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Abstract: Alpha lipoic acid (ALA) is a well-known anti-aging compound. The activity of this molecule
is limited by two important factors: (i) The low stability to oxidation and thermal processes and (ii) the
low solubility. Particularly the latter limits ALA formulation in hydrophilic bases. The purpose of this
paper is to present a new technological approach to stabilize lipoic acid in topical hydrogels for cosmetic
use. With this aim, ALA was intercalated in two different lamellar anionic clays (hydrotalcites), MgAl
and ZnAl, obtaining the hybrids MgAl-ALA and ZnAl-ALA. The intercalation allows to obtain a more
manageable product in comparison to raw ALA. After the preliminary characterization, hydrogels
containing the hybrids were prepared and characterized, also in comparison to the commercial
product Tiobec® in terms of rheological properties, stability to temperature and centrifugation,
release, and cytotoxicity. The obtained results highlighted that the hydrogel containing MgAl-ALA is
a suitable alternative to the products currently available on the market.
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1. Introduction

R-(+)-alpha-lipoic acid (ALA) is a naturally occurring compound, found in animal-derived foods,
such as red meat and liver, heart and kidney, and plants such as spinach, broccoli, tomatoes, brussel
sprouts, potatoes, garden peas, and rice bran [1].

ALA is widely used in cosmetic and dermatological products because of its many favorable
effects on the skin. It acts as an essential co-factor of the mitochondrial multi-enzyme complex and
thus plays an important role in energy metabolism participating in different mechanisms such as cell
growth, oxidation of carbohydrates, amino acids, and regulation of mitochondrial redox balance [2].
In fact, it is a potent antioxidant by scavenging and eliminating free radicals [3–5]. ALA displays
an excellent scavenging activity against the hydroxyl radical (HO·) responsible for hydroxylation
of various biomolecules by reduction of unsaturated bonds present in their structures [6,7]. It was
observed that ALA is able to reduce cell injury and protect fibroblasts against irradiation-induced
cytotoxicity showing interesting applications in the attenuation of the side effects associated to cancer
radiation therapy [8].

Moreover, ALA demonstrated to possess anti-inflammatory activity reducing the levels of the
tumor necrosis factor (TNF)-α, interleukin (IL)-1 beta (IL-1β), and IL-6 [9–11].

Unfortunately ALA is unstable against oxidation and temperature undergoing to polymerization
with consequent loss of its bioactivity and formation of unpleasant sulfurous odor [12,13].
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Many technological strategies have been purposed in order to improve ALA stability
as nanoencapsulation [14–16], co-formulation with stabilizing molecules [17], formulation in
nanostructured lipid carriers [18], complexation with cyclodextrins [19], complexation with chitosan [20],
incorporation in alginate gel beads [21], and encapsulation in amylose helices [22].

The aim of this work was to purpose a new suitable technology able to improve ALA stability and
to realize a new topical formulation which can represent valuable alternative to the creams currently
available on the market.

The purposed strategy consists in ALA intercalation (guest) into inorganic lamellar anionic clays
(host) as the hydrotalcites (HTlc), able to host and protect an organic moiety (guest) in molecular
form [23,24]. These are versatile materials largely used in health field as they work contemporaneously
as carrier for active ingredients, stabilizer, and rheological agent [25–28]. The latter aspect is very
important particularly when the intercalation products of HTlc are introduced in semisolid formulations.
In fact, HTlc acts to enhance different properties of a topical formulation working as a thickening agent,
texturizing agent, and flowing agent [29–31].

The rheological properties influence the “skin fell” of a topical formulation, hence the acceptability
of the user. This aspect become very important especially when the developed formulations should be
applied on compromised skins as that of patients under radiation therapy.

For this work, hydrotalcites based on magnesium and aluminum (MgAl-HTlc) and zinc
and aluminum (ZnAl-HTlc) in chloride form were used as precursors for the preparation of
HTlc-ALA hybrids.

2. Materials and Methods

2.1. Materials

Alpha (α)-lipoic acid (ALA) was purchased from Olon S.p.A. – P&R Group (Rodano, Milano,
Italy). Sorbitol and glycerol were purchased from A.C.E.F. (Fiorenzuola D’Arda, Italy). Aluminum
chloride esahydrate, calcium chloride, magnesium chloride esahydrate, potassium dihydrogen
phosphate, sodium carbonate decahydrate, and sodium hydrogen phosphate anhydrous (Carlo Erba,
Cornaredo, Milano, Italy) were supplied by DueM (Perugia, Italy). Zinc oxide (Caelo, Hilden, North
Rhine Westphalia, Germany) was purchased from Comifar (Perugia, Italy). Di-sodium hydrogen
phosphate dodecahydrate was purchased from Panreac (Castellar del Vallès, Barcelona, Spain).
Hydroxyethylcellulose (HEC), Natrosol® 250 HX and sodium carboxymethycellulose (NaCMC) were
supplied by Hercules incorporated—Aqualon division (Wilmington, DE, USA). Ultrapure water was
obtained by reverse osmosis process in a MilliQ system Millipore (Rome, Italy). Other reagents and
solvents were of analytical grade and used without further purification.

The commercial formulation Tiobec® (ALA 5%, Laborest Italia S.p.A., Nerviano, MI, Italy),
available on the Italian market, was purchased in pharmacy.

The fluid used in the release studies as acceptor medium was a mixture of methanol (25%) with
phosphate buffer pH 5.5 (75%). The latter was prepared according to Ph. Eur. 9th Ed procedure.
As donor fluid, it was used a solution of potassium carbonate 0.025 M [32].

2.2. Synthesis of Hydrotalcites

MgAl-CO3 and ZnAl-CO3 were obtained by coprecipitation of Mg(II)/Zn(II)-Al(III) accomplished
by the hydrolysis of urea [33]. The chloride (MgAl-Cl and ZnAl-Cl) forms were obtained treating the
solid with diluted solutions of the corresponding mineral acid [33].

2.3. Preparation of Hydrotalcite-ALA Hybrids

ALA was converted in the sodium salt (ALA−Na+) using an equimolar water solution of NaOH
0.1 M. The intercalation products were obtained using MgAl-HTlc-Cl (MgAl-Cl) and ZnAl-HTlc-Cl
(ZnAl-Cl) as pristine materials. ZnAl-Cl or MgAl-Cl (HTlc/ALA−Na+ molar ratio 2:1) was dispersed in
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a hydroalcoholic solution (ethanol/water 1:11) of ALA−Na+ (18.76 mg/mL). The obtained suspension
was kept under magnetic stirring (600 rpm) for 24 h. Then, the corresponding solids, MgAl-HTlc-ALA
(MgAl-ALA) and ZnAl-HTlc-ALA (ZnAl-ALA), were recovered by centrifugation, washed with
degassed (CO2 free) water and dried in oven at 37 ◦C for 48 h.

2.4. X-ray Analysis

Powder X-ray diffraction patterns (XRPD) were collected with a Philips X’Pert PRO MPD
diffractometer operating at 40 kV and 40 mA, with a step size 0.03◦ 2theta, and step scan 40 s, using Cu
Kα radiation and an X’Celerator detector.

2.5. Metal Composition Determination

Metal analyses were performed by Varian 700-ES series Inductively Coupled Plasma-Optical
Emission Spectrometers (ICP-OES) using solutions prepared by dissolving the samples in some drops
of concentrated HNO3 solution and properly diluted with water.

2.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) were performed by a Netzsch STA 449C apparatus, in air
flow and heating rate of 10 ◦C/min to determine the weight loss (water and drug) as a function of
increasing temperature.

2.7. Single Particle Optical Sensing (SPOS) Analysis

An Accusizer C770 (PSS Inc., Santa Barbara, CA, USA) with the SPOS technique “Single Particle
Optical Sensing” was used to determine the size distribution of the different HTlc samples. The analyses
were carried out in triplicate and the sizes were expressed as cumulative area distributions. D10, D50,
and D90 are defined as the size values corresponding to cumulative distributions at 10%, 50%, and 90%,
respectively. These represent the particle sizes below which 10%, 50%, and 90%, respectively, of the
samples’ particles lie.

2.8. Differential Scanning Calorimetry (DSC)

DSC analyses were performed using an automatic thermal analyzer (Mettler Toledo DSC821e,
Mettler Toledo GmbH, Schwerzenbach, Switzerland) and indium standard for temperature calibrations.
Holed aluminum pans were employed in the experiments for all samples and an empty pan, prepared
in the same way, was used as a reference. Samples were weighted directly into the aluminum pans and
the thermal analyses were conducted, at a heating rate of 5 ◦C/min, from 30 to 100 ◦C.

2.9. Morphological Characterization by Scanning Electron Microscopy Analysis (SEM)

SEM micrographs were taken by a FE-SEM LEO 1525 Zeiss—LEO Electron Microscopy Inc.,
One Zeiss Drive (Thornwood, NY, USA). The samples (powders) were by deposited on the
stab, previously coated with carbon tape, under nitrogen flow. The raw powder was not sifted.
Before observation, the samples were sputtered and coated with chromium for 5 min under an
argon atmosphere.

The micrographs were taken at magnification of 10.00 KX, voltage (EHT) 15.00 kV, work distance
(WD) 8.2/8.3 mm.

2.10. Flow Properties Determination

The flow properties of the pristine MgAl-Cl and ZnAl-Cl and the corresponding intercalation
products MgAl-ALA and ZnAl-ALA were determined by Carr’s compressibility index [34] and
Hausner’s ratio [35] calculation following the procedure described in the European Pharmacopoeia
(Ph. Eur. 9th Ed.) by means of the determination of the apparent volume before and after powder
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settling [36], by using a tap density instrument (ERWEKA GmbH SVM 101/201, Heusenstamm
Germany). The measurements were taken in triplicate, each result represents an average of three
measurements and the error was expressed as standard deviation (SD). The Carr’s compressibility
index (CI) was calculated following Equation (1) while the Hausner ratio (HR) was calculated applying
Equation (2):

CI =

(
V0 −V f

)
(V0)

∗ 100 (1)

HR =
V0

V f
(2)

2.11. Cell Culture

In-house established human primary fibroblasts were kindly supplied by Dr. A. Dardis (Regional
Coordinator Centre for Rare Diseases, AMC Hospital of Udine, Italy). Cells were cultured according
to standard procedures in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10%
heat-inactivated Fetal Bovine Serum (FBS), 2 mM of L-glutamine and antibiotics (100 U/mL penicillin,
100 µg/mL streptomycin). The cells were maintained in a cell incubator at 37 ◦C in a humidified
atmosphere containing 5% CO2. All studies on human primary fibroblasts were carried out using cells
from passages 4–12. In all experiments, untreated cells were used as negative controls.

2.12. Samples Preparation

MgAl-ALA or ZnAl-ALA (amount corresponding to 5 mg of ALA) was dispersed in 5 mL
of DMEM, vortexed and incubated at 37 ◦C for 24 h, then centrifuged for 10 min at 4000 rpm.
The supernatant was used for cell incubation.

2.13. MTT Assay

Cellular viability was assessed by the reduction of MTT to formazan [37]. The human primary
fibroblasts were seeded onto 96-well plate at a density of 3 × 103 cells/well and 1 × 104 cells/well
respectively with DMEM complete medium. After 24 h fresh complete medium was replaced
for treatment (for 24 h) with different volumes of DMEM previous incubated with the hybrids
(par. 2.12 Sample preparation) diluted with culture medium to obtain a final volume of 180 µL.
After 24 h the MTT reagent was dissolved in PBS 1X, and added to the culture at 0.5 mg/mL final
concentration (20 µL). After 3 h incubation at 37 ◦C, the supernatant was carefully removed and
formazan salt crystals were dissolved in 200 µL DMSO added to each well. After 30 min the absorbance
(OD) values were measured spectrophotometrically at 540 nm using an automatic microplate reader
(Eliza MAT 2000, DRG Instruments GmbH, Marburg, Germany). Each experiment was performed
two times in triplicate. Cell viability was expressed as a percentage relative to that of the control cells,
as described previously [38].

2.14. Thermal Stability of ALA Samples using DSC

A fixed amount of MgAl-ALA (11.93 mg), ZnAl-ALA (17.48 mg) containing 5 mg of ALA and
crystalline ALA (5 mg) was incubated in a closed chamber maintained for 48 h at 25 ◦C under ~97%
relative humidity conditions (imitating unfavorable storage conditions), obtained using a saturated
water solution of K2SO4 [39]. Subsequently, the samples were analyzed by DSC analysis using the
method reported in par. 2.8 of this section.

2.15. Preparation of Hydrogels

Hydrogels containing ALA in free form or as intercalation product (MgAl-ALA or ZnAl-ALA)
were prepared according to the recipe reported in the Farmacopea Ufficiale Italiana (F.U. XII Ed.) in the
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section “Semisolid Formulations Intended for Skin Application” [40]. Many prototypes were prepared
in order to find the most suitable composition, making changes to the original recipe (Table 1).

Table 1. First prototypes hydrogels composition.

Hydrogel
Composition

NaCMC
(%)

HEC
(%)

Sorbitol
(%)

HTlc-Cl
(%)

Water
(%)

P1 5.00 - 10.00 17.48 67.52
P2 3.50 - 10.00 17.48 69.02
P3 3.00 - 10.00 17.48 69.52
P4 2.50 - 10.00 17.48 70.02
P5 - 2.50 10.00 17.48 70.02
P6 - 2.00 10.00 17.48 70.52
P7 - 1.75 10.00 17.48 70.77
P8 - 1.25 10.00 17.48 71.27

ALA, or the intercalation product (hybrid), was mixed in mortar with HEC and sorbitol, at last
water was added under stirring until complete polymer hydration.

2.16. Rheological Measurements

Viscometry measurements (viscosity and yield stress measured at 25 ◦C and 32 ◦C) of formulations
were performed by a Stresstech HR (Reologica Instruments AB, Milano, Italy) rheometer with cone-plate
geometry (diameter of 40 mm angle 1◦). Samples were carefully applied to the lower plate using
a spatula to avoid formulation shearing and air bubble formation. The measurements were performed
submitting the samples to a shear stress range solicitation of 1–103 Pa, torque 1.67·10−5–1.67·10−2 Nm
(increase of 8.81·10−4 Nm/2.1 s), time of the analysis 45 s (one point/2.1 s).

2.17. Spreadability Measurements

One gram of hydrogel formulation was pressed between two horizontal plates 20 cm square and
its diameter (spread diameter) was measured after one min. Under these experimental conditions,
they were applied the following terms: Semi-stiff creams to samples with a spread diameter ≤50 mm
and semifluid creams to those with a spread diameter >50 mm but <70 mm [41,42].

2.18. Optical Microscope Observation

Hydrogel samples were observed by a Nikon Eclipse 80i optical microscope (Melville, LA, USA).

2.19. Stability Studies of Hydrogels

The prepared hydrogels containing free ALA or the intercalation products (Table 2) and Tiobec®

were submitted to the following stability studies:

• Accelerated stability studies: The samples were submitted to eight 4 ◦C/45 ◦C cycles. Each cycle
consisted in the storage of each sample alternatively at 4 ◦C (for 48 h) and 45 ◦C (for 48 h).

• Centrifugation test: the samples were centrifuged at 25 ◦C for 20 min at 3000 rpm (Hettich
zentrifugen, Universal 32 R).

In both cases the samples were evaluated in terms of organoleptical properties: Color, odor,
and appearance [43].
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Table 2. Compositions of the hydrogels prepared.

Hydrogel

Composition

Free
ALA
(%)

MgAl-ALA
(%)

ZnAl-ALA
(%)

HTlc-Cl
(%)

HEC
(%)

Sorbitol
(%)

Water
(%)

ALA-H 5 - - 17.48 1.75 10.00 70.77
MgAl-ALA-H - 11.93 - 5.55 1.75 10.00 70.77
ZnAl-ALA-H - - 17.48 - 1.75 10.00 70.77

2.20. In Vitro Release Studies

For this investigation, a vertical Franz diffusion cell was used (PermeGear, Inc., Bethlehem,
PA, USA, diameter 20 mm). It consists of two chambers separated by a cellulose membrane (Whatman
41, Whatman GmbH, Dassel, Germany): a donor chamber and a receptor chamber. The receptor
chamber consists in a water jacketed receptor chamber (15 ml), containing a mixture of methanol and
phosphate buffer pH 5.5 (25/75% v/v) as acceptor medium maintained at 32 ◦C and magnetically stirred
at 600 rpm. The donor phase consisted of 2 ml of a 0.025 N K2CO3 solution (simulating air CO2).

An accurately weighed of hydrogel (200 mg) was placed on the cellulose membrane (area 3.14 cm2)
using a spatula and sandwiched between receptor and donor compartments. All openings including
donor top and receptor arm were occluded with parafilm to prevent solvent evaporation. At regular
time intervals (15, 30, 60, 120, 240, 360, 480, and 1440 min) samples of the receiving phase were
withdrawn and ALA content was determined by HPLC. All experiments were performed in triplicate,
each result represents an average of three measurements and the error was expressed as standard
deviation (SD).

2.21. Quantitative Determination of ALA by HPLC Method

ALA content in each sample was measured following the HPLC method described in the
corresponding monograph of Eur. Ph. 9th Ed. properly modified. A AGILENT 1200–Pegasser liquid
chromatography system was used for the analysis.

Separation was achieved using an Agilent Zorbax Eclipse XDB-C18 column (5 µm,
150 mm × 4.6 mm) maintained at 35 ◦C using a column block heater. The mobile phase was a mixture
of acetonitrile and a water solution of trifluoroacetic acid 0.1% (50:50%, v/v). The mobile phase flow
rate was 1.0 mL min−1. The injection volume was 20 µL and detection was at 330 nm.

3. Results and Discussion

3.1. Hybrid Preparation and Characterization

ALA was intercalated into HTlc by ion exchange mechanism as described in methods section
(par. 2.3). The registration of X ray patterns of the pristine MgAl-Cl and ZnAl-Cl and the corresponding
intercalation products showed an increase of the interlayer distance from 0.78 nm, typical for the
intercalated chloride anion, to 2.2 nm for both MgAl-ALA (Supplementary Materials Figure S1A) and
ZnAl-ALA (Figure S1B) testifying the success of ALA intercalation. In order to establish the exact
formula, the hybrids were submitted to ICP-OES and thermogravimetric analyses, the combination of
the results obtained allowed to also calculate the final loadings (Table 1):

[Mg 0.60Al 0.40 (OH)2] (Cl)0.09(ALA)0.31 · 1.45 H2O (41.90 % wt./wt.)
[Zn 0.62Al 0.38 (OH)2] (Cl)0.15(ALA)0.23 · 1.56 H2O (28.60 % wt./wt.).
The intercalation of ALA into HTlc galleries allows to obtain a final product in which the active

ingredient is no longer in crystalline form. This was confirmed submitting crystalline ALA and the
intercalation products MgAl-ALA and ZnAl-ALA to differential scanning calorimetry analysis. In the
thermogram of crystalline ALA reported in Figure 1 it is clearly visible a sharp endothermic peak at
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66 ◦C (∆H = −136.17 J/g) corresponding to the melting, following the degradation of the compound [44],
while the peak relative to melting point disappears in the case of both intercalation products (Figure 1).Cosmetics 2019, 6, 35 7 of 18 
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Figure 1. Thermograms registered by differential scanning calorimetry analysis of free crystalline ALA,
MgAl-ALA, and ZnAl-ALA.

The particle size analysis (Figure S2) carried out on pristine HTlc-Cl and the corresponding
intercalation products showed that MgAl-ALA is more polydisperse than ZnAl-ALA (span value
6.6 vs. 1.19 for MgAl-ALA and ZnAl-ALA, respectively). In both cases a modification of the particle
size distribution is detectable compared to the precursors. In fact, the median (D50 value) increases
from 5.23 to 15.39 nm for MgAl-ALA and from 6.49 to 10.55 nm for ZnAl-ALA. Taking into account the
median of the hybrids, according to the classification of powders by fineness reported in the Ph. Eur.
9th Ed. [45], both MgAl-ALA and ZnAl-ALA are considered as very fine powders and thus suitable to
be introduced in semisolid formulations for skin use.

This is also supported from the morphological analysis performed by scanning electron microscopy
(Figure 2). About the morphologic aspect, it is interesting to note that the original features of pristine
MgAl-Cl and ZnAl-Cl (Figure 2A,D, respectively) did not change substantially after the intercalation
procedure in both cases. In fact, MgAl-ALA (Figure 2B,C) shows a similar “desert rose like structure”
observed in the starting material (Figure 2A). Also in the case of ZnAl-ALA (Figure 2E,F) it is clearly
visible a flat and regular structure as that observed in ZnAl-Cl (Figure 2D).
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A further characterization consisted in the evaluation of the powder flow properties according to
the method described in the Ph. Eur. 9th Ed. [36]. Thus, the compressibility index (C.I) and Hausner
ratio (H.R.) of MgAl-ALA, ZnAl-ALA, and crystalline ALA (used as control) were calculated by
measuring the bulk and tapped volume.

Crystalline ALA showed a very poor flow character, Table 2.9.36.-2—Scale of Flowability, Ph. Eur.
9th Ed., with a compressibility index (C.I.) of 33.3 and a hausner ratio (H.R.) of 1.5. Once intercalated
the flowability is enhanced, as demonstrated by the results obtained from MgAl-ALA (C.I: 9, H.R.:1.1,
“Excellent”) and ZnAl-ALA (C.I.:13, H.R.: 1.15, “Good”).

3.2. Study of Thermal Stability of ALA Samples by DSC Analysis

Crystalline ALA and the hybrids (containing 5 mg of ALA) were stored for 48 h at 25 ◦C under
97% RH [46]. Analyzing the thermograms of the samples before and after storage (Figure 3A) in the
case of crystalline ALA, it is clearly visible a modification ascribable to the decrease of the crystallinity
degree testified also by the decrease of the melting enthalpy (∆H = −123.88 J/g). While in the case of
both hybrids, no modifications are detectable (Figure 3B).
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3.3. Hydrogel Composition Optimization

ALA low water solubility limits the introduction in hydrophilic formulations. On the other hand,
its dispersion in a hydrophilic base as fine powder is not a suitable strategy because the crystallinity
degree undergoes modifications at high RH values as observed in the stability studies performed
(par. 3.2). It is possible to hypothesize that a similar modification should take place when free ALA
crystals are dispersed in a hydrophilic base with consequent product shelf-life decrease.

The promising preliminary results obtained from the hybrid stability studies opened the possibility
to project a hydrophilic formulation for their topical application.

Based on that, the idea was to formulate the hybrids as a hydrogel, formulation of simple
composition and easy to prepare, compared to an emulsion.

Among the formulations on the market containing ALA, Tiobec® cream (ALA 5%) was chosen in
this study for comparison.

The pre-formulation study started using a recipe reported in the Farmacopea Ufficiale Italiana
XII Ed. [40] with the following composition: NaCMC 5% (wt./wt.), glycerol 10% (wt./wt.), and water
until 100%.
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Sorbitol was used in place of glycerol as literature studies demonstrated that its use such wetting
agent/plasticizer improves hydrogel mechanical properties than glycerol [47].

In analogy with 5% ALA loading of the commercial formulation Tiobec®, the hydrogels were
loaded with an amount of intercalation product containing 5% wt./wt. of ALA (11.93% and 17.48% and
for MgAl-ALA and ZnAl-ALA, respectively).

The water content of the original recipe was decreased in order to introduce free ALA (in crystalline
form) or the intercalation product and MgAl-HTlc-Cl to reach the total HTlc amount of 17.48% wt./wt.
when required.

The first hydrogel prototype prepared (P1, Table 1) resulted very viscous and disomogeneous.
Its application makes the skin sticky with consequent unpleasant sensation. The high viscosity can be
attributed to the combination of a high NaCMC percentage (5%) with MgAl-Cl, well known rheological
agent [48,49]. Thus, new prototypes were prepared reducing the amount of NaCMC (P2-P4, Table 1).
By this modification, the consistency decreased however the problem of skin stickiness persisted.
This may therefore be attributed to the adhesive properties of NaCMC [50]. In order to solve the
problem, NaCMC was replaced by hydroxyethyl cellulose (HEC), another cellulose derivative largely
used in the preparation of topical gels intended for skin application. Thus, hydrogels with different
percentages of HEC were prepared (P5–P8, Table 1).

A primary evaluation about these formulations was made on the basis of: (i) easiness of
manufacturing procedure, (ii) final formulation aspect (Figure S3) and its sensorial effect after
application. The most suitable hydrogel resulted by using 1.75% of HEC (P7, Table 1). In order to make
the formulations comparable, in the hydrogels containing free ALA and MgAl-ALA, MgAl-Cl was
added to reach the final content of 17.48% (wt./wt.) in reference of the ZnAl-ALA amount (Table 2).

A preliminary observation evaluation of the prepared hydrogels, MgAl-ALA-H and ZnAl-ALA-H,
compared to the commercial Tiobec®, showed that the latter formulation is discontinuous with visible
particles while the prepared hydrogels appear uniform of pleasant appearance. MgAl-ALA-H and
ZnAl-ALA-H hydrogels appear uniformly matt, while ALA-H showed a slight chromatic discontinuity
(Figure S4) suggesting the instability free ALA. For this reason, ALA-H was not considered suitable to
be analyzed in the following rheological and release studies.

3.4. Rheological Characterization

The viscosity of hydrogels containing MgAl-ALA and ZnAl-ALA (Table 2) was measured at 25 ◦C
(storage temperature) and 32 ◦C (skin surface temperature) and compared to that obtained from the
commercial formulation Tiobec®.

The flow profiles of hydrogels were investigated by the rheological data fitting to the power law
model [51] (Equation (3)):

η = m (
.
γ)

n−1
(3)

where:

- η = viscosity
- m = is a constant represented by the log η value when log γ = 0
- γ = shear rate
- n = power-law index.

The n value is related to the degree of pseudoplastic or shear thinning behavior. Values of
n < 1 identify shear-thinning behavior while n > 1 identify a shear-thickening behavior. According to
Equation (3), the logarithm of viscosity (η) vs. the logarithm of shear rate (γ) curve, can be approximated
by a line over a certain range of shear rate values and n-1 represents the slope of the obtained line.

The rheological measurements performed showed a shear thinning (pseudoplastic) behaviour for
MgAl-ALA-H, ZnAl-ALA-H, and Tiobec® (Figure 4A,B). The latter resulted the more viscous showing
a limited flowing under solicitation, as demonstrated by the narrow shear rate range (0.05–4.39·102 1/s).
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The better flowing properties of hydrogels containing the intercalation products are testified by
shear rate values ranging between 0.05–16.77·103 1/s and 0.05–14.00·103 1/s for MgAl-ALA-H and
ZnAl-AlA-H, respectively.
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By application of the power law model the power-law index “n” resulted < 1 in all cases (n = 0.85
for Tiobec®, n = 0.52 for MgAl-ALA-H and n = 0.72 for ZnAl-ALA-H) testifying the shear-thinning
behavior of the hydrogels, more pronounced in the case of MgAl-ALA-H.

In the case of Tiobec® the flow index is close to 1 suggesting that this formulation could pass
easily from a shear thinning to a shear thickening behavior.

Increasing the temperature to 32 ◦C (skin surface temperature) the flowing character of the
commercial product Tiobec® resulted almost similar to 25 ◦C (shear rate range 0.05–5.59·102 1/s).
As expected, the increase of the temperature produced an increase of the flow properties for
MgAl-ALA-H (shear rate range 0.05–18.77·103 1/s) (Figure 4C,D).

The application of the power law model showed that the power-law index “n” resulted < 1 also
in this case. The temperature increase from 25 ◦C to 32 ◦C brought a small decrease of “n” value for
Tiobec® (n = 0.74) and for MgAl-ALA-H (n = 0.47).

The enhanced flow properties of MgAl-ALA-H are ascribable to the presence of HTlc in the
hydrogels and particularly to the lamellar structure. In fact, under mechanical solicitations (shear stress
force), the lamellae orientate themselves in the direction of flow and this is responsible for the
softening behavior of the formulation. This aspect is very important as the presence of HTlc makes the
formulation easy to apply on the skin giving at the same time a pleasant touch sensation.
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On the other hand, in the case of ZnAl-ALA-H a decrease of flowing was observed (shear rate
range 0.05–2.72·103 1/s) compared to 25 ◦C (Figure 4B).

The application of the power law model showed an increase of the power-law index (n = 0.88)
in comparison to 25 ◦C. These results suggest that increasing the temperature this hydrogel become
stiff. This phenomenon can be ascribed to the lost of a small amount of water due to the temperature
increase (+7 ◦C) and to the fraction of ZnAl-ALA particles dispersed in the hydrogel.

This phenomenon, observed only for ZnAl-ALA-H, can be ascribable to two main factors:
(i) The lower charge density of ZnAl-ALA particles vs. MgAl-ALA due to the different aluminum
content [52], Al0.38 vs. Al0.40 for ZnAl-ALA and MgAl-ALA respectively, as demonstrated by the
formulae: [Zn 0.62Al 0.38 (OH)2] (Cl)0.15(ALA)0.23 · 1.56 H2O and [Mg 0.60Al 0.40 (OH)2] (Cl)0.09(ALA)0.31

· 1.45 H2O. The higher charge density for MgAl-ALA means that the electrostatic interactions between
HTlc and water molecules increases (ii) the different morphology of the hybrids crystals. In fact,
as observed in the micrographs reported in Figure 2, MgAl-ALA crystals expose a higher surface due
to the “desert rose like structure” in comparison to ZnAl-ALA flat crystals. This allows the highest
electrostatic interactions with water molecules limiting the evaporation.

The analysis of the formulations made by an optical microscope (Figure 5) showed that ZnAl-ALA
particles are smaller and more homogeneously dispersed in the hydrogel (Figure 5D) than MgAl-ALA
(Figure 5C), this is confirmed also by the particle size distributions obtained by SPOS analysis (Figure S2).
ZnAl-ALA exposes a greater surface area than MgAl-ALA that could be responsible for the formation of
bonds between HEC network and HTlc microcrystals giving rise to a reinforced gel network structure.Cosmetics 2019, 6, 35 11 of 18 
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3.5. Spreadability Measurement

Spreadability assay was performed using one gram of formulation (Tiobec®, MgAl-ALA-H and
ZnAl-ALA-H) using the method described by Arvouet-Grand et al. [41]. The obtained results showed
that Tiobec® produced the lowest spread diameter (40 mm, Figure 6A) resulting <50 mm and for this
reason considered as semi-stiff cream. After spreading the formulation is not uniform as it is hardly
visible in the separation phase (Figure 6A, orange row).
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ALA-H produced a 60 mm spread diameter, however the formulation appears disomogenous
with particles dispersed in the base (Figure 6B).

In the case of hydrogels containing the hybrids, a highest spread diameter was measured: 58 mm
for MgAl-ALA-H (Figure 6C) and 62 mm ZnAl-ALA-H (Figure 6D). These values identify the developed
hydrogels as semifluid [35,36].

Additionally further differences must be highlighted between MgAl-ALA-H and ZnAl-ALA-H.
In fact hybrid particles are visible in the case of MgAl-ALA-H (as also observed in the picture reported
in Figure 5C obtained from the optical microscope) differently form ZnAl-ALA-H. This can be explained
considering the different particle size of the two hybrids (Figure S2). By the analysis of the cumulative
distributions can be noticed that, in the case of MgAl-ALA, about 25% of particles shows a diameter
>40 µm while in the case of ZnAl-ALA ~ 95% < 26.46 µm. This suggests that the particles dispersed
and visible in the hydrogel MgAl-ALA-H are represented by the fraction >40 µm.



Cosmetics 2019, 6, 35 13 of 18

3.6. Stability Studies of Hydrogels to Temperature

The stability studies carried out on the commercial Tiobec® and the prepared formulations
showed interesting results (Table 3). In fact, at the end of all the programmed cycles (see. Par. 2.19
method section) Tiobec® showed an evident phase separation and strong sulfurous odor testifying
the instability of both formulation and the active ingredient (ALA). The hydrogel containing free
ALA (ALA-H) showed modifications ascribable to the degradation of the active ingredient while the
formulation containing the intercalation products did not show modifications (Table 3). The hydrogels
containing hybrids resulted in stable and no sulfurous odor was felt, demonstrating that ALA is
preserved from degradation when intercalated between the interlamellar nanosized space of HTlc,
thanks to the host protective effect (Table 3).

Table 3. Observations after eight 4 ◦C/45 ◦C cycles of 48 h.

Formulation Appearance Sulfurous Odor * Color

Tiobec®
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Table 3. Cont.

Formulation Appearance Sulfurous Odor * Color

ZnAl-ALA-H
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3.7. MTT Test

ALA promotes skin suppleness and anti-aging effect by enhancing the biosynthesis of new
collagen in normal human dermal fibroblasts [53–55]. For this reason, it was interesting to evaluate
the effect of the two hybrids on this cell line. MgAl-ALA and ZnAl-ALA were incubated with the
culture medium DMEM for 24 h at 37 ◦C. After this time the supernatant was recovered (see method
section) and incubated with cells. The obtained results highlighted that there is a difference between
the two hybrids. In fact, in the case of ZnAl-ALA, cell viability resulted <60% for the two highest
concentrations. Moreover as observed in the graph (Figure 7) the remaining concentrations produced
values of cell viability in the range of 60%–75%. In the case of MgAl-ALA, cells viability resulted >60%
at all the assayed concentrations.
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Figure 7. Effect on primary dermal fibroblasts viability incubated with different concentrations of
supernatants (diluted with DMEM) deriving from the contact between MgAl-ALA (pink bars) or
ZnAl-ALA (orange bars) and DMEM (n = 3, ± SD). DMEM was used as negative control (CTR with
100% of cell viability) and DMSO, known to induce cell death, used as a positive control with two
different concentrations.

The differences observed between the hybrids can be ascribed to the different nature of the divalent
cation in the lamellae of HTlc. In fact, as observed in a previous study [56], it can be hypothesized that
an important amount of Zn ions solubilezes after the contact of ZnAl-ALA with the culture medium,
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generally devoid of this element, resulting toxic for cells [57,58]. These results suggest that the use of
MgAl-ALA is more preferable than ZnAl-ALA.

3.8. In Vitro Release Capability

At first an in vitro study was carried out using the vertical Franz diffusion cell in order to evaluate
ALA release profile from the prepared hydrogels. However some problems were encountered as within
24 h a very low amount of ALA was released from both hydrogels (10.23% and 11.8% for MgAl-ALA-H
and ZnAl-ALA-H, respectively, Figure S5). A recent study demonstrated ALA molecules capability to
form micelles in aqueous solutions [59] and this can justify the very low ALA amount measured after
24 h. In order to better investigate this result, a different experiment was planned based on a previous
work [25]. In order to evaluate the real ability (of both intercalation products) to release ALA molecule
by ion exchange mechanisms, a fixed amount of MgAl-ALA (238.7 mg) and ZnAl-ALA (249.65 mg),
corresponding to 100 mg of ALA, was dispersed under magnetic stirring (600 rpm) in a mixture of
MeOH/K2CO3 (30/70) at 32 ◦C for 24 h. After this time, the solid was recovered by filtration dried
in oven at 37 ◦C for 48 hours and then submitted to X-ray analysis. The obtained results showed
that ALA molecules are completely exchanged after 24 h by carbonate anions (Figure S6A) in the
case of MgAl-ALA, as testified by the reflection at d = 0.76 nm typical of carbonate anion [33]. In the
case of ZnAl-ALA, the exchange was not complete as testified by the co presence of the reflections at
d = 2.2 nm (ALA) and d = 0.76 nm of the carbonate anion (Figure S6B).

4. Conclusions

ALA intercalation into HTlc is a suitable strategy as the molecule stabilization is obtained. This is
particularly interesting considering that the stabilization is also maintained when the hybrid product
is introduced in hydrogel formulations. In fact, free ALA is not stable in the same kind of formulation.

Moreover, the use of the hybrid improved the formulation rheological properties and the stability
of the formulation. In vitro experiments performed on fibroblasts showed that MgAl-ALA hybrid was
more safe than ZnAl-ALA, making it better to be used for skin application.

The obtained results suggest that the purposed technology, namely ALA intercalation into HTlc,
and its formulation as hydrogel represent a valuable alternative to the commercial formulations actually
available on the market.
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with a MeOH/K2CO3 (30/70) solution at 32 ◦C for 24 h (b); (B) ZnAl-ALA before (a) and after the contact with
a MeOH/K2CO3 (30/70) solution at 32 ◦C for 24 h (b).
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