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Purpose. The aim of the study is to optimize the intercalation conditions of ferulic acid (FERH), an
antioxidant compound, into Mg—Al-hydrotalcite for a safe skin photoprotection.

Methods. The intercalation products were prepared incubating hydrotalcite (HTIlc) in aqueous
solutions of FERH sodium salt at different temperatures over 4 and 8 days. Quantitative determination
of intercalated FERH was performed by thermogravimetric analysis and morphology by scanning
electron microscopy (SEM). FERH stability study was carried out at different pHs and temperatures.
FERH was analyzed by reversed phase-high-performance liquid chromatography. Response surface
methods (RSMs) were used to assess optimal intercalation conditions and FERH stability.

Results. In all intercalation products, FERH content was found to be about 48% w/w except when the
intercalation process was carried out at 52°C for 8 days and at 60°C for both 4 and 8 days, which resulted
to be 40.39, 39.99, and 34.99%, respectively. The RSM designs showed that intercalation improvement

can be achieved by working at pH 6, at temperatures below 40°C, and over 4 days of incubation.

Conclusions.

The optimal conditions for a proper FERH intercalation were assessed. The development

of a new optimized protocol may improve HTlc-FER complex performances and safety by augmenting
dosage and reducing the presence of harmful reactive species in the final formulation.

KEY WORDS: ferulic acid; intercalation; Mg—Al hydrotalcite; optimization; stability.

INTRODUCTION

FERH, 4-hydroxy-3-methoxycinnamic acid (Fig. 1), is a
substance found in seeds and leaves of most plants, especially
in the brans of grasses such as wheat, rice, and oats. Its
valuable properties owe to its radical scavenging activity,
which can be enhanced by exposure to ultraviolet (UV) light;
this feature suggests that it might be helpful in protecting
skin from sun damage (1-5). In a previous work (6), FERH
was intercalated, as a dissociated form (FER), in hydrotalcite
chloride (HTlc—Cl). HTlc—Cl is an anionic clay characterized
by positively charged metal hydroxide sheets with anions
located interstitially. HTlc has been used as catalyst (8),
catalyst support (9), adsorbent (10), pharmaceutical vector
(11), for the preparation of modified release formulations
(12), and as a cosmetic formulation stabilizer (13). FER
intercalation in HTlc (6) proved to be useful in protecting it
from degradation because of irradiation and therefore
potentially in enhancing FERH sunscreen properties in the
region around 300 nm.
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FERH can be degraded in the presence of bacteria or fungi
(14-16) and easily undergoes decarboxylation and oxidation
(17-21). Furthermore, it is susceptible to environmental
factor modifications, especially temperature and pH, which
have great importance on the intercalation process (5,22).
The presence of FERH degradation products may affect the
proper and effective intercalation of the molecule, as these
byproducts may compete with FERH during the inclusion
process in HTlc—Cl. In addition, the presence of degradation
products may favor formation of radicals and other harmful
reactive species hence causing dangerous side effects upon
application on skin. In light of these considerations, the
present work was aimed at the investigation of FERH
stability under different environmental conditions to improve
the intercalation process and to assess the optimal conditions
for HTlc-FER fabrication. When possible, the presence of
potentially interfering degradation products in the intercala-
tion complex was evaluated. Degradation products were
investigated by assaying the intercalated compounds and
supernatants using a reversed phase-high-performance liquid
chromatography (RP-HPLC) technique.

Investigation of FERH stability was carried out at pH
22, 4, and 74 and in the temperature range of 4-60°C.
HTIlc-FER complexes were characterized by X-ray diffrac-
tion, thermogravimetry, and scanning electron microscopy
(SEM). Temperature and pH effects on stability and time
and temperature on intercalation were assessed by means of
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Fig. 1. FERH structure.

two response surface methods (RSMs). This approach may
provide useful information for the development of a new
protocol for FERH intercalation in HTIc-Cl matrices to
increase the amount of intercalated FERH and to avoid the
presence of potentially harmful reactive species in the final
product.

MATERIALS AND METHODS
Materials

FERH and AICl;-6H,O were purchased from Fluka
(Milan, Ttaly). MgCl,-6H,O, urea, and acetonitrile for HPLC
were obtained from Baker (Deventer, Holland). 4-Vinyl-
guaiacol, sodium phosphate, acetic acid, and lactic acid were
acquired from Sigma Aldrich (Milan, Italy). Water Plus for
HPLC was provided by Carlo Erba (Rodano, Italy). Other
chemicals and solvents were of reagent grade and were used
without further purification.

HTlc-Cl Preparation

The HTIlc-Cl was obtained starting from its carbonate
form. The Mg-Al-HTIlc-CO; was prepared by adding solid
urea to a 0.5 M MgCl,/AlICl; water solution. Urea/Mg + Al
and Al/Mg + Al were in the molar ratio of 3.3 and 0.33,
respectively. The hydrolysis of urea, inducing slow pH
increase, led to the precipitation of metals in a well-
crystallized HTlc carbonate form (7). The obtained solid
was recovered, washed with water to eliminate chlorides, and
stored in a desiccator under vacuum at room temperature.
Quantification of magnesium and aluminum was accom-
plished by ethylenediaminetetraacetic acid titration of a
HTIc-CO;5 aqueous solution (50 ml) obtained by dissolving
the product with a proper amount of HCl 0.1 N at pH < 5.

Pure crystalline Mg-Al-HTlc-Cl was obtained by
CO; ?/Cl” ion exchange upon titration with a dilute HCI
solution (23).

Intercalation of FERH into HTlc-Cl

HTlc—Cl (0.303 g) was suspended in 25 ml of a degassed
aqueous solution of ferulate sodium salt (FER Na™* 0.546 g),
obtained by adding stoichiometric equivalents of carbon-
dioxide-free 0.1 N NaOH solution to FERH (Cl /FER™
molar ratio 1:2). Intercalation was performed at six different
temperatures (25-32-37-45-52-60°C), 140 rpm over 4 and
8 days in a Gallenkamp orbital incubator INR 2000
(Gallenkamp, UK). The reaction was carried out protecting
samples from light and under nitrogen atmosphere to protect
reagents from oxidation.
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HTIlc-FER was centrifuged in an ALC centrifuge 4236A
(ALC, Milan, Italy) at 4000 rpm for 5 min and was washed
first with degassed water, then with ethanol 95%, and finally
with degassed water. The product was dried in a desiccator
under vacuum. The supernatant obtained after the first
centrifugation was analyzed by RP-HPLC to evaluate the
presence of FERH degradation products.

Characterization of the Intercalated Product

HTIc-FER was analyzed by X-ray powder diffraction
(XRPD) with a computer-controlled PW 1710 Philips dif-
fractometer (Philips, Eindhoven, Netherlands), using the Ni-
filtered Cu Ko radiation. Quantitative determination of
intercalated FERH was performed by thermogravimetric
analysis (TGA) with a Stanton-Redcroft STA 780 thermoan-
alyzer at a heating rate of 5°C min~' under airflow. Analyses
were performed in triplicate, and the error was expressed as
standard deviation.

Morphology of HTIc-FER intercalation compounds was
determined by SEM using a Philips XL30 microscope.
Pictures of blank HTlc—Cl matrix were also recorded to
evaluate the effect of intercalation on the final product.

RP-HPLC Analysis

Reversed phase-high-performance liquid chromatogra-
phy analyses were carried out by means of a HP 1050 Series
chromatograph (Hewlett Packard, Waldbronn, Germany)
equipped with a spectrophotometer HP 1050 Series detector
(Hewlett Packard) set at 310 nm, using a Waters C18 column
(100 A, 300 x 3.9 mm; Waters, Milan, Italy). Elutions were
performed in an isocratic manner (flow rate 1 ml/min) with a
mixture of water—-CH;COOH (pH 3)/acetonitrile (66:34, v/v).

Column, mobile phase, and samples were equilibrated at
room temperature. The calibration curves were drawn with
six solutions in the concentration range of 2-12 pg/ml
Measurements were performed in four replicates, and the
error was expressed as standard deviation.

FERH Stability Studies

FERH stability was tested at three different pHs (2.2, 4,
and 7.4) and at three different temperatures (4, 37, and
60°C). Three buffers were used according to the pH needed:
0.1 M phosphate buffer pH 7.4, 0.1 M acetic buffer pH 4, and
0.1 M lactic buffer pH 2.2. FERH solutions, with a theoretical
concentration of 0.2 mg/ml, were prepared in triplicate using
the aforementioned buffers. Samples of 250 ul were with-
drawn at predetermined time intervals and were analyzed by
RP-HPLC. Particular care was taken to avoid FERH light-
mediated degradation.

The data obtained were used to build an Arrhenius plot:

log k =log A — E,/2.303 k, T (1)

where A is an unknown nonthermal constant, £, is the
activation energy of the reaction, ki, is the Boltzmann’s
constant, and T is the absolute temperature (Kelvin).

The Arrhenius rate constants (k) were thus calculated at
each pH and temperature value. The set of k’s was employed
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for the evaluation of FERH stability conditions and the
relative effects of pH and temperature.

Assessment of Time and Temperature Effects on FERH
Intercalation

Response surface method was employed to analyze
temperature and time effects on FERH intercalation. Two
factors were chosen, namely, time (A) and temperature (B),
whereas the response to be evaluated was FERH % of
intercalation. Time was varied over two levels (4 and 8 days)
and temperature over six levels (25, 32, 37, 45, 52, and 60°C)
as already reported in Intercalation of FERH into HTlc—Cl
and in Table I. A D-optimal design was built, and a quadratic
polynomial model was employed:

Y = by + b1 Xa + by Xp + bs X5 + bsXp + b3 XaXp +¢ (2)

A and B are the factors, b; are the coefficients estimating
main effects and interactions, and ¢ is the residual error of
the model.

Twelve design points were employed in the RSM.
Diagnostic and analysis of variance (ANOVA) statistics were
performed to assess model adequacy. Using the reported
model, a contour plot of % FERH intercalated was built vs.
time and temperature. This procedure was useful to evaluate
time and temperature influences on FERH intercalation into
HTlc-CL

Assessment of pH and Temperature Effects on FERH
Stability

To establish the extent of temperature and pH effects on
FERH degradation, a RSM was employed, as described
earlier in Assessment of Time and Temperature Effects on
FERH Intercalation. The two factors chosen were tempera-
ture (A) and pH (B), whereas the response to be evaluated
was the FERH degradation rate constant (k). k was
calculated from the Arrhenius plot as previously reported.
The factors were varied over three levels corresponding to
the three values of temperature (4, 37, and 60°C) and pH
(2.2, 4, and 7.4). A D-optimal design was built by augmenting
a 2% full factorial design, previously obtained by varying
temperature and pH over their maximum and minimum
levels. In such a way, curvature was evaluated by introducing
checkpoints represented by the temperature mid-level (37°C)
at all three pH levels (2.2, 4, and 7.4).

A general polynomial model was employed as shown by:

Y = by + b1 Xa + by Xp + bs X3 + be X5 + b3 XaXs
+ b7 X3Xg + ... +¢ (3)

A and B are the factors, b; are the coefficients estimating
main effects and interactions, and ¢ is the residual error of
the model.

Nine replicates for each level were performed, and 36
design points resulted in the 2” factorial design. These points
were employed for the analysis in the D-optimal response
surface design upon addition of checkpoints. Diagnostic and
ANOVA statistics were applied to assess performance and
reliability of the model obtained. Eventually, a k surface

Table I. FERH Intercalation in HTlc Clay Performed Under Different Periods of Time and Temperatures

Intercalation period
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response plot was generated to monitor its modifications with
pH and temperature. This procedure was useful to optimize
the conditions for FERH intercalation into HTlc—Cl and to
evaluate the influence of pH and temperature on FERH
stability.

Evaluation of FERH Degradation

Further qualitative studies were performed on the
solutions used to investigate FERH stability and the super-
natants collected during the intercalation process to highlight
the presence of possible degradation products. HPLC ana-
lyses were carried out on samples used for the stability study
and on the intercalation products in the attempt to reveal
known byproducts caused by FERH chemical transforma-
tion. For this purpose, HPLC profiles were compared to
those obtained from known degradation products, such as 4-
vinylguaiacol (14).

RESULTS AND DISCUSSION
Characterization of the Intercalated Compounds

The HTlc matrix was prepared as chloride form to favor
ion exchange process (23); HTlc—Cl composition resulted:
Mg0_62A10.38(OH)z’C]0.38'0.56H20. HTIlc-Cl was then con-
verted into HTIc-FER form according to the procedure
described in Intercalation of FERH into HTlc—Cl.

XRPD was used to confirm FERH intercalation. As
shown in Fig. 2, space between layers increased from 7.8 A
(24) to 17.7 A in each preparation as a consequence of
FERH intercalation (25).
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Fig. 2. X-ray powder diffraction characterization of HTlc-Cl (A)
and HTIc-FER (B).
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Fig. 3. HTIlc-FER thermogravimetric analysis reporting (a) %
weight loss and (b) thermal transition curve.

TGA profiles (Fig. 3) had very similar patterns and were
characterized by three stages. The first stage showed a broad
endotherm at 100°C because of loss of both adsorbed and
interlayer water molecules. The two exothermic bands at
200-350 and at 400-600°C are mainly a result of FERH
decomposition and of an outdiffusion of FERH as well as the
dehydroxylation of the host layers, respectively. The product
obtained at 1000°C consisted only of a mixture of MgO and
AlLOs.

In light of these observations, HTlc-FER exact formula
and FERH content were then calculated (Table I).

The intercalation yield of FERH in HTlc ranged from 35
to about 49%. It was slightly increased at low temperatures
and at longer times (8 days), whereas comparable results
were obtained at higher temperatures and shorter times
(4 days). The intercalation compounds obtained showed a
homogeneous morphology with lamellar layer structures
(Fig. 4A and B). Moreover, intercalation did not affect
morphology as blank matrix, and intercalation compounds
did not show evident differences in shape and size.

Effect of Factors on Intercalation and FERH Stability

The data obtained from the intercalation study were
analyzed by a D-optimal design to evaluate intercalation
efficiency susceptibility to the working conditions employed.
A reduced quadratic model was obtained:

Y = 48.37 — 0.96X, — 4.60X5 — 5.86X% — 2.08X,Xp  (4)

Diagnostic and ANOVA analyses showed model ade-
quacy with significant terms and large F values (Table II). A
good agreement was observed between predicted and adjust-
ed 7 (data not shown).

Time (factor A) did not have an effect as high as
temperature (factor B) on intercalation, as it was shown by
the small second coefficient in Eq. (4) and the small F value
in Table II. Nevertheless, it had a large effect when
associated to temperature as reported by the highly signifi-
cant AB interaction term. A region of optimality in which
FERH intercalation was increased to about 49% was out-
lined by analyzing the contour plot generated from the model
(Fig. 5). This contour region corresponded to a temperature
range between 37 and 39°C and to a time value around 4
days. Moreover, FERH intercalation was improved by
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Fig. 4. Scanning electron microscopy pictures of HTlc-FER interca-
lation compounds (A) and blank HTlc-Cl matrix (B).

increasing time exposure to lower temperatures, and it was
decreased at higher temperatures. This behavior can be easily
explained if considering that although FERH intercalation
kinetics is strongly speeded up by a temperature increase,
temperature affects FERH stability; therefore, working for
longer times at higher temperatures leads to degradation and
to a decrease of intercalation efficiency. On the contrary, at
low temperatures, degradation is not particularly fast, and
longer times are required to counterbalance the kinetics
slacking up. Of course, too low temperatures, although
desirable for FERH preservation, should be avoided to not
slow down excessively the intercalation reaction. Therefore,
improvement of FERH intercalation can be achieved by

properly modifying process conditions as earlier suggested.
However, pH being a key factor for obtaining a sufficiently
high intercalation, FERH stability was investigated looking
at several pH and temperature setups as well. The studies
were carried out by RP-HPLC. Optimal resolution and peak
symmetry were achieved using a mixture of CH;COOH
water solution (pH 3) and acetonitrile (66:34, v/v) as mobile
phase. A FERH aqueous solution, injected as a standard,
showed a retention time of 4.7 min. A FERH calibration
curve (r* > 0.990) was used to quantify the FERH
concentration in buffer solutions. Figure 6A—C showed that
FERH degradation increased with temperature and pH. In
fact, an evident faster drop of FERH concentration was

Table II. Analysis of Variance of the Quadratic Model for the Intercalation Study Obtained from the RSM Design

Source Sum of squares df Mean square F value Prob > F

Model 217.32 4 54.33 16.50 0.0011 Significant
A 10.97 1 10.97 333 0.1108

B 116.95 1 116.95 35.51 0.0006

B? 64.84 1 64.84 19.69 0.0030

AB 23.92 1 23.92 7.26 0.0309

Residual 23.05 7 3.29

Cor total 240.38 11

RSM: Response surface method.
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Fig. 5. Contour plot of the % amount of intercalated FERH as function of time and
temperature as obtained from the response surface method design.

observed at 37 and 60°C, when pH was increased from 2.2 to
7.4 (Fig. 6B and C). This behavior was not observed at 4°C,
as at this temperature, FERH was stable over 220 days,
although a drop of about 10% was still recorded at pHs 4 and
7.4 if compared to pH 2.2 (Fig. 6A).

Evaluation of the extent of temperature and pH effects
observed during the FERH stability study was performed by
a D-optimal design. For this purpose, FERH degradation
rate constants k were calculated as previously reported from
the Arrhenius plots and were used for the experimental
design study. As a consequence of a nonlinear k response to
temperature and pH variation, a reduced cubic model was
obtained.

Y = 0.33 + 1.28X, 4 0.050X5 + 1.13X3 + 0.075X, X3
+0.11X3 X3 )

Diagnostic and ANOVA analyses showed a good
performance and reliability of the model with high significant
terms as shown by the large F values (Table III). A
nonsignificant lack of fit and a high correlation with »* >
0.990 (data not shown) claimed a high efficiency of the model

in fitting experimental data. A good agreement was observed
between predicted and adjusted * (data not shown).

pH did not directly affect intercalation by itself, but it
had a high importance in influencing temperature effect.
Evaluation of k surface plot showed an increase of FERH
degradation rate when both temperature and pH were
increased (Fig. 7). The effect of temperature was by far
greater than pH’s as from the surface area steepest profile.
These findings correlated well with the results from the
stability study. In fact, the optimal conditions, indicated by
the contour region in which k was minimum, corresponded to
low temperature and to low pH values. In this regard, the use
of low pHs is desirable to limit the presence of negatively
charged species in solution, reducing thus the risk of FERH
displacement. Moreover, stability and experimental design
studies showed that low pHs slightly reduce FERH degrada-
tion rate at higher temperatures, whereas, as previously
shown (Fig. 6A), negligible differences occur at low temper-
atures. This observation was correlated with a higher stability
of the undissociated vs. the dissociated form of the compound
with temperature. This result confirmed the findings reported
earlier (22), which stated a certain FERH stability with pH
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(3-11) at room and low temperatures (6°C) in proper buffers.
Moreover, a pH within FERH pK, and 7 is desirable,
because, as already stated, neutral and basic pHs must be
avoided to reduce the amount of negatively charged species,
such as OH ', which compete with FERH during the
intercalation process. Besides, the high instability of HTlc
below pH 5 put another constrain to the choice of the proper
pH value. Therefore, a pH value around 6 was thought to be
a good compromise to fulfill all requirements. In fact, being
FERH pK, about 4.5, at pH 6, most of it is present in a
dissociated form. Moreover, working at a pH < 7 ensures
both requirements: (1) sufficient FERH stability over the
period of time investigated and (2) limited presence of
competitive species in solution. Of course, additional care
has to be taken as far as light effect is concerned. In fact, light
exposure is critical to FERH to not impair its structure and

7 8 9 10 11 12

its physical-chemical properties. For this reason, all
experiments were performed avoiding light exposure.

Evaluation of FERH Degradation

Qualitative analyses of chromatograms and UV profiles
were carried out as a consequence of the decrease of FERH
content observed during 8 days of intercalation time at 52°C
and during days 4 and 8 when intercalation was performed at
60°C. In these cases, the percentage of FERH intercalated
was between 35 and 40%, respectively, whereas in all other
cases, the FERH content in HTIc-FER was found to be
about 48% w/w. To explain this content decrease, the
supernatants, collected during the intercalation study
reported in Intercalation of FERH into HTIc-Cl, were
submitted to RP-HPLC analysis. All chromatograms were
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Table III. Analysis of Variance of the Reduced Cubic Model Obtained for the Stability Study from the RSM Design

Source Sum of squares df Mean square F value Prob > F

Block 4.87 2 2.44

Model 64.44 5 12.89 3640.70 <0.0001 Significant

A 55.87 1 55.87 15,782.54 <0.0001

B 4.885E—003 1 4.885E—003 1.38 0.2469

A? 7.12 1 7.12 2010.97 <0.0001

AB 0.18 1 0.18 50.94 <0.0001

A’B 0.022 1 0.022 6.18 0.0171

Residual 0.15 41 3.540E—-003

Lack of fit 0.015 3 5.017E—-003 1.47 0.2392 Not significant

Pure error 0.13 38 3.423E-003

Cor total 69.46 48

RSM: Response surface method.

characterized by a single peak corresponding to FERH at 25,
32, and 37°C for both 4- and 8-day intercalation times.
Chromatograms of samples obtained after 4 days at 45°C
(Fig. 8A) showed an additional small peak at 7.7 min. This
result was interpreted as due to a first degradation product.
A similar chromatogram was observed for samples obtained
at 45°C after 8 days and at 52°C after 4 days (data not
shown). On the contrary, the sample prepared at 52°C for
8 days showed larger and smaller peaks at 7.7- and 12.8-min
retention times, respectively, corresponding to possible
different degradation products (Fig. 8B). Samples prepared
at 60°C, whether at 4 or 8 days, showed similar chromato-
grams with the two degradation products. However, although
the FERH peak was always present in all chromatograms, at
8 days, it was strongly reduced, and the two degradation
products turned out to be the main constituents (Fig. 8C).
These observations suggest that a remarkable degradation
starts at temperatures above 45-50°C, with some additional

2.96904

2.20759
1.44614

0.684689

k

-0.0767605

7.40

pH

peaks appearing in the FERH chromatograms. At lower
temperatures, these peaks are no longer detectable, confirm-
ing thus that performing the process at a temperature below
40°C not only represents the most suitable and the safest
working condition but is also capable of insuring a sufficient-
ly high inclusion rate. Comparison of chromatograms
obtained from the analysis of supernatants of the FERH
intercalation process and the HPLC profile of 4-vinylguaia-
col, one of the known FERH degradation products, did not
show any matching peak. The reason for this resides either in
a possible FERH alternative degradation pathway or in that
4-vinylguaiacol degrades into further byproducts.

CONCLUSIONS

A new potentially useful protocol for an improved
FERH intercalation into HTIlc matrices is developed.

32.00

Temperature (°C)

220 4.00

Fig. 7. Response surface plot showing the dependence of the FERH degradation
rate constant k on temperature and pH.



612

Current Chromatogram(s)
VWD A, Wavelength=310Am of OFA®SAZD

may
s

B

Current Chrematogram(s)
VW1 A, Wavelengin=310 run of O AS285.0

mAl

774

Current Chromatogram(s)

VWD A, Wavelengfh=310 nm of OFAGDB6.D
mAY

7n2

82

©
7
12815

2068
6994

2 ] I3 8 10 12 14 o

Fig. 8. Chromatograms of the supernatants coming from the
intercalation study, collected after 4 days at 45°C (A), after 8 days
at 52°C (B), and after 8 days at 60°C (C).

Schoubben er al.

According to the results obtained, the optimal working con-
ditions for FERH intercalation into HTlc—Cl matrices are the
following: (1) temperatures between 25 and 40°C, (2) working
periods of 4 days, and (3) a pH around 6. The assessment of such
conditions should ensure the safety of the inclusion products and
improve its intercalation process efficiency. Moreover, the
increase of the FERH-intercalated amount enhances its per-
formances and effectiveness upon application in vivo. These
characteristics may provide a new powerful tool for skin
protection over several oxidative stress processes.
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