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HIGHLIGHTS

o PCL nanocapsules containing lutein for skin use were successful obtained.
o Nanocapsules showed physical stability after 30 days when stored at room temperature and 4 °C.
o Nanoencapsulation improved the in vitro antioxidant action compared to free lutein.

o PCL nanocapsules containing lutein show biocompatibility with fibroblasts at lower concentrations.

Abstract: Lutein, a potent carotenoid antioxidant, shows promise for anti-aging applications. However, its
vulnerability to light, heat, and oxygen, coupled with poor water solubility, hinders skin penetration and
bioavailability. Nanostructured systems offer a solution to enhance stability and permeation. Our objective
was to develop, characterize, and assess the cytotoxicity and antioxidant activity of polymeric nanocapsules
containing lutein, using poly(e-caprolactone) (PCL). Nanocapsules were synthesized via preformed polymer
interfacial deposition method and characterized using dynamic light scattering (DLS), electrophoretic mobility,
and pH. Morphology was examined using field emission scanning electron microscopy (FESEM). X-ray
diffraction (XRD) indicated the crystalline structures while Fourier-transform infrared spectra (FTIR) provided
information on the chemical bonds between the drug and polymer. Antioxidant activity was measured using
FRAP, DPPH, and ABTS assays, while cytotoxicity was evaluated on 3T3 fibroblasts. Lutein encapsulation
within PCL nanocapsules yielded spherical particles around 300 nm, with low polydispersity and zeta
potential exceeding -30 mV. The pH ranged from 4.57 £ 0.03 to 5.42 + 0.065. XRD suggested molecular
dispersion of the lutein and the polymer. FTIR demonstrated the absence of chemical bonds between lutein
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and PCL. Ambient and 4 °C temperatures preserved nanosystems' characteristics for 30 days. Enhanced
antioxidant activity was observed in encapsulated lutein, shown by FRAP, DPPH, and ABTS assays. Results
indicated that lutein nanoparticles exhibited good biocompatibility and no cytotoxicity at concentrations
ranging from 61.87 ug/mL to 7.73 ug/mL. These findings emphasize the potential of lutein-loaded PCL
nanocapsules for skin delivery, providing stability and antioxidant efficacy.

Keywords: Nanotechnology; nanocapsule; carotenoid; skin; anti-aging.
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INTRODUCTION

Skin aging is a complex process influenced by genetic, epigenetic, and environmental factors, resulting
in structural and physiological changes such as wrinkles, loss of elasticity, blemishes, and sagging [1,2].
Given that the skin serves as the body's largest organ and primary defense against external aggressors,
understanding methods to delay or mitigate these aging signs is crucial [3-5]. Consequently, there is a
growing consumer interest in anti-aging products, particularly those derived from sustainable and natural
sources, with lutein emerging as a prominent contender [5-7].

Lutein, a carotenoid derived from plant secondary metabolism, has garnered recognition for its skin-
related biological properties, primarily its antioxidant potential, which can help alleviate damage caused by
free radicals associated with skin aging signs [5-7]. Studies suggest that lutein may shield the skin from UV
damage, diminish wrinkles, enhance skin hydration and elasticity, and serve as an oral photoprotective agent
[5-8]. However, lutein faces technological hurdles due to its susceptibility to heat, light, and oxygen, alongside
its low aqueous solubility, resulting in reduced bioavailability and clinical effectiveness [9-11]. To address
these challenges, nanoscale systems, particularly polymeric nanocapsules, have emerged as a promising
solution, offering improved physicochemical stability and controlled release of lipophilic substances like lutein,
thereby enhancing bioavailability and therapeutic efficacy [12-14]. These systems hold significant potential
for the development of nanotechnology-based products containing natural antioxidants, offering promising
avenues for maintaining youthful skin appearance over the long term [5,6,15,16].

Polymeric nanocapsules offer distinct advantages due to their encapsulated core structure. Unlike
nanospheres, the oil core within nanocapsules significantly enhances drug encapsulation while minimizing
the amount of polymeric matrix required. The polymeric shell serves to shield the encapsulated drug from the
surrounding tissue environment, thereby preventing degradation or premature release caused by pH,
temperature, enzymes, and other biological factors. Moreover, this shell can be functionalized with smart
molecules capable of interacting with specific biomolecules, enabling more precise drug delivery. These
benefits highlight the substantial interest and widespread application of nanocapsules in the pharmaceutical
field, both as drug carriers and for cosmetic purposes [12,14,17,18].
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In this vein, our study endeavors to develop, characterize, quantify, and assess the antioxidant activity
and in vitro cytotoxicity of lutein- loaded polymeric nanocapsules, aiming to explore their suitability for topical
application in addressing signs of skin aging.

MATERIAL AND METHODS

Development of PCL nanocapsule suspensions

The PCL nanocapsules (NCs) were synthesized using the interfacial deposition method of preformed
polymer, following the procedure described by Fessi and coauthors [18]. Poly(e-caprolactone) (PCL) (0.1 g)
was dissolved in acetone (27 mL) with Span® 80 (0.07 g), lutein (0.08 g for LNC-1 and 0.16 g for LNC-2),
and caprylic acid triglycerides (0.3 g) under mechanical stirring at 40°C until fully dissolved. Next, the organic
phase was gradually added dropwise to the aqueous phase (53 mL) containing Tween® 80 (0.077 g). The
resulting suspension was stirred magnetically at 40°C for 40 minutes. The organic solvent was subsequently
removed using a rotary evaporator (Quimis, Sdo Paulo, Brazil) resulting in a final volume of 10 mL (1.5
mg/mL), as depicted in Figure 1. Additionally, a suspension of nanocapsules without the drug (WNC) as
negative control was prepared, and all formulations were replicated three times for comparative analysis.

?CL PC[
(0 '°Q

Lutein

A Organic phase
B Aqueous phase

PCL Polymer

—

Figure 1. Diagram illustrating the process for producing polymeric nanocapsules containing lutein, prepared via
interfacial deposition of the preformed polymer.

Physicochemical characterization

Determination of Mean Diameter, Polydispersity Index (PDI), Zeta Potential and pH

The mean particle size, polydispersity index (PDI), and zeta potential were determined (n = 3) after
diluting a sample of the nanocapsule suspension in ultrapure water at a 1:500 ratio. All measurements were
conducted using the Zetasizer® Nano ZS90 (Malvern Instruments, Malvern, United Kingdom).

pH values were measured using a digital potentiometer (Digimed®, Brazil), which had been previously
calibrated with pH 4.0 and 7.0 buffer solutions. The pH was directly measured in each colloidal suspension
after its preparation.

Statistical differences between the mean values were assessed through a one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test with the software GraphPad Prism® version 6.01 program (San
Diego, CA, USA).

Morphological and structural characterization

Field Emission Scanning Electron Microscopy (FESEM) Analysis

The PCL NCs formulations were previously prepared using lactose monohydrate as a cryoprotectant. In
brief, 1 g of lactose was dissolved in 10 mL of the NCs formulations under magnetic stirring. The resulting
suspension was frozen at -80 °C for 24 hours in a ULT upright freezer (Thermo Scientific, model ULT-2186-
3-D37, Waltham, MA, USA). Subsequently, the frozen samples were freeze-dried in a lyophilizer (LIOTOP,
L202, Sao Paulo, Brazil) for 48 hours to ensure complete water removal. The freeze-dried samples were
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sputter-coated with gold using an IC-50 ion coater metallizer (SHIMADZU,Kyoto, Japan). Morphological
evaluation of the NCs was carried out and images were prepared using a FESEM (TESCAN, model Mira 3,
Brno, Czech Republic) at an acceleration voltage of 8 to 10 kV.

X-ray Diffraction Analysis

Pure lutein (LUT), PCL, physical mixture (PM) and NCs were analyzed using a Shimadzu XRD-6000
X-ray diffractometer. To carry out this analysis, the nanosuspension samples were dropped on a slide and
dried at room temperature to obtain a thick layer of sample. The experiments were performed at scanning
rate of 2°/min and a range from 4° to 80° using copper Ka radiation (A = 1.5418 A), current of 40mA and
voltage of 40kV to observe possible peaks indicative of crystallinity.

FTIR Spectroscopic Analysis

The lyophilized LNC-1 and LNC-2 formulations were examined using Fourier-transform infrared
spectroscopy (FTIR) with potassium bromide (KBr) pellets. Each pellet was composed of 4 mg of the sample
and 196 mg of spectroscopic grade KBr (2%, m/m). The analysis was conducted using IR Prestige-21
equipment (SHIMADZU, Kyoto, Japan) over a range of 4000-400 cm™, with a resolution of 4 cm™ and a
scanning rate of 32 scans per minute. The resulting spectra were then compared with those of the pure drug
(lutein), the polymer, and the negative control formulation (WNC).

Physicochemical stability

LNC-1, LNC-2 and WNC suspensions underwent evaluation under various storage conditions, including
protection from light, at room temperature (25°C), in an oven at 37°C, and in a refrigerator at 4°C for 30 days.
Measurements were conducted at 0, 10, 15, and 30 days within a temperature range of 4°C to 37°C to
evaluate pH, particle size, polydispersity index (PDI), and zeta potential. All analyses were performed in
triplicate. Stability data were analyzed using GraphPad Prism® version 6.01 for Windows. Results are
presented as mean + standard deviation. Statistical comparisons were conducted using ANOVA with
Bonferroni post-test for multiple comparisons, with a significance level set at 5% (a = 0.05).

Radical Scavenging Activity

Ferric-Reducing Antioxidant Power (FRAP)

The Ferric-reducing Antioxidant Power (FRAP) assay, as described by Berker and coauthors [19],
comprised several procedural steps. Firstly, ammonium ferric sulfate dodecahydrate (NH4Fe(SO4).-12 H,0)
(160.0 mg) was dissolved in hydrochloric acid (1 M HCI) (2 mL). Then, ultrapure water (50 mL) and 1,10-
phenanthroline (180.2 mg) were added. The volume was adjusted to 100 mL with ultrapure water in a flask,
resulting in a final concentration solution of 1.10x102 mol L. Next, the two solutions were combined and
diluted with 100 mL of ultrapure water. In test tubes, 0,25 mL of samples diluted in acetone to a concentration
of 1:4 and 2 mL of the Fe®**-1,10-phenanthroline complex solution were added. The tubes were subsequently
incubated in darkness for 30 minutes until the reaction reached completion. Absorbance readings were
measured at 510 nm using a UV-Vis spectrophotometer against reagent blank. For negative control, the
procedure was repeated without adding the samples. Ascorbic acid was employed as a control to establish
the calibration curve, with concentrations ranging from 10 to 0 ppm (8, 6, 4, 3, 2, and 0 ppm included). The
results were expressed as micrograms of ascorbic acid equivalent per milliliter of sample (AAug/mL~ 1).

DPPH free radical scavenging activity

Based on Brand-Williams and coauthors [20], the control curve construction consisted of a standard
sample of ascorbic acid following concentrations of 10, 8, 6, 4, 3, 2, and 0 ppm. Solutions of the samples
were prepared in acetone at a ratio of 1:4. In test tubes, 2 mL of each sample and 2 mL of DPPH- solution
(120 pmol/L) in acetone were added. A negative control was also performed by adding 1 mL of DPPH in
triplicate and 1 mL of acetone. After curve construction and addition of samples and DPPH, the tubes were
incubated in darkness for 30 minutes to allow the reaction to complete. The samples were measured at 517
nm using a UV-Vis spectrophotometer. Results were reported as micrograms of ascorbic acid equivalent per
milliliter of sample (AAug/mL™ 1).
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ABTS free radical scavenging activity

ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) was used to evaluate radical cation
scavenging activity. According to the procedures outlined by Re and coauthors [21] and Shu and coauthors
[22], a stock solution of ABTS was prepared at a concentration of 7 mmol L™t by combining 88 uL of
potassium persulfate (2.45 mmol L™ 1) (K, S, Og ). The prepared solution was kept in darkness at -20°C
(freezer) for 16 hours to allow the ABTSe+ radical formation. Afterward, the solution was diluted in ethanol to
attain an absorbance of 0.70 at 734 nm, as determined using a spectrophotometer, before application. To
create the standard curve, ascorbic acid was added to a 96-well microplate at concentrations of 10, 8, 6, 4,
3,1 and 0 ppm. Then, the analysis samples underwent dilution in a 1:4 ratio. Next, the diluted samples (1000
ML) ABTS™ (3000 uL) were combined in test tubes, and this mixture (300 L) transferred to microplates. The
microplates were then incubated for 30 minutes away from light before absorbance readings at A 734 nm
were taken using a spectrophotometer. A solution of 300 pL of the ABTS™ solution acted as the negative
control. The results were reported as the equivalent antioxidant activity of ascorbic acid per milliliter of sample
(AApg/mL-1). For the antioxidant activity assessments, after performing ANOVA, the group means were
compared using the student-Newman-Keuls test through the GraphPad Prism® version 6 software (San
Diego, CA, USA). A significance level of p < 0.05 was considered. Pearson correlation was used to calculate
the data correlations.

Cell viability test

The cells used were 3T3 mouse fibroblasts, which were cultured in Dulbecco's Modified Eagle Medium
(DMEM) containing fetal bovine serum (FBS) (10%). They were planted in 96-well plates at a density of 2x10°
cells/well and maintained in an incubator at 37°C with 5% CO2for 24 hours. After this period, supernatant
was discarded, the NCL-1 sample were added to the plate at concentrations of 247.50 ug/mL, 123.75 ug/mL,
61.87 pg/mL, 30.93 pg/mL, 15.46 pg/mL, and 7.73 ug/mL, corresponding to 25%, 12.50%, 6.25%, 3.12%,
1.56%, and 0.78%, respectively. For NCL-2, the same concentrations were used. The concentrations were
obtained by diluting the formulations in DMEM (FBS 10%). Following a 24-hour incubation at 37°C in a
humidified atmosphere with 5% CO2, the cells treated with the samples had their supernatant removed, and
an MTT solution was introduced to the cells. Afterwards, the formazan crystals were dissolved in dimethyl
sulfoxide (DMSO), and their absorbance was measured at 570 nm using a plate reader. DMEM was
employed as negative control, and cell viability was assessed by comparing the cells treated with the samples
to those untreated cells (negative control).

Statistical analysis

The analyses were carried out in triplicate and results are presented as mean + standard deviation
(n = 3). Statistical analysis was conducted using two-way ANOVA, followed by Tukey's post-hoc multiple
comparisons test, performed with GraphPad Prism version 5.04 software (San Diego, California, USA). A
significance level of p < 0.05, p < 0.01 and p < 0.001 was applied for statistical evaluation.

RESULTS

Development of polymeric nanocapsules

LUT-loaded PCL nanocapsules (LNC-1, LNC-2) and negative control nanocapsules (WNC) were
successfully prepared using the interfacial deposition method. Both LNC-1 and LNC-2 suspensions exhibited
a milky, homogeneous appearance with opalescent yellowish-white color and a lutein odor, while WNC
displayed a milky, homogeneous appearance with opalescent white color. Additionally, all formulations
exhibited bluish reflections, indicative of the Tyndall effect, resulting from light reflection on nanoscale
particles [12,18]. Importantly, none of the analyzed formulations exhibited phase separation or crystal
formation.

Characterization of NCs

Determination of Mean Diameter, Polydispersity Index (PDI), Zeta Potential and pH

Table 1 displays the mean particle size, polydispersity index (PDI), zeta potential (ZP), and pH results
for LNC-1, LNC-2, and WNC, presented as the mean and standard deviation (SD). The formulations showed
nanometer-sized particles, which are typical for this type of system, and were characterized by PDI values
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below 0.5, indicating monodispersity. The zeta potential values for both NC suspensions were negative.
Statistical analysis indicated significant differences between these nanoformulations in terms of zeta potential
and pH.

Table 1. Results obtained for the physical-chemical characterization of NCs suspensions.

Mean diameter Polydispersity Zeta Potential pH
Formulation (nm) Index (PDI) (mV)
Mean SD Mean SD Mean SD Mean SD
WNC 27740 +7.00 0.214 +0.061 -37.4 +3.88 5.94* +0.037
LNC-1 290.30 +16.36 0.220 +0.062 -37.3 +1.57 5.04 +0.145
LNC-2 296.33 +26.29 0.229 +0.038 -19.16* +8.14 5.02 +0.023

* p<0.05.

Field Emission Scanning Electron Microscopy (FESEM) Analysis

Figure 2 displays photomicrographs obtained through FESEM of the nanoformulations, showing particles
with a well-defined spherical shape and a smooth, uniform surface. The particle diameters are consistent
with those measured by DLS, being less than 300 nm. Additionally, lutein was not detected on the patrticle
surfaces, indicating effective encapsulation within the nanocapsules.

;
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Figure 2. Photomicrographs of freeze-dried Lutein nanocapsules WNC at 21.100 x magnification, LNC-1 69.700 x
maghnification, and LNC-2 14.600 x magnification.

X-ray Diffraction Analysis

The XRD characterization identified whether the materials were crystalline or amorphous. Figure 3
presents the XRD data for pure lutein, PCL, lactose, physical mixture (PM), WNC, LNC-1, and LNC-2. Pure
lutein exhibited an amorphous pattern, indicated by the absence of peaks and the presence of a broad band.
In contrast, the PCL demonstrated its semi-crystalline nature with characteristic peaks at 26 of 21.45 and
23.73° [23,24]. The PM displayed crystallinity peaks that corresponded with those observed for the polymer
and drug.

Brazilian Archives of Biology and Technology. Vol.68: €25240713, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Oliveira, T.F.; et al. 7

T o LNC-2
B T LNC-1
R WNC

Intensity (a.u.)

PM

[— PCL

. LUT
10 ' 20 ' 30 ' 40 ' 50 ' 60

20

Figure 3. X-ray diffractograms of pure lutein, PCL, lactose, physical mixtures of lutein/PCL, and nanoformulations LNC-
1, LNC-2, and WNC.

For the nanoformulations LNC-1 and LNC-2, no crystallinity of the drug was detected, suggesting that
lutein remained in an amorphous state during the interfacial deposition process with the preformed polymer
method. All nanoformulations showed PCL semi-crystallinity peaks at 206 of 21.45 and 23.73° [23,24].

FTIR Spectroscopic Analysis

Figure 4 displays the FTIR spectra for lutein, PCL, physical mixture (PM), lactose, WNC, LNC-1 and
LNC-2. Lutein’s characteristic infrared absorptions were observed as an O-H stretching vibration at 3000
cm-1, C-H stretching peaks at 2918 cm-1 and 2848 cm-1 and C-C stretching peaks at 1715 cm-1 [25,26].
The FTIR spectrum of PCL exhibited characteristic bands including sp3 hybridized carbon stretch vibrations
at 2948 cm-1, 2899 and 2865 cm-1, an ester C=0 stretch vibration at 1729 cm-1, sp3 hybridized carbon
angular vibrations at 1740 cm-1, C-O symmetric stretch vibrations at 1297 and 1241 cm-1, an asymmetric
C-0O stretch at 1175 cm-1 and sp3 hybridized carbon angular vibrations at 731 cm-1 [24]. The absorption
bands attributed to the PM corresponded to the superposition of the FTIR spectra of the pure drug and the
polymer without any change.
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Figure 4. FTIR spectra of pure lutein, PCL, lactose, physical mixing lutein/pcl, nanoformulations LNC 1 and 2 and WNC.
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Lactose used for lyophilization exhibited an OH stretch vibration band at 3530 cm* due to intermolecular
hydrogen bonding, along with a broad OH signal at 3300 cm™. The sp3 hybridized carbon stretch vibrations
were observed at 2980, 2934, 2898 and 2879 cm, while the O—C stretch vibration/asymmetric C-O-C
stretch of ether was not noted at 1035cm?, and the OH angular vibration was identified at 775cm™ [24].

Comparing the spectra of unloaded NCs with those of NCs loaded with lutein, signals associated with
lactose used for lyophilization, including the OH angular vibration at 775 cm, were confirmed. Additionally,
bands corresponding to PCL were observed, primarily due to the C=0 stretching vibration of the polymer at
1743 cm™. The minor shift in the C=0 stretching vibration of the PCL from the pure polymer’s peak at 1729
cm? is likely attributed to the NCs preparation method used for the analysis. No FTIR signals for lutein were
detected in the LNC-1 and LNC-2 spectra, which may indicate that the drug is encapsulated.

Physicochemical stability
During the stability study period, all nanosuspensions maintained the same initial milky appearance

characteristic of nanocapsules in colloidal suspension, exhibiting good physicochemical stability, and the
absence of creaming, sedimentation, or flocculation processes, as observed in Figure 5 [12,17,27].

Day 0- LNC-1 Day30-LNCc4 |

y -: VY. Y 2 v .: . * ;:’ 3 ‘.-' . "_

'Day 30- LNC-2

[\

-@@@mmmmmm CD 6D
|

Figure 5. Macroscopic aspects of the NCs (LNC-1, LNC-2, and WNC) stored at room temperature (R.T.), 37 °C (oven),
and 4 °C (fridge) for the stability study (30 days).

In summary, the values of size, PDI, zeta potential, and pH did not show significant differences that would
compromise the stability of the nanoformulations for samples with lutein (LNC-1 and LNC-2) and without
lutein (WNC) as observed in Figures 6 to Figure 9 at room temperatures and at 4 °C.

Figure 6 demonstrated that samples LNC-1, LNC-2, and WNC showed no significant changes in their
sizes over time, suggesting absence of coalescence and degradation of the samples, as confirmed by
macroscopic analysis (Figure 5). From the 15th day onwards, samples stored at 37°C exhibited larger particle
sizes compared to the same samples stored at room temperature and in the refrigerator.
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Figure 6. Stability studies of LNC-1, LNC-2, and WNC were conducted, focusing on particle diameter in nm. Room
temperature (R.T.). Statistical significance was determined with *p < 0.05. E) comparison with LNC-1 stored at 37°C; F)
comparison with LNC-1 stored at 4°C. G) comparison with LNC-2 stored at R.T.; H) comparison with LNC-2 stored at
37°C.

The polydispersity index (PDI), as shown in Figure 7, increased in all samples over the study period,
especially for samples stored at 37°C. Zeta potential revealed electrostatic stability, with values close to -30
mV even after 30 days of storage (Figure 8). Significant differences were observed in the zeta potential
between samples without lutein and those with lutein at different temperatures, indicating that the presence
of lutein reduced the zeta potential, making it more positive.
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Figure 7. Stability studies of LNC-1, LNC-2, and WNC based on the polydispersity index (PDI). Room temperature:
(R.T.). Statistical significance was determined with *p < 0.05. E) comparison with LNC-1 stored at 37°C; F) comparison
with LNC-1 stored at 4°C. G) comparison with LNC-2 stored at room temperature; H) comparison with LNC-2 stored at
37°C; 1) comparison with LNC-2 stored at 4°C.
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The LNC-1 at different temperatures and compared to LNC-2 at different temperatures showed
significant differences in zeta potential. Despite the differences observed in Figure 8, all samples exhibited
zeta potential values close to -30 mV under all conditions over the 30 days, including samples stored at 37°C.
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Figure 8. Stability studies of the LNC-1, LNC-2 and WNC depending on the zeta potential (mV). Room temperature:
(R.T.). Statistical significance was determined with *p < 0.05; D) comparison with LNC-1 stored at room temperature;
E) comparison with LNC-1 stored at 37°C; F) comparison with LNC-1 stored at 4°C. G) comparison with LNC-2 stored
at room temperature; H) comparison with LNC-2 stored at 37°C; 1) comparison with LNC-2 stored at 4°C.

The WNC samples stored at room temperature, 37°C, and 4°C maintained a pH close to 6 throughout
the 30-day study period, with WNC at 4°C showing less variation in pH during the analyzed period as
observed in Figure 9. LNC-1 samples stored at room temperature and 4°C maintained relatively stable pH
over time, with pH close to 5, while LNC-1 stored at 37°C showed a more pronounced decrease in pH over
the days, with a pH value of 3.46 + 0.081 on day 30. The same behavior is observed for LNC-2 samples,
where samples stored at room temperature and 4°C maintained pH close to 5, while at 37°C, the pH value
was 3.47 + 0.102 on day 30.
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Figure 9. Stability study of the LNC-1, LNC-2 and WNC depending on the pH. Room temperature: R.T.*p < 0.05;B)
comparison with WNC stored at 37°C; C) comparison with WNC stored at 4°C; D) comparison with LNC-1 stored at
room temperature; E) comparison with LNC-1 stored at 37°C; F) comparison with LNC-1 stored at 4°C. G) comparison
with LNC-2 stored at room temperature; H) comparison with LNC-2 stored at 37°C; 1) comparison with LNC-2 stored at
4°C.
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At the end of the analysis period, LNC-1 and LNC-2 stored at room temperature and 37°C showed a
change in color from yellow to white (Figure 6), possibly due to lutein oxidation favored at higher storage
temperatures, causing physical changes in the nanocapsules.

Radical Scavenging Activity

The techniques employed to assess antioxidant activities were DPPH+ and ABTS++ radical scavenging
methods, along with ferric reducing antioxidant power (FRAP). Antioxidant activities of free lutein, WNC and
loaded-lutein LNCs (LNC-1 and LNC-2) were determined and shown in Table 2. In all methods studied, it is
observed that LNCs are able to load the lutein without losing its antioxidant capacity. In FRAP and ABTS™
assays, the antioxidant activity increased from WNC to LNC-2. For other side, in DPPH" assay, the value was
improved just from WNC to LNC-2, it indicated the contribution of concentration of lutein load in LNC-2. In
ABTS™ assay, however, there is a decrease between free-lutein and WNC and LNCs.

Table 2. Antioxidant activities of free-lutein, WNC, LNC-1 and LNC-2

Sample FRAP (ug AA mL! sample)* DPPH' (ug AA mL! sample)*  ABTS™ (ug AA mL! sample)*
Free-lutein 539.38 + 10a 1186.99 + 24.32c 418.12 + 21.46a

WNC 48,43 + 7.96b 2825.25 £ 19.28a 37.01 £ 3.04c

LNC-1 267.84 £ 13.86¢ 2780.73 £ 7.51a 65.24 £ 0.34c

LNC-2 556.30 = 3.84a 2966.43 + 23.88b 148.21 £5.7b

*Data are shown as mean + SD (n = 3) from triplicate experiments. *Different letters (a—e) in the same column denote
statistically significant differences (Newman—Keuls test, p < 0.05). It applied Tukey’s test level 5% probability.

Cell viability test

Cytotoxicity evaluation of the polymeric nanocapsules with lutein (LNC-1 and LNC-2) in mouse 3T3
fibroblasts cells with a 24-hour exposure period is demonstrated in Figure 10.
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Figure 10. Effect of lutein nanocapsules (LNC-1 and LNC-2) on the viability of 3T3 fibroblasts after 24 hours, assessed
by the MTT method. DMEM was employed as negative control. The data are presented as mean £ SEM (n = 8). ANOVA,
accompanied by Tukey's post-hoc test, was used for the analysis. *** p < 0.001 in comparison with the control group.

For LNC-1 in the concentrations from 25.0 % to 12.5% there was observed decline in cell viability with
p<0,001. Meanwhile, concentrations between 6.25% and 0.78%, no significant variation in cell viability was
observed across the different concentrations of LNC-1 tested compared to the control, indicating that at
concentrations lower than 123.75 ug/mL, the nanoformulation was not cytotoxic. In contrast, LNC-2 showed
toxicity at concentrations from 25% to 6.25% (p<0.001), which is justified by it having double the lutein
concentration in its composition compared to LNC-1. Thus, the PCL polymeric nanocapsules containing lutein
did not exhibit any significant cytotoxicity at concentrations lower than 30.93 pg/mL, indicating that the
nanoformulations are safe.
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DISCUSSION

According to Schaffazick and coauthors [12], polymeric nanopatrticles typically exhibit diameters ranging
from 100-300 nm. These dimensions are influenced by various factors, including formulation composition,
preparation method, core oil properties, polymer characteristics, surfactant types and concentrations, and
the presence or absence of active ingredients.

The nanocapsules developed presented mean size consistent with the expected size range
(200-500 nm) for polymer formulations prepared by the method of deposition of preformed polymer
[14,17,24,28].

The Polydispersity Index (PDI) provides insights into the uniformity of particle diameters within a
suspension. Samples with a PDI below 0.5 are considered monodisperse, while those with values exceeding
0.5 are classified as polydisperse [29,30]. In our study, the suspensions exhibited PDIs ranging from 0.229 +
0.038 (LNC-2) to 0.214 + 0.061 (WNC), indicating monodispersity. This minimal variance in particle sizes
further supports their homogeneity.

Zeta potential measurements reflect the electrostatic stability of particles, with values exceeding £30 mV
indicative of adequate surface charge. This stability arises from strong repulsive forces that deter particle
aggregation upon collision.

The samples presented pH between 5.02 + 0.023 to 5.94 + 0.037. These values are similar to the skin's
pH, making them suitable for topical formulations due to their demonstrated biocompatibility, making it an
interesting aspect since the objective of the work aims at the topical application of lutein in a nanostructure-
controlled release [31,32].

Thus, particle size and surface properties are critical factors in the bioactivity of nanocapsules, affecting
in vitro drug release. Reduced particle sizes create a more extensive surface area, facilitating the quick
release from these nanosystems and thereby enhancing their pharmacokinetics and therapeutic efficacy.
This makes them a viable option for delivering lutein across the epidermis to combat signs of skin aging, as
their size is smaller than 500 nm, enabling penetration into the skin [29,33]. The characteristics observed in
the FESEM images match those reported in previous studies for polymeric PCL nanoparticles. Camargo and
coauthors [24] described similar features in the development of tacrolimus nanoparticles, Ferreira and
coauthors [34] in diphenyl diselenide nanoparticles, and Yingngam and coauthors [35] in the synthesis of
menthol nanocapsules. They all noted the presence of a reservoir structure characteristic of nanocapsules,
with a lighter region in the upper portion corresponding to the polymeric wall coating and a darker central
region representing the core. This distinctive feature is attributed to the presence of PCL, which forms a
polymeric coating around the oily mixture of Span® 80, caprylic acid, and lutein [36].

In the XRD, the similar profiles obtained for the formulations suggest molecular dispersion between the
lutein and the polymer, resulting in nanoparticles with a semi-crystalline nature, with crystallinity peaks
coincident with those observed for the polymer (PCL), indicating that lutein is encapsulated within a PCL shell
[24,29,37].

The FTIR analysis revealed the disappearance of the characteristic bands of lutein, suggesting its
encapsulation within the polymeric matrix. No significant changes were observed in the main bands
compared to the spectra of the isolated substances, indicating the absence of physicochemical interactions
capable of altering the structure of the drug or the polymer. These findings, supported by the XRD results,
reinforce the hypothesis that lutein is completely encapsulated, with the polymer solely functioning as a drug
carrier [24,37].

The stability study conducted at different temperatures verified the behavior of these nanocapsules.
Although these nanostructures are temperature-sensitive due to the effect on the droplet movement, the
tendency for droplets aggregation is lower compared to formulations on larger scales, such as the
macroemulsions and/or the vehiculation of lutein without appropriate formulation [11,12,14,36,38]. Figure 6
shows that there was no significant difference in the particle size of the analyzed samples (WNC, LNC-1, and
LNC-2) when stored at room temperature and in the refrigerator, indicating that the nanocapsules did not
undergo changes over time. This suggests that there was no coalescence or degeneration of the samples,
regardless of the presence of lutein in the composition of the nanocapsules under the analyzed conditions
[30].

Figure 8 shows us that this difference in PDI among samples did not harm the system, as the values
remained acceptable, i.e., less than 0.3, which is satisfactory for topical use. It demonstrates that the samples
remained in a unimodal distribution of their average diameters, indicating that over time, the samples
continued to disperse without aggregation or flocculation occurring [30,39]. Time and storage conditions
influence the zeta potential, especially at 37 °C, where variations are more pronounced, suggesting potential
changes in the electrostatic stability of the nanocapsules under these conditions, likely due to polymer
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degradation and alterations in the exposure of positive charges to high temperatures [40]. Despite observed
differences, zeta potential values close to -30 mV (even for samples stored at 37 °C) indicate that the
nanocapsules are electrostatically stable structures.

The significant differences observed indicate that pH was influenced by both storage conditions and the
presence of lutein (Figure 9). Elevated temperatures and higher lutein concentration led to a decrease in the
system's pH. Overall, samples stored at 37 °C showed a more pronounced decrease in pH over time,
indicating potential changes in the stability of the nanocapsules under these conditions. It can be explained
by the hydrolysis of medium-chain triglycerides composing the core or the surfactant released from the
interface when polymer aggregates or lutein degradation products are influenced by increased temperature
[10,11,40]. Samples stored at room temperature and 4 °C maintained a more stable pH throughout the study
period.

At the end of the analysis period, LNC-1 and LNC-2 stored at room temperature and 37 °C showed a
change in color from yellow to white (Figure 5), possibly due to lutein oxidation, which is favored at elevated
storage temperatures, causing physical changes in the nanocapsules.

It has been reported in the literature that due to conjugated double bonds and hydroxyl groups in lutein,
it is susceptible to oxidation when exposed to air and light, generating colorless products [10,11,26]. In
contrast, LNC-1 and LNC-2 stored at 4 °C showed no macroscopic changes.

The findings are in agreement with Alvarez-Henao and coauthors [41], who observed that lutein
degrades rapidly, showing a 70% reduction in three days. Encapsulated lutein, however, demonstrated only
39% degradation after 21 days at 25°C. After 21 days at 50°C, the nanoparticle containing lutein preserved
around 20% of the encapsulated lutein, while the physical mixture retained only 1% of the lutein. Okonogi
and Riangjanapatee [42] reported similar findings with solid lipid nanoparticles containing lycopene, a
carotenoid akin to lutein, demonstrating that encapsulated lycopene was 100 times more stable than in
solution. This result reflects a significant advancement in the stability of carotenoids, such as lutein, when
they are encapsulated.

The stability study conducted at different temperatures assessed the behavior of these nanocapsules.
Despite their sensitivity to higher temperatures, which affects droplet movement, these nanostructures show
less tendency for droplet aggregation compared to larger-scale formulations like macroemulsions or lutein
without adequate formulation [12,36,38]. The study concluded that there was no significant difference in the
physicochemical aspects of samples stored at room temperature and in the refrigerator. PCL was considered
promising as an encapsulating material, protecting lutein from environmental factors and maintaining
nanopatrticle stability for up to 30 days.

In the three assays studied, the LNCs exhibited antioxidant activities improved compared with WNC, with
exception in the DPPH test that the results are statistically similar (between WNC and LNC-1). This difference
can be explained because of steric effects of DPPH, increasing the difficulty in reacting with the radicals
molecules. Therefore, the groups present in WNC also contribute distinctly to antioxidant activity of the
particles. For the FRAP and DPPH assays, LNC-2 showed enhanced activity of lutein compared to free lutein,
highlighting the relevance of nanotechnology in enhancing the antioxidant activity of lutein. In the ABTS-+
assay, a higher contribution to antioxidant activity was demonstrated for free lutein compared to LNC-1 and
LNC-2 (p<0.05). However, notably, LNC-2 exhibited superior antioxidant activity across all three assays
compared to LNC-1 and WNC. For all three assays conducted, the influence of lutein concentration in the
nanocapsules was demonstrated. For instance, in the FRAP assay, LNC-2 (556.30 ug AA mL™) showed
higher activity than LNC-1 (267.84 ug AA mL™?). These results illustrate the ability of nanocapsules to protect
bioactive compounds, such as lutein, while maintaining their antioxidant properties intact. The dependence
on the loaded lutein concentration can be observed in the results exhibited.

Lutein, an oxygenated carotenoid, is one of the most essential xanthophylls part of the human diet. The
importance of carotenoids is their antioxidant effects, mainly in O, quenching. The ROO" are the only free
radicals able to destroy the carotenoid completely, because the carotenoids, including lutein, have conjugated
double bonds in their internal structure. The series of rotational and vibrational interactions with the solvent
can result in the release of the newly acquired energy, returning the molecules to their ground state and
enabling them to react and neutralize additional free radicals [43]. Lutein, and other carotenoids, have
conjugated double bonds that can interact with electrophilic reagents, including reactive oxygen species
(ROS) - both free radicals and non-radical species - contributing to decrease the oxidative stress. The
mechanisms involved in these antioxidant reactions, usually, are electron transfer, donation of hydrogen and
radical addition. However, it is most probable the predominance of the electron transfer mechanism [44]. It
knowing about the mechanisms involved, it justifies the results shown, which in FRAP assay demonstrate
clearly the contribution of antioxidant property of lutein in LNCs, because of predominance of electron transfer
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in FRAP assay that evaluate reducing power of Fe®* to Fe?*. For other side, DPPH and ABTS™* assays include
mechanisms such as hydrogen atom transfer (HAT) and electron transfer (ET) - there is considerable
discussion among researchers about this issue - and they are sterically hindered with the radicals center
highly protected [45-47]. Thus, difficult the access of antioxidants present in nanocapsules.

A concentration-dependent decrease in cell viability was assessed in the 3T3 cell viability study, with a
progressive reduction in the viability of cells as the concentration of LNC-1 and LNC-2 increased. These
results suggest a correlation that varies with dose between lutein concentration and its impact on cell viability.
Bolla and coauthors [48] conducted an investigation on the cytotoxicity of polymeric nanoparticles composed
of PLGA-PEG-biotin, which contained lutein, in ARPE-19 cells. The analysis results revealed that both free
and encapsulated lutein did not exhibit cytotoxic effects within the concentrations of 10, 20, and 50 pg/mL.
Moreover, it was found that encapsulated lutein exhibited a lower rate of cytotoxicity compared to free lutein,
suggesting that the nanoformulation was safe, effective, and non-toxic. This finding aligns with the results
observed by Chittasupo and coauthors [49], where a similar phenomenon in ARPE-19 cells exposed to PLGA
nanoparticles containing lutein in a cell viability assay. Even after a 72-hour analysis period, cell viability
remained above 82% of the control when subjected to concentrations varying from 1 to 500 pg/mL of the
sample in question. These findings indicated that the lutein nanoparticles exhibited excellent biocompatibility,
showing no cytotoxicity in vitro at lower concentrations.

Our study significantly advances by not only focusing on the preparation and stability of lutein
nanocapsules but also exploring their functionality and application in innovative ways. While Brum and
coauthors [14] primarily examined basic physicochemical properties and stability under different storage
conditions, we introduced advanced characterization technigues, such as FESEM, FTIR, and XRD, to better
understand the nanocapsule structure and interactions. Additionally, our results highlighted the
encapsulation's ability to enhance antioxidant activity and demonstrated its biocompatibility through
cytotoxicity assays on fibroblasts. Most importantly, we paved the way for groundbreaking applications in
anti-aging skincare, showing that encapsulated lutein not only maintains superior stability but also offers
enhanced efficacy for topical delivery, marking a transformative step in the field of nanostructured antioxidant
systems.

CONCLUSION

Lutein-loaded PCL nanocapsules were successfully produced, demonstrating advantageous
physicochemical properties including a small hanometric size, low polydispersity index, and a negative zeta
potential close to -30 mV. Additionally, the pH of the nanocapsules was found to be close to 5, making them
suitable for skin application. FESEM images further confirmed the presence of a reservoir structure
characteristic of nanocapsules, showcasing a smooth surface, rounded shape, and nanometric size. This
was later confirmed by XRD and FTIR analyses.

Stability assessments indicated that storage in a refrigerator and room temperature is the most
recommended method for preserving the physicochemical characteristics of lutein nanocapsules over time.

Nanoencapsulation enhances the antioxidant activity in vitro compared with free lutein and nanocapsules
containing lutein show biocompatibility with fibroblasts at lower concentrations.

These findings suggest that PCL nanocapsules hold potential as effective nanocarriers for delivering
lutein topically to skin, thus allowing for the delivery of its therapeutic benefits. Additionally, this research
offers important information for the creation of dermocosmetic products that incorporate nanotechnology.
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