
CF-SLNs 85:15 5.0 wt%* 96 4.80 3.18

" in relation to lipid content.

centrifugation using an Amicon tube (Shah et al., 2014; Sharma et al.,
2022) and quantifying this “free” drug using UV-visible spectropho-
tometry (see the Materials and Methods section for details). The results
were used to calculate the encapsulation efficiency (EE), drug loading
(DL) and encapsulation capacity (EC). The data presented in Table 3
indicate that the CF-SLN formulations with ratios of 90:10 (2.5 wt%) and
85:15 (5.0 wt%) display EE values around 95 %, which are comparable
to or exceed those typically reported in the literature for similar SLN
formulations (Hippalgaonkar et al., 2013; Abdelbary et al., 2009). The
DL values observed in our study are relatively low compared to those
typically reported in the literature (ranging from 5 to 10 %, Shah et al.,
2014; Hippalgaonkar et al., 2013), suggesting that a greater amount of
CF could potentially be incorporated into the SLNs. However, the cur-
rent loading was considered sufficient to achieve the necessary dose for
observing a photoprotective effect.

3.3.2. Invitro controlled release of CF from SLNs

Cumulative in vitro release of CF was carried out by the dialysis
method in 0.5 % Tween 80 aqueous solution (Nazemiyeh et al., 2016).
Fig. 9 shows the cumulative amount of active compound released during
288 h (12 days) from 90:10 SLN- CF 2.5 wt% and 85:15 CF-SLNs 5.0 wt
%. The release of CF from both studied systems showed a similar trend,
although it appeared to be slightly slower for 85:15 CF-SLNs 5.0 wt%.
Throughout the 12 days experiment, the profiles showed sustained
release, with 50 % of the total CF amount released after the 12-day time
period. These relatively slow and incomplete release may be due to
strong interactions between lipid and CF molecules and/or to the
mechanism of CF deposition within the particle, leading to a drug-
enriched core (Muchow et al., 2008; zur Miihlen et al., 1998). Never-
theless, it should be noted that a CF concentration of only 1 uM is suf-
ficient to decrease total reactive oxygen species in neutrophils and
demonstrate antioxidant activity (dos Santos et al., 2021). When the
cumulative release percentage was converted to uM, we found that
approximately 7 uM was released in 4 h from both formulations. This
release could therefore have a significant impact on cells. Finally, a
similar in vitro release study was conducted under conditions that more
closely mimic those of the skin (pH 5, 32 °C, see Fig. S7), resulting in a
release profile nearly identical to that shown in Fig. 9.

Z 100+
>¢90:10 2.5% RT
804 -+ 85:155.0% RT

L] 1 1 T 1
144 192 240 288 336
Time (h)

Cumulative drug release (%

Fig. 9. Caffeic acid-phthalimide release profile from SLNs over a period of
288 h.
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3.4. Viability of L929 fibroblasts in contact with CF-SLNs with and
without UVB

For the evaluation of cytotoxic effects of the formulations on skin

cells, the viability of L929 cell lines were analyzed after 24 h of treat-
ment with bare SLNs (without CF), or CF-SLNs 90:10 (2.5 wt%) and
85:15 (5.0 wt%) (Fig. 10 A). Bare SLNs (50 pg/mL) and CF-SLNs at lower
concentrations (from 0.5 to 10 pug/mL) were nontoxic to fibroblasts,
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Fig. 11. Evaluation of cell migration by the wound healing assay in L929 fibroblasts treated with SLNs for O h, 24 h and 48 h. (A) Images were observed under an
inverted microscope with phase contrast. (B and C) Images obtained were analysed by ImageJ. NC: negative control; untreated cells. Bare: SLN without CF. CF-SLNs:
1 and 2.5 pg/mL: CF-SLNs 90:10-2.5 wt% (pink bars) and 85:15-5.0 wt% (blue bars). ###p < 0.001, a significant difference compared to CN of 0 h. ***p < 0.001,

significant difference compared to 24 h and 48 h NC.
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while more concentrated formulation (25 ug/mL) showed cytotoxicity
with decreased cell viability by = 27 % compared to NC. We then
evaluated the effect of CF-SLNs (90:10 and 85:15) on irradiated fibro-
blasts (Fig. 10 B). The UVB-irradiated group exhibited a 55 % decrease
in viability compared with the untreated cells (NC group). In contrast,
fibroblast viability was restored by = 14.08, 33.37 %, 32.77 %, 36.69 %
and 33.02 % in the groups treated with bare SLNs (50 ug/mL) and CF-
SLNs 90:10 (2.5 wt%) at concentrations of 0.5-5 ug/mL, respectively.
And the group treated with bare SLNs (50 pg/mL) and from 0.5 to 5 ng/
mL of CF-SLNs 85:15 (5.0 wt%) restored the fibroblast viability in =
14.97 %, 38.64 %, 45.09 %, 44.91 and 33.91 %. Both formulations
protected L929 fibroblasts from cell damage caused by UVB radiation.

3.5. Impact of CF-SLNs on L929 fibroblast migration

Fibroblast cell migration plays a crucial role in the wound-healing
process. To study this migration process, closure of an open wound
area, which was created in a cell monolayer, is often investigated (Grada
et al., 2017). The scratch wound assay is one of the most highly used in
vitro methods for probing collective cell migration, and thereby,
assessing cell repair rate (Grada et al., 2017; Martinotti et al., 2020).
This assay was used for assessing migration of fibroblasts treated with
CF-SLNs. Fig. 11 shows that the treatment with CF-SLNs (90:10-2.5 wt%
and 85:15-5.0 wt%) at both concentrations (1 and 2.5 ug/mL) at 24 h
accelerates 1929 cell migration and wound closure by = 61 % and 66 %,
respectively (Fig. 11 B and C). At 48 h, treatment with both formulations
(90:10-2.5 wt% and 85:15-5.0 wt%) at 1 pg/mL, induced an almost
confluent state (87 % and 83 % of wound healing, respectively). At 2.5
pg/mL both formulations increased migration rates by =~ 80 %. In
comparison, the use of bare SLNs (without CF) lead to a wound healing
rate very similar to the negative control.

4. Discussion

In this work, CF, a photoprotective agent combining antioxidant and
NOX inhibitory properties, was successfully formulated in highly
biocompatible SLNs to improve its poor stability and bioavailability.
SLNs were chosen to ensure CF permeation into deeper layers of the skin
and exert the desired cellular photoprotection, since UV radiation rea-
ches all epidermis and dermis layers (Nichols et al., 2010). Various in
vitro and in vivo studies have demonstrated the potential benefits of lipid
nanoparticles for skin administration. In addition to enhancing drug
penetration into the skin without compromising the skin barrier or
causing systemic absorption, lipid nanoparticles offer protection against
physical degradation, facilitate controlled drug release, and improve
skin moisture and elasticity. (Chen-yu et al., 2012; Gupta et al., 2012;
Vitorino et al., 2014).

The formulation of SLNs (lipid, surfactant composition, and CF
content) and their preparation method were investigated and optimized
to obtain SLNs of suitable size for topical applications. The optimal
particle size generally ranges from 100 to 400 nm (Xu et al., 2022),
which ensures both effective application and long-term colloidal sta-
bility. Smaller particles, such as those with sizes of 140 nm (for the 90:10
formulation) and 126 nm (for the 85:15 formulation), are inherently less
prone to aggregation and sedimentation which extends their shelf life
and facilitates storage. We selected Compritol 888 ATO as the solid lipid
core for encapsulating CF based on the solubility of CF in molten lipids.
The influence of the preparation methods on the characteristics of the
SLNs was first assessed and it was found that SLNs obtained by a com-
bination of homogenization and sonication exhibited sizes in the tar-
geted range (100-400 nm). This result was consistent with previous
studies (Pandey et al., 2020) which showed that a high amount of energy
is necessary to achieve the proper dispersion of SLNs. Accordingly, ho-
mogenization and sonication were used to prepare SLNs in the rest of
this work.

The surfactants chosen to stabilize the structure of SLNs were Tween

International Journal of Pharmaceutics 669 (2025) 125010

80 and Pluronic® F-127. Using a combination of two surfactants, rather
than just one, proved more effective in reducing the interfacial tension
of nanoparticles, preventing aggregation, and resulting in smaller, more
stable nanoparticles. Such strategy was used in several other in-
vestigations with other surfactant combinations (Tan et al., 2010;
Rawat, et al., 2010; Hippalgaonkar et al., 2013; Abdelbary et al., 2009).

The SLNs with Tween 80:Pluronic® F-127 ratios of 90:10 and 85:15
showed a high encapsulation efficiency (>95 %) in both formulations.
The high lipophilicity of CF likely favors the interactions of the com-
pound with the lipids. A valuable next step for this study would be to
gather data on the physical state of CF following its incorporation into
SLNs, which could provide deeper insights into CF-lipids interactions.

Then, the physicochemical stability of the formulations was evalu-
ated at room temperature over 30 days. The 90:10 formulation with 2.5
wt% of CF and the 85:15 formulation with 2.5 wt% and 5 wt% of CF
display high colloidal stability over a period of 30 days (see Fig. 7). This
characteristic is crucial for potential commercial applications requiring
a prolonged shelf life. It also ensures that the SLNs remain well-dispersed
over the time necessary to perform the biological assays presented in the
rest of the manuscript. The resistance of our SLNs to aggregation can be
attributed to the combination of steric stabilization provided by the non-
ionic surfactants and repulsive electrostatic interaction between the
negatively charged surface of SLNs, as indicated by a negative Zeta
potential (see Fig. S5). However, the observation of a negative surface
potential is surprising, considering that both surfactants used (Tween 80
and Pluronic F-127) are non-ionic. In the present case, the negative
charge is likely due to slight ionization of glyceryl behenate, a fatty acid
in Compritol. Such an effect has been reported in the literature several
times (Khan et al., 2018; Eleraky et al., 2020).

The in vitro release study showed a slow and progressive release of CF
from both formulations (90:10 and 85:15) over a period of 12 days
(monitored period). This release rate correponds to an increase of CF
concentration of ~1.5 to 2 pM/hour. Interestingly, at such concentra-
tions, CF is known to have a significant effect on cells (dos Santos et al.,
2021). Hence such release profile may well be suitable to induce
photoprotection.

To prove this hypothesis, we showed that CF-SLNs 90:10 and 85:15
are not cytotoxic at low concentrations and restored cell viability after
UVB-induced cytotoxicity. UVB (290-320 nm) reaches the epidermis
and the upper layer of the dermis leading to photoaging processes in
fibroblasts cells, present on the dermis, as well. In addition, incorpo-
rating CF into SLNs for topical photoprotection proved beneficial, as it
enhanced photostability of CF by protecting it from physical degrada-
tion under UVB radiation (see Fig. S6).

Moreover, CF-SLNs promoted fibroblast migration and wound heal-
ing. This confirms that CF was released in sufficient amounts to protect
the cells from UVB-induced damage and to promote wound healing. As
such, our CF-SLN design is an interesting candidate for photoprotective
formulations. Our findings highlight the need for additional studies on
skin permeation and penetration to confirm the feasibility of delivering
CF into the upper layers of the skin via topical application of CF-loaded
SLNs with minimal toxicity effects (Dare et al., 2020).

5. Conclusion

In conclusion, SLNs containing CF as a photoprotective agent were
successfully developed by using a hot homogenization process coupled
with sonication. Three physical stable CF-SLNs formulations with di-
ameters below 200 nm and high encapsulation efficiency were obtained.
The SLNs with different CF concentrations and surfactant compositions
exhibited sustained release properties, and low cytotoxicity towards
1929 fibroblasts. In addition, they proved to provide effective photo-
protection of fibroblasts against UV-irradiation and stimulated wound
healing. Thus, our CF-loaded SLNs are promising candidates for topical
photoprotective strategy against UV-induced skin photodamage and
photoaging.
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