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The use of minerals as ingredients in health care products is a classical and active pharmaceutical
subject. Clays and also zeolites and other silica-based mesoporous inorganic ingredients have been
traditionally used as pharmaceutical and cosmetic ingredients. These inorganic ingredients should
meet the quality and safety standards to be used as ingredients in health care products. Recently,
new and advanced applications of these materials have been proposed, including the design of
modified drug delivery systems and other advanced applications (such as wound healing formulations
and tissue engineering scaffolds).

This Special Issue highlights the most relevant and recent advances in clay-based formulations
and clay-based drug delivery systems. Natural, modified, and synthetic clays with prospects in
nanomedicine and pharmaceutics were considered.

The publication of Maestrelli et al. [1] used a combination of cyclodextrins and nanoclays to improve
the biopharmaceutical profile of hydrochlorothiazide, characterized by low solubility and permeability.
Once the best cyclodextrin (RAMEB) and clay (sepiolite) were selected, the co-evaporation technique
was used to prepare a ternary system with an optimal drug:carrier ratio. The combined presence
of RAMEB and sepiolite gave rise to a synergistic improvement in the drug dissolution properties,
resulting in an approximately 12-fold increase in the hydrochlorothiazide solubility compared with
the drug alone. Subsequently, the ternary system was formulated as tablets and a full technological
characterization was performed. The results clearly revealed a better drug dissolution performance
than the commercial hydrochlorothiazide reference tablet (Esidrex®).

The publication by Borrego-Sánchez et al. [2] studied the interaction between praziquantel, the drug
indicated for schistosomiasis disease, and two clays (sepiolite and montmorillonite). Praziquantel has
a very low aqueous solubility, requiring high oral doses, which usually lead to side effects, therapeutic
noncompliance, and the appearance of resistant forms of the parasite. The drug was dissolved in
organic solvents (ethanol, acetonitrile, and dichloromethane) and encapsulated in nanometric channels
of sepiolite or between the layers of montmorillonite. The results showed that the interaction of
the drug with both clay minerals produced a loss of praziquantel crystallinity, as demonstrated
by different techniques. This led to a significant increase in the dissolution rate of praziquantel in
simulated gastrointestinal tract media, except for the praziquantel–montmorillonite product prepared
in dichloromethane, which presented a controlled release in acid medium. Moreover, the drug–clay
interaction products prepared in ethanol were subjected to in vitro cytotoxicity and cell cycle studies.
The interaction product with sepiolite was biocompatible with the HTC116 line cells, and it did not
produce alterations in the cell cycle. However, interaction products with montmorillonite did not
produce cell death, but they altered the cell cycle at the highest concentration tested (20–100 μM).
In conclusion, drug–clay interaction products, specifically with sepiolite, showed very promising
results, since they accelerated praziquantel oral release.

Pharmaceutics 2020, 12, 1142 1 www.mdpi.com/journal/pharmaceutics
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Inorganic hydrogels formulated with spring waters and clay minerals are topically applied
to treat musculoskeletal disorders and skin affections. From a pharmaceutical quality perspective,
the safety limits of elemental impurities in clay-based hydrogels were studied by García-Villén et al. [3].
Their results showed that the release of a particular element not only depends on its concentration,
but also on its position in the hydrogel network, concluding that hydrogels prepared with sepiolite,
palygorskite, and local spring water could be topically applied without major intoxication risks.
The wound healing properties of these clay-based hydrogels were addressed using Confocal Laser
Scanning Microscopy to study the morphology of fibroblasts during the wound healing process.
The studied clay-based hydrogels promoted in vitro fibroblast motility and, therefore, accelerated
wound healing (García-Villén et al. [4]). The underlying mechanism of action for skin disorders of these
formulations is usually ascribed to the chemical composition of the formulation. García-Villén et al. [5]
assessed the composition and in vitro release of elements with potential wound healing effects from
hydrogels prepared with two nanoclays and natural spring water. In vitro Franz cell studies were
used and the element concentration was measured by the Inductively Coupled Plasma technique.
Biocompatibility studies were used to evaluate the potential toxicity of the formulation against
fibroblasts. The studied hydrogels released elements with known therapeutic potential in wound
healing. The released ratios of some elements, such as Mg:Ca or Zn:Ca, played a significant role in the
final therapeutic activity of the formulation. In particular, the proliferative activity of fibroblasts was
ascribed to the release of Mn and the Zn:Ca ratio.

Pagano et al. [6] intercalated ketoprofen into a lamellar anionic clay ZnAl-hydrotalcite (ZnAl-HTlc),
improving the stability to UV rays and the water solubility of the drug. The hybrid was then formulated
in auto-adhesive patches for local pain treatment. The patches were prepared by a casting method,
starting from a hydrogel based on the biocompatible and bioadhesive polymer NaCMC (Sodium
carboxymethycellulose) and glycerol as a plasticizing agent. The addition of ZnAl-KET in the patch
composition caused an improvement in the mechanical properties of the formulation. Moreover,
a sustained and complete drug release was obtained within 8 h. This allowed reducing the frequency
of anti-inflammatory posology compared to the conventional formulations.

Cirri et al. [7] designed fast-dissolving glyburide tablets based on a liquisolid approach using
mesoporous clay (Neusilin®US2) or silica (Aeroperl®300) and dimethylacetamide or 2-pyrrolidone
as drug solvents, without using the coating materials that are necessary in conventional systems.
The resultant liquisolid tablets provided a marked drug dissolution increase, reaching 98% of dissolved
drug after 60 min, compared to the 40% and 50% obtained from a reference tablet containing the plain
drug and a commercial tablet. The improved glyburide dissolution was attributed to its increased
wetting properties and surface area, due to its amorphization/solubilization within the liquisolid
matrix, as confirmed by DSC and PXRD studies. Mesoporous clay and silica, owing to their excellent
adsorbent, flow, and compressibility properties, avoided the use of coating materials while considerably
improving the liquid-loading capacity, reducing the amount of carrier necessary to obtain freely flowing
powders. Neusilin®US2 showed a superior performance with respect to Aeroperl®300 regarding the
tablet’s technological properties.

Sandri et al. [8] designed and developed electrospun scaffolds, entirely based on biopolymers,
loaded with montmorillonite or halloysite and intended for skin reparation and regeneration.
The scaffolds were manufactured by means of electrospinning and were characterized for their
chemico-physical and preclinical properties. The scaffolds proved to possess the capability to enhance
fibroblast attachment and proliferation with negligible proinflammatory activity. The capability
to facilitate the cell adhesion is probably due to their unique 3D structure, which assists
in cell homing and would facilitate wound healing in vivo. Faccendini et al. [9] developed
chitosan/glycosaminoglycan-based scaffolds loaded with norfloxacin (free or in montmorillonite
hybrids). All the scaffolds were proven to be degraded via lysozyme (this should ensure scaffold
resorption), and this sustained the drug release (from 50% to 100% in 3 days, depending on system
composition), especially when the drug was loaded in the scaffolds as a clay-based nanocomposite.
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Moreover, the scaffolds were able to decrease the bioburden at least 100-fold, proving that drug
loading in the scaffolds did not impair the antimicrobial activity of norfloxacin. Chondroitin sulfate
and montmorillonite in the scaffolds are proven to possess a synergistic performance, enhancing the
fibroblast proliferation without impairing norfloxacin’s antimicrobial properties. The scaffold based
on chondroitin sulfate, containing 1% norfloxacin in the nanocomposite, demonstrated an adequate
stiffness to sustain fibroblast proliferation and the capability to sustain antimicrobial properties to
prevent/treat non-healing wound infections during the healing process.

The publication by Luo et al. [10] focused on halloysite nanotubes (HNTs) functionalized with folic
acid to selectively target cancer cells and a fluorochrome to visualize the nanoparticle. The functionalized
HNTs were loaded with methotrexate. and the cell viability, proliferation, and uptake efficiency in colon
cancer, osteosarcoma, and a pre-osteoblast cell line (MC3T3-E1) were evaluated. The functionalized
HNTs showed a high methotrexate loading efficiency and a prolonged release. Moreover, non-cancerous
cells were unaffected after exposure to the formulation. Consequently, the nanoparticle designed
was demonstrated to exclusively target cancer cells, which consequently reduces the methotrexate
side-effects caused by the off-targeting of anti-cancer drugs.

This Special Issue evidences the high potential and versatility of clay minerals in pharmaceutics.
Despite being ingredients whose use dates back to ancient times, they continue to play a crucial role in
the present, both as excipients and actives in a wide variety of dosage forms and novel technological
strategies, such as tissue engineering and targeted cancer treatments.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The surface of halloysite nanotubes (HNTs) was bifunctionalized with two ligands—folic
acid and a fluorochrome. In tandem, this combination should selectively target cancer cells and
provide a means for imaging the nanoparticle. Modified bi-functionalized HNTs (bi-HNTs) were then
doped with the anti-cancer drug methotrexate. bi-HNTs were characterized and subjected to in vitro
tests to assess cellular growth and changes in cellular behavior in three cell lines—colon cancer,
osteosarcoma, and a pre-osteoblast cell line (MC3T3-E1). Cell viability, proliferation, and cell uptake
efficiency were assessed. The bi-HNTs showed cytocompatibility at a wide range of concentrations.
Compared with regular-sized HNTs, reduced HNTs (~6 microns) were taken up by cells in more
significant amounts, but increased cytotoxicity lead to apoptosis. Multi-photon images confirmed the
intracellular location of bi-HNTs, and the method of cell entry was mainly through caveolae-mediated
endocytosis. The bi-HNTs showed a high drug loading efficiency with methotrexate and a prolonged
period of release. Most importantly, bi-HNTs were designed as a drug carrier to target cancer cells
specifically, and imaging data shows that non-cancerous cells were unaffected after exposure to
MTX-doped bi-HNTs. All data provide support for our nanoparticle design as a mechanism to
selectively target cancer cells and significantly reduce the side-effects caused by off-targeting of
anti-cancer drugs.

Keywords: targeted drug delivery; halloysite nanotube; osteosarcoma; methotrexate; surface modification

1. Introduction

Cancer is the second leading cause of death in the United States [1]. While radiation and
surgery treatments have advanced cancer treatment, chemotherapy is still one of the leading treatment
modalities [2]. Unfortunately, current chemotherapeutic agents adversely affect healthy cells at the
target site and elsewhere in the body [3]. Chemotherapy drugs work by impairing cell division and
are effective treatments for early-stage tumors when cancer cells are rapidly multiplying. However,
they also produce a range of unpleasant side effects. Systemic toxicity is an undesired consequence
for most chemotherapeutic drugs [1,2]. The development of a multi-functional drug delivery system
(DDS) with an ability to provide extended, controlled, and selective drug release is at the forefront of
current cancer therapy research [2,3]. Targeting chemotherapeutic drugs directly at the tumor cells
would increase drug effectiveness and reduce side effects.

Methotrexate (MTX) is a folic acid antagonist. It has an anti-cancer effect on lymphoblastic
leukemia, lymphoma, osteosarcoma, and breast, lung, head, and neck cancers [4–6]. MTX restricts
cancer cell growth by disrupting transmethylation reactions, which are essential in forming proteins,

Pharmaceutics 2020, 12, 962 5 www.mdpi.com/journal/pharmaceutics
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lipids, and myelin [7]. However, the high dose administration of MTX can damage cells in bone marrow,
gastrointestinal mucosa, and hair follicles. Severe side effects, including renal failure, neurotoxicity,
hematologic toxicity, mucocutaneous toxicity, and pulmonary toxicity, may result after high dose MTX
treatments [8]. Accordingly, a targeted MTX drug delivery system designed to improve its target
delivery and reduce destruction to healthy cells seems like a promising approach.

Halloysite nanotubes (HNTs) have attracted significant attention in drug delivery due to its
biocompatibility, physicochemical stability, and unique structural properties. HNTs are naturally
occurring nanoscale tubes composed of Al2O3·2SiO2·nH2O. In the process of aluminosilicate rolling,
Al–OH groups are folded inside, and Si-O-Si groups are exposed to the outer surface. At neutral
pH, the inner surface of HNTs is positively charged, and the outer surface is negatively charged [9].
Depending on the geological origin, the lumen and outer diameters of HNTs range between 10–15 nm
and 50–80 nm, respectively [9]. While the length of HNTs averages between 0.5–2 μm. With specific
surface modification, active agents can be conjugated on the surface or encapsulated in the empty HNT
lumen. Curcumin [10], doxorubicin [11], irinotecan [12], and resveratrol [13] have been successfully
doped into HNTs and shown to have an anti-cancer effect.

In a previous study, we demonstrated that the HNT surface could be functionalized with
N-[3-(trimethoxysilyl)propyl) ethylenediamine (DAS) for grafting folic acid (FA) and fluorescein
isothiocyanate (FITC) resulting in a bifunctionalized HNTs (bi-HNT). We used FA as a ligand for
targeted drug delivery and FITC as a visual tracking agent. Surface modification using FA and FITC
was further confirmed by FTIR, 13C CPMAS NMR spectrum, and UV-Vis. Folic acid directed HNTs
adhered to folate receptors, which are overexpressed in numerous cancers but rarely expressed or
nonexistent in most normal tissues [14–16].

In this study, we focused on identifying the cellular uptake mechanism and intracellular location
of bi-HNTs after endocytosis. We further studied cellular interactions after exposure to bi-HNTs,
including cell viability, proliferation, and cell uptake efficiency. When colon cancer cells (CT26WT)
were co-cultured with bi-HNTs, cell viability decreased at higher doses. Further analysis showed
that cell death was due to apoptosis. Also, size reduced bi-HNTs resulted in higher cell mortality.
MTX loaded into bi-HNTs (MTX-bi-HNTs) was analyzed for its specific targeting ability in vitro after
co-culturing with three different cell types. Our results show that bi-HNTs provided a high loading
capacity for the cytotoxic cancer drug MTX and, bi-HNTs specifically targeted osteosarcoma cells and
released MTX and inhibited cell proliferation. Interestingly, in the presence of MTX, non-osteosarcoma
cells were unaffected.

2. Materials and Methods

2.1. Materials

All cell culture materials and reagents (including MTX, chlorpromazine and filipin) were purchased
from Sigma Aldrich, St. Louis, MO, USA. Cell culture dishes, pipettes and other disposable plastics
were purchased from Mid Sci, St. Louis, MO, USA. The MTT and XTT Cell Viability Assay Kit was
obtained from Biotium, New York, NY, USA. The Annexin V-FITC Apoptosis Kit was purchased from
Enzo Life Sciences, Inc. (New York, NY, USA) and DiOC18(7) from ThermoFisher Scientific (Waltham,
MA, USA). All three-cell lines used colon cancer (CT26WT), and osteosarcoma (K7M2-WT) and a
pre-osteoblast cell line (MC3T3-E1) were purchased from ATCC (Manassas, VA, USA).

2.2. Production of Shortened HNTs

Commercial-grade HNTs (10 g, Sigma Aldrich, St. Louis, MO, USA) were immersed in 50 mL PBS
for 24 h and ultra-sonicated for 30 min using a sonicator (Qsonica, Newtown, CT, USA) at 70% power.
The solution was allowed to set for 30 min, HNTs were then ultra-sonicated for another 30 min. Then,
the mixture was transferred to 50 mL centrifuge tube and centrifuged at 100× g for 10 min. The pelleted
deposits were collected and dried at 60 ◦C for 2 days. See Figure 1 for details regarding this procedure.
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°

Figure 1. The process of reducing the length of halloysite nanotubes (HNTs). Between each step,
the composites were washed and filtered using methanol, sodium chloride, a sodium bicarbonate
solution, and distilled water (DI).

2.3. bi-HNTs Synthesis

bi-HNTs were synthesized using the same methods as described in a previous study (Figure 2) [16].
Briefly, HNTs (Sigma Aldrich, St. Louis, MO, USA) were reacted at reflux with N-[3-(trimethoxysilyl)
propyl] ethylenediamine (DAS) (Sigma Aldrich, St. Louis, MO., USA) in toluene for 24 h. Then,
the HNT-DAS composite was reacted with FA (Sigma Aldrich, St. Louis, MO, USA) in the presence
of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma Aldrich, St. Louis, MO, USA) in
DI water overnight. Finally, the HNT-DAS-FA composite was complexed with FITC (Sigma Aldrich,
St. Louis, MO, USA) in acetone (Granger, Lake Forest, IL, USA) overnight.

 
Figure 2. Schematic representation of the conjugation of both FA and FITC to DAS which is attached
to the HNT surface. Methotrexate (MTX) was vacuum-doped into the HNT lumen. DAS = N-[3-
(trimethoxysilyl)propyl) ethylenediamine, FA = folic acidity, FITC = fluorescein isothiocyanate.

2.4. bi-HNTs Characterization

2.4.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The Infrared spectrum was recorded at a resolution of 4 s−1 with 16 scans using a Thermo
Scientific NICOLET™ IR100 FT-IR Spectrometer (Thermo Fisher Scientific; Waltham, MA, USA).
Thermo Scientific OMNIC™ software (Waltham, MA., USA) was used to study the stretched bands.
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2.4.2. Scanning Electron Microscopy (SEM)

SEM images of original size of HNTs and shortened HNTs were analyzed by ImageJ (NIH,
Rockville, MD, USA) and also used to measure particle size.

2.4.3. X-ray Diffraction (XRD)

XRD patterns of HNTs were obtained by Bruker D8 Discover diffractometer (San Jose, CA, USA)
equipped with a copper anode X-ray source and a general area detector. The power applied for all
tests was 40 kV with 40mA.

2.5. Cell Culture

Murine colorectal cancer CT26WT, osteosarcoma cells K7M2-WT, and pre-osteoblast cells
MC3T3-E1 came cryopreserved from ATCC. Cryovials were thawed and allowed to equilibrate
in a water bath, all the cells were cultured in 25 cm2 tissue culture flask and incubated at 37 ◦C under
humidified 5% CO2 and 95% air. CT26WT cells were cultured in RPMI 1640 medium, osteosarcoma
cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) and pre-osteoblast
cells were cultured in alpha-MEM (Thermo Fisher Scientific, Waltham, MA, USA), all the medium
containing 10% FBS and 1% penicillin. Subconfluent cells were passaged with 0.25% trypsin, collected
by centrifugation, suspended in cell culture medium and cultured at a 1:4 split into 25 cm2 tissue
culture flasks. All three types of cells through passaged four times before use.

2.6. MTS Assay

Cells were seeded into 48-well plate at a concentration of 1 × 105 cells/well and cultured for
24 h. Then cells were incubated in cell media that contained different concentrations of pure HNTs
or functionalized HNTs (0, 50, 100, 150, 200, 250 μg/mL), respectfully. MTS stock solution (Thermo
Fisher Scientific, Waltham, MA, USA) (40 μL) were added to each well and cultured for 2 h at 37 ◦C in
darkness. 200 μL of supernatant of each sample were transferred to 96-well plates and read absorbance
values at 490 nm by microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.7. XTT Assay

Cells were seeded into 48-well plate at a concentration of 1 × 105 cells/well and cultured for
24 h. 100 μL of cell suspension were added into 96-well tissue culture plates, then added with 25 μL
activated XTT solution (XTT Cell Viability Assay Kit, Biotium, Fremont, CA, USA) and incubated for
2 h. Absorbance values were measured at 450 nm; background absorbance was measured at 630 nm.
The final normalized absorbance values were obtained by subtracting background absorbance from
signal absorbance.

2.8. Cell Uptake Efficiency

CT26WT cells were seeded into 48 wells at the concentration of 1.5 × 105 cells/well and incubated
for 24 h. Then, bi-HNTs were added into cell culture medium at finial concentration of 25 μg/mL
and incubated for another 24 h. After three times wash with fresh RPMI 1640, cell fluorescent
intensities were measured by fluorescent microplate reader at 490/525 nm (Ex/Em). The cell numbers
were measured.

2.9. Cell Uptake Mechanism

CT26WT cells were seeded into 24 wells at the concentration of 2 × 105 cells/well and cultured for
24 h. Two inhibitors, chlorpromazine and filipin, were selected to evaluate the bi-HNTs cell uptake
mechanism. Chlorpromazine selectively inhibits clathrin-dependent endocytosis and filipin inhibits
caveolae-dependent endocytosis. Cells were pre-cultured with CPZ (Sigma Aldrich, St. Louis, MO,
USA) (7 μg/mL) or filipin (5 μg/mL) for 2 h. Cells treated without any inhibitor set as the control.
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bi-HNTs (25 μg/mL) were added to each well and incubated for another 24 h. Fluorescent intensities
expressed by cells were measured as above.

2.10. Multi-Photon Imaging

CT26WT cells were seeded on a glass slide at a concentration of 1 × 105 cells/mL and cultured
for 24 h. bi-HNTs were added to the cell culture plate (25 μg/mL) and continually incubated for 12 h.
DiOC18(7) (DiR) (ThermoFisher Scientific) working solution was prepared by following the company
provided protocol. Cells were washed with DPBS for 3 times, then the DiR working solution was added
into cell culture well (1 μL/mL) and incubated for 2 h. Cells were then fixed by 4% paraformaldehyde
(Sigma Aldrich, St. Louis, MO, USA) for imaging by an in-house assembled multi-photon microscopy.
Three-dimensional images were acquired using a Vivo-2 upright, multiphoton microscope system
(Intelligent Imaging Innovations, Inc. (3i), Denver, Colorado, USA) with GaAsP photomultipliers
(Hamamatsu, Tokyo, Japan), a Pockels cell (Conoptics, Inc., Danbury, CT, USA) to control laser
power, and an ELWD 40×/0.6 NA objective lens (Nikon Instruments, Inc., Tokyo, Japan). Excitation
of fluorescence was provided by a Chameleon Vision-2 multiphoton laser (80 MHz, Coherent. Inc.,
Santa Clara, CA, USA) tuned to 850 nm. Slidebook 6 software (3i) (Conoptics, Inc., Danbury, CT, USA)
was used to control the microscope and multiphoton laser systems and to acquire images. Images were
scanned in three dimensions with x- and y-dimensions of 248 μm (1024 × 1024-pixel resolution),
with z-steps of 2 μm (z stack) to produce z stacks of 36 and 46 μm to ensure that all cells were captured
within the volume. Pixel dwell time was set to 2 μL with pixel averaging of 5/scan to acquire z stack
images [17,18].

2.11. Apoptosis and Necrosis

CT26WT cells were seeded into 24 wells at a concentration of 2 × 105 cells/well and cultured
for 24 h. Then, a high dosage of bi-HNTs were added into the cell culture medium (150 μg/mL) and
incubated for 24 h. Then 3 × 105 cells were collected and suspended in 500 μL of 1× binding Buffer,
then mixed with 5 μL of Annexin V-FITC and 5 μL of propidium iodide (Sigma Aldrich, St. Louis,
MO, USA). Cell suspension mixtures were incubated in the dark at room temperature for 5 min.
Then samples were examined by flow cytometry (Thermo Fisher Scientific, Waltham, MA, USA) at
488/530 nm (Ex/Em). Beside the resuspended cells, we kept a portion of attached cells in 24 wells and
stained by 5 μL of Annexin V-FITC and 5 μL of propidium iodide as well.

2.12. Drug Loading

Methotrexate (MTX) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in PBS (1 mg/10 mL)
and mixed with bi-HNTs (200 mg) and keep stirring for 12 h, then, the mixture was vacuumed for
24 h. After centrifugation, the supernatant liquid was collected and stored at −20 ◦C for drug loading
efficiency determination, and the bottom deposited bi-HNTs were washed by PBS for 3 times and
air-dried, the final product was collected for further study.

2.13. Drug Loading Efficiency

The supernatant was diluted with PBS at ratio of 1 (supernatant): 20 (PBS). Then the drug
concentration in supernatant was determined by MTX Elisa kit (ENZ-KIT 142-0001, Enzo Life Science,
Farmingdale, NY, USA). Experiment procedure followed the manufactory product manual. First,
MTX standard (S1-S6) was prepared by diluting the company supplied lyophilized MTX to suggested
concentrations (1000 ng/mL, 166.7 ng/mL, 27.8 ng/mL, 4.6 ng/mL, 0.77 ng/mL, 0.13 ng/mL). Then, 100 μL
of standard solution and samples were added into 96 wells, 100 μL of assay buffer 13 was added to one
well and set as S0 (0 ng/mL standard), and 150 μL of assay buffer 13 was added to another well set as
NSB well. 50 μL of MTX antibody was added to all wells except for the NSB and blank, and this 96
well plat was sealed and incubated at room temperature on a plate shaker (Thermo Fisher Scientific,
Waltham, MA, USA) for 30 min at ~500 rpm.
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Then, all the wells were washed by wash buffer for 3 times. Followed with addition of 100 μL of
MTX conjugated solution to all the wells except the blank, this plate was incubated at room temperature
as before. After another 3 times wash, 100 μL of substrate solution was added to all wells and went
through the final incubation as same as above. Finally, add 100 μL of stop solution to all wells and read
the plate at 450 nm. According to the standard curve to calculate the MTX concentration of supernatant.

The drug loading efficiency was determined by following equation:

Loading Efficiency = (Total amount of MTX − supernatant MTX)/Total amount of MTX × 100% (1)

2.14. Drug Release Profile

MTX-loaded bi-HNTs (20 mg) were mixed with 2 mL PBS in a tube and incubated at room
temperature on a rocking shaker. After incubated for different time periods (0.5, 1, 2, 4, 6, 8, 14, 24, 32,
48, 56, 64, 72, 80, 88, and 96 h) tube was centrifuged and 1 mL of supernatant was collected, and 1 mL
fresh PBS refilled to tube. The collected samples were stored at −20 ◦C until all the time periods
samples were collected and measured by MTX Elisa kit as above.

2.15. MTX-bi-HNTs Targeting

Methotrexate loaded bi-HNTs (50 μg/mL) were co-cultured with CT26WT, K7M2-WT, and MC3T3-
E1 pre-osteoblasts separately in 48 wells tissue culture plates (1 × 105 cells/well). After 24 h incubation,
cell viability of each cell type was assessed by MTS agent as above. Cells cultured without HNTs set
as control.

2.16. Statistical Analysis

Data were obtained from three parallel experiments and are expressed as mean ± standard
deviation (S.D.). Each experiment was repeated for three times to check the reproducibility if not
otherwise stated. Statistical analysis was performed by two-tailed Student’s t-tests between two groups.
The significant level was set as p < 0.05.

3. Results

3.1. Optimal Dosage Determination

In our previous study [16], we assessed bi-HNTs cytotoxicity and observed that cytotoxicity
increased with bi-HNT concentration. In order to confirm the optimal dosage range for bi-HNTs,
we used an MTS assay and XTT assay to assess cell proliferation and viability with cells co-cultured with
pure HNTs and bi-HNTs at different concentrations. Both tests presented similar results: cell viability
changed with the concentration of HNTs nanoparticles. In the MTS assay (Figure 3A,B), cell proliferation
was improved when the concentration of nanoparticles was below 100 mg/mL. However, when the
concentration was increased to 150 mg/mL, the proliferation ability decreased by 20%. XTT assay
showed similar results (Figure 3C,D), cell viability decreased with the increasing concentration of HNTs.
However, the XTT assay showed that CT26WT cells have some tolerance to higher concentrations of
HNTs, with significant cytotoxicity exhibited above 200 mg/mL. The cumulative results suggest that
the highest dosage of bi-HNTs is 150 mg/mL.
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Figure 3. XTT Cell Proliferation Assay. CT26WT cells were cultured with pure HNTs (A) and
bi-HNTs (B) at different concentrations. Cell proliferation at each different concentration was calculated
with comparison to the control group. CT26WT cells cultured with pure HNTs (C) and bi-HNTs
(D) at different concentrations. Cell viability at each different concentration point was calculated by
comparison to the control group. (error bar with standard deviation, n = 6, * represents p < 0.05).

3.2. The Effect of Nanoparticle Size on the Interaction between bi-HNTs and Cells

3.2.1. Nanoparticle Size Determination

Halloysite nanotubes are naturally formed nanoparticles with an original length between 1–1.5 μm.
Recently, several studies have used shortened HNTs [11,19,20]. Rong et al. introduced a detailed
procedure to produce HNTs that are uniform in length [20]. We fabricated shortened HNTs by
ultra-sonication (Figure 1). Dynamic light scattering (DLS) is the most commonly used.

Technique to determine nanoparticle size, however, DLS analysis requires spherical nanoparticles
instead of virgate nanotubes. Thus, we used SEM micrographs of our HNT samples NIH Image J to
measure their size and plotted the data into histogram graph (Figure 4). As it showed in Figure 4,
the length of commercial purchased HNTs distributes in a very wide range with the average size of
0.914 ± 0.45 μm, n = 102 (Figure 4A), while the size of shorten HNTs was 0.715 ± 0.25 μm, n = 80
(Figure 4B). Comparing the two different sources of HNTs, we observed the size distribution of
shortened HNTs to be more restricted in variation, which means they are more uniform in overall
size. HNTs with a uniform size will provide a more accurate means for evaluating its effect on
cellular behavior.

Figure 4. Histogram graph of size distribution of long HNTs (A) and shortened HNTs (B).
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3.2.2. Cellular Interaction after Exposure to Long and Shortened HNTs

We hypothesized that different sized HNTs would affect cellular behavior, including our
bi-functionalized HNTs. Cell up taking efficiency for two different sized HNTs was analyzed.
We monitored the fluorescent intensity changes of cells (cell number = 4.46 × 105 ± 0.063 × 105) in 24 h
(Figure 5A). Cellular uptake efficiency for both sizes of HNTs exhibited similar changes along with
time. In the end, higher amounts of shortened HNTs are detected in cells, indicating that the smaller
size of HNTs is more easily absorbed by cells.

Figure 5. (A). Fluorescent intensity of FITC detected from CT26WT cells after 24 h incubation
time (cell number for each test = 4.46 × 105 ± 0.063 × 105, each group had 9 tests, error bar with
standard deviation). (B). The summary of flow cytometry results for apoptosis and necrosis analysis.
The detailed flow cytometry results showed in Supplementary Information Figure S1. (cell number for
each test = 3 × 105, each group had 6 tests, error bar with standard deviation, * represents p < 0.05) (C).
Fluorescent pictures for apoptosis & necrosis analysis, the green color represents apoptosis and the red
color represents necrosis. The first column represents brightfield images (scale bar with 100 μm).

3.2.3. Apoptosis and Necrosis

Previous cell cytotoxicity studies showed that cell viability decreased significantly when the
concentration of HNTs reached 150 mg/mL [16]. To distinguish the mechanism of cell death,
we examined cell death due to apoptosis or necrosis. CT26WT cells were incubated with long
and short bi-HNTs; cell death was assessed using the Annexin V-FITC Apoptosis Kit. Apoptosis and
necrosis were assessed by flow cytometry. The detail res as shown in Figure 5B, 20% ± 1.5% of cell
death was caused by apoptosis and 10% ± 0.5% was due to necrosis when cells were cultured with
long bi-HNTs. Cells cultured with shorted bi-HNTs showed apoptotic cell death at 23% ± 1.3% and
13% ± 0.6% due to necrosis. Thus, cell death was primarily due to apoptosis for long and shortened
bi-HNTs. As seen in Figure 5, cells accumulated intracellularly shorter bi-HNTs as compared to long
bi-HNTs and shortened bi-HNTs resulted in an overall higher cell death suggesting excessive cellular
accumulation of bi-HNTs leads to apoptosis.

3.3. Intracellular Location of bi-HNTs

In order to confirm the intracellular location of bi-HNTs, we co-cultured bi-HNTs with CT26WT
cells for 24 h and cells were then incubated with DiR for another 2 h. Multi-photon microscopy imaging
showed cell were stained red with each reddish circular structure representing the plasma membrane;
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the yellow particles represent bi-HNTs (Figure 6). Multi-photon images of labeled cells showed that
many bi-HNTs were present within the plasma membrane and some had accumulated in the cytoplasm.
The results further confirmed the targeting capacity of bi-HNTs in vitro.

 

Figure 6. Multi-photon pictures of cells after exposure to bi-HNTs, pictures were analyzed with NIH
Image J. Cell membranes were stained by DiR dye and exhibited a red color at wavelength of 850 nm.
At this wavelength FITC exhibited a yellow color. The 3D pictures were captured at 36 microns in z with
a 2 micron separation in each z step. (A) is the front view of the 3D picture for multiple cells, (B,C) are
side views of the 3D picture. (D–F) are the zoom in pictures of the marked cell. (Scale bar with 50 μm).

3.4. Targeted Drug Delivery

The experiments described above support the observation that our bi-HNTs were successfully
taken up by colon carcinoma cells (CT26WT). As the bi-HNTs were designed as a drug delivery system,
we selected methotrexate (MTX) as model drug and loaded into bi-HNTs. Methotrexate is a commonly
used anti-cancer drug to osteosarcoma. However, it is well-known for severe side effects. A cancer
target drug delivery system is a promising strategy to reduce side effects and improve drug efficiency.

3.4.1. Folic Acid Coating and Drug Releasing

The chemical modification of bi-HNTs were detected by FTIR. Halloysite is an aluminosilicate
clay mineral (Al2Si2O5(OH)4), the Si-O stretching vibrations and Al–OH vibrations were represented
at 1000–1130 cm−1. Folic acid, FITC and MTX containing –NH and –OH bonds, their characteristic
absorption is in the range of 3300–3500 cm−1, NH2 scissoring at 1550 cm−1 and NH associated bending
at 1652 cm−1. The deformation in 3300–3500 cm−1 and 1652 cm−1 indicated the successful grafting
of FA, FITC, and MTX (Figure 7A) [21]. The XRD patterns also present similar results. In Figure 7B,
except for the HNTs profile there is a sharp peak appeared at 2θ = 17.8◦ for other groups, which is
the diffraction peaks of folic acid. The slight shift of this peak at HNTs + FA + FITC +MTX profile
may due to the methotrexate loading. The loading efficiency of MTX in bi-HNTs was 34.74% ± 3.5%.
Its drug release profile is presented in Figure 7D. Even through, there was a burst release during the
first 20 h, this drug delivery system provided sustained drug release for more than 96 h.
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A 

B 

Figure 7. (A) FTIR detection of pure HNTs, HNTs-FA, FA/FITC-HNTs and FA/FTIC/MTX-HNTs.
(B) XRD patterns of pure HNTs, HNTs-FA, FA/FITC-HNTs and FA/FTIC/MTX-HNTs. (C) Fluorescent
intensity of FITC included in cells that pretreated by chlorpromazine (CPZ) or filipin and co-cultured
with bi-HNTs for different time periods. (error bar with standard deviation, n = 6) (D) Accumulated
drug release profile of methotrexate in 96 h. (Error bar with standard deviation, n = 3).

3.4.2. Cellular Uptake Mechanisms

Folic acid coated on bi-HNTs was designed to bind to folate receptors expressed by cancer
cells. In the binding process, folic acid initiates cellular uptake mechanisms in two different ways:
clathrin-mediated endocytosis or caveolae-mediated endocytosis. Chlorpromazine (CPZ) has the ability
to disrupt clathrin-mediated endocytosis; while filipin inhibits caveolae formation. CT26WT cells were
pretreated with these inhibitors and co-cultured in the presence of bi-HNTs. Their final fluorescent
intensity was recorded, and the results are shown in Figure 7C. The addition of CPZ promoted HNT
uptake in first 12 h, then the cell uptake decreased over time. On the other hand, filipin provided
uptake inhibition during the entire testing time period. This indicates cellular absorption of bi-HNTs
may mainly depend on caveolae-mediated endocytosis assist by clathrin-mediated endocytosis.

3.4.3. In Vitro Targeted Drug Release-Cellular Specificity

The bi-HNTs drug delivery system was designed to deliver drugs to specific cancer cells.
Methotrexate is one of the most widely used drugs in treating osteosarcoma. Like many cancer drugs,
it does have adverse side effects. In this experiment, the specific targeting of cancer cells versus normal
cells was addressed. A pre-osteoblast cell line (MC3T3-E1), and two cancer cell lines, a colon cancer cell
(CT26WT) and an osteosarcoma cell line (K7M2-WT), were selected to assess the targeting potential of
bi-HNTs, and drug effectiveness in inhibiting cellular proliferation, the main effect of MTX (Figure 8A).
The results suggest that MTX-loaded bi-HNTs (MTX-bi-HNTs) significantly inhibited osteosarcoma cell
proliferation, and, at a low concentration (50 μg/mL). The other two cell types were not significantly
affected by exposure to MTX (Figure 8B).
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Figure 8. (A) Graphic depiction of osteosarcoma cells (K7M2WT), murine colon carcinoma cells
(CT26WT) and preosteoblast cells (MC3T3) co-cultured with bi-HNTs. (B) Cell proliferation data after
all three cell types were co-cultured with 50 μg/mL drug loaded bi-HNTs for 24 h. (C) Cell proliferation
of above 3 types of cells after co-cultured with 50 μg/mL bi-HNTs for 24 h. (* represents p < 0.05,
** represents p < 0.005).

In order to clarify that inhibition of cell growth was caused by MTX instead of bi-HNTs, we analyzed
cell viability by co-culturing cells with bi-HNTs but without MTX. The results showed that none of the
osteosarcoma (K7M2-WT) or pre-osteoblast cells (MC3T3-E1) were affected by bi-HNTs (Figure 8C).
This finding is consistent with our previous study using CT26WT; a low dose of bi-HNTs did not elicit
any cytotoxicity (Figure 3). Collectively, these results demonstrate the effectiveness of MTX loaded
bi-HNTs in selectively targeting osteosarcoma cells in delivery of MTX, inhibiting cell proliferation.

4. Discussion

Many studies have exploited halloysite as a nanocontainer loading chemotherapeutic agents
into the HNT lumen [19–22] and adding doped HNTs to a range of polymers for anti-cancer drug
delivery [23–26]. Other studies have focused on using surface modification of HNTs for use as a
nanocarrier for anti-cancer drug delivery [20,27–29]. A commonly used strategy is to functionalize HNTs
with an –NH2 group by using aminopropyltriethoxysilane (APTES). In a study by Guo et al. (2012),
FA and magnetite nanoparticles (Fe3O4) were successfully grafted onto the HNT surface. The coated
Fe3O4@HNTs exhibited a pH-sensitive drug release under the electrostatic interaction between the
cationic and HNTs [20]. Coating nanotubes with a polymer shell is another mechanism, as shown by
Li et al. (2018). They examined the potential of chitosan grafted onto HNTs as a nano-formulation for
the anti-cancer drug curcumin [27].

Fewer studies have attempted to use modified HNTs as a mechanism for the intracellular delivery
of anti-cancer agents [16,28–30] Dzamukova et al. (2015) used physically adsorbed dextrin end stoppers
to secure the intracellular release of brilliant green [28]. Tagged halloysite nanotubes were also used
as carriers for intercellular delivery to brain microvascular endothelium [29]. Kamalieva et al. (2018)
studied the intracellular pathway of HNTs for potential application for antitumor drug delivery using
human adenocarcinoma epithelial cells (A549) [30].

MTX is an FDA approved anti-cancer drug commonly used in the treatment of osteosarcoma.
In a recent study, MTX-doped HNTs were coated with polyelectrolytes (PE), polyvinylpyrrolidone,
and polyacrylic acid, and methotrexate [31] was infused within the coated layers. MTX release
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and cytotoxicity studies showed effectiveness in inhibiting osteosarcoma cell growth, and inhibition
continued after PE/MTX-coated halloysite nanotubes were added to a polymer, Nylon-6.

Due to high chemical similarity in the structure between MTX and FA, several studies have
shown that MTX modified nanoparticles have specificity for tumor cells [32–34]. Folic acid has a high
binding affinity for the folate receptor, which is overexpressed in numerous cancers, including ovarian,
endometrial, and renal carcinoma, lung, breast, and brain cancers [35]. MTX-loaded PEGylated
chitosan nanoparticles had a higher cellular uptake efficiency compared to the FA-tagged group [36].
The high receptor affinity and overexpression enables folate-based nanoparticles to be highly specific,
targeting tumor sites, and have great potential as a therapeutic application. FA-conjugated chitosan
oligosaccharide-magnetic HNTs were studied as a delivery system for camptothecin, an anti-cancer
drug [37]. Wu et al. (2018) also functionalized the HNT surface with APTES for conjugation of
PEG and folic acid and subsequently loaded HNTs with doxorubicin [38]. The limitation of their
study was the reported low drug loading efficiency, which was only 3%. In contrast, in this study,
the loading efficiency of methotrexate was over 30%. In a recent report, HNTs had a loading efficiency
of indocyanine green (ICG) as high as above 60% [39]. The variation in drug loading capability may be
related to the different modification strategies used and the molecular size of drugs loaded.

The intracellular uptake pathway of HNTs was previously studied by Liu et al. [40]. HNTs were
modified with APTES and labeled with FITC. Cells were treated with four different inhibitors,
respectively, and then co-cultured with the FITC functionalized HNTs. They found both clathrin- and
caveolae- dependent endocytosis were involved in the internalization of HNTs [40]. Liu’s group also
found that microtubules and actin microfilaments transported HNTs with the involvement of the Golgi
apparatus and lysosome. Our results are consistent with their study. However, we observed that
caveolae-mediated endocytosis was the primary mechanism of cellular import, and clathrin-mediated
endocytosis was a secondary mechanism. Different surface modification strategies and cell types may
be the possible explanation for the different results obtained in these studies and those reported here.

Even after pretreatment with chlorpromazine (CPZ), cytoplasmic accumulation of bi-HNTs was
much more significant than the control group after the initial 12 h incubation time. One possible
explanation is that disruption of clathrin-mediated endocytosis caused by CPZ induced caveolae
to expand or more endocytic vesicles formed to internalize bi-HNTs. However, the overloading
capability of caveolae reached capacity after several hours. Cells were unable to process the bi-HNTs
loaded vesicles, so some were released from the cells. There is no report on the interaction between
clathrin-and caveolae-mediated endocytosis during HNT uptake. Therefore, the detailed mechanism
behind this phenomenon remains to be determined.

Our data further confirmed that bi-HNTs served well as a drug carrier and provided sustained
MTX release time and showed selective binding to osteosarcoma cells. In contrast, non- osteosarcoma
cells exposed to MTX were unaffected. We further showed that HNT size was also played a critical
role in cellular uptake. Cellular uptake of smaller sized bi-HNTs was observed in greater amounts
than unmodified HNTs. Increased intracellular accumulation may contribute to cell death through
disruption of normal cellular metabolism resulting in cell death. Therefore, the application dosage of
bi-HNTs should decrease with the size diminution; in other words, the smaller size of bi-HNTs has a
higher working efficiency.

Even though the drug-loaded bi-HNTs has targeted FA receptors and successfully inhibited cell
proliferation, this study lacks the comparison between MTX and MTX-loaded bi-HNTs. As an FDA
approved anti-cancer drug, MTX would inhibit cell proliferation for sure. As a drug delivery system,
bi-HNTs could extend the drug release time. We hypothesis MTX-loaded bi-HNTs would limit cell
proliferation for a longer time compared to pure MTX treatment.

5. Conclusions

bi-HNTs were cytocompatible in an appropriate dosage range, permitting a decrease in MTX
dose when used with size reduced bi-HNTs. The results further showed that caveolae-mediated
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endocytosis is the main uptake pathway of bi-HNTs, and multi-photon images confirmed cellular
uptake of bi-HNTs. This modified nanocarrier also showed excellent MTX drug loading capability.
Most importantly, drug-loaded MTX-bi-HNTs exhibited an excellent selectively targeting ability in
vitro, as both colon carcinoma and osteosarcomas cells demonstrated bi-HNT uptake. Due to the
drug specificity, the inhibition of cell proliferation was restricted to osteosarcomas, while murine
colon carcinoma cells and pre-osteoblasts were not affected. Surface modification of HNTs with two
ligands—FA and FITC—provided a selective targeting ability for osteosarcoma cells and an imaging
vehicle for tracking bi-HNTs, and may have potential as an alternative treatment for osteosarcoma.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/10/962/s1.
Figure S1: A. Flow cytometer observation of each treatment. B. The selected dot were continued applied with
FITC filter for apoptosis (first row) and PE filter for necrosis (second row).
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Abstract: Praziquantel is an antiparasitic drug indicated for the treatment of the schistosomiasis
disease. This drug has very low aqueous solubility, requiring high oral doses for its administration
which gives rise to side effects, therapeutic noncompliance and the appearance of resistant forms of the
parasite. Clay minerals, like sepiolite and montmorillonite, are innocuous, non-toxic, biocompatible
and low-cost excipients. Additionally, clays have high adsorbent properties that allow them to
encapsulate drugs in nanometric spaces present in the channels in the case of the sepiolite or between
the layers in the case of the montmorillonite. The interactions between the drug and clay minerals
are studied experimentally with the strategy for preparing interactions products in organic solvents
(ethanol, acetonitrile and dichloromethane) so that the interaction will be more effective and will be
enhanced the aqueous solubility of praziquantel. The results showed that in the interaction products,
the drug interacted with both clay minerals, which produced the loss of the crystallinity of the drug
demonstrated by different techniques. This led to a significant increase in the dissolution rate of the
praziquantel in all the interaction products in the simulated gastrointestinal tract media, except for
the praziquantel–montmorillonite product prepared in dichloromethane that presented a controlled
release in acid medium. Moreover, in vitro cytotoxicity and cell cycle studies were performed
in the interaction products prepared with ethanol. The interaction product with sepiolite was
biocompatible with the HTC116 line cells, and it did not produce alterations in the cell cycle. However,
interaction products with montmorillonite did not produce cell death, but they showed affectation
and damage of cells in the cell cycle study at the highest concentration tested (20–100 μM). Therefore,
the different organic solvents used are adequate for the improvement of the biopharmaceutical profile
of praziquantel. Drug–clay interaction products, specifically with sepiolite, showed very promising
results in which new accelerated oral release systems of the praziquantel were obtained.

Keywords: praziquantel; drug; montmorillonite; sepiolite; organic solvents; in vitro dissolution
tests; cytotoxicity

1. Introduction

Neglected tropical diseases are infectious diseases that affect a sixth of the world population,
more than a billion people, mainly in poor populations of tropical countries in Africa, Latin America,
Asia and the Middle East. Their prevalence increases with the absence of salubrious water and adequate
sanitation conditions and the most vulnerable population are children in contact with contaminated
water [1].

Schistosomiasis is the second neglected tropical disease with the highest prevalence, widespread
mainly in tropical Africa. Therefore, the improvement of the existing treatment with the praziquantel
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(PZQ) drug is very important for saving lives. Since schistosomiasis is in the expansion phase and
currently affects 240 million people in the world, of which only 88 million receive adequate treatment,
it is estimated that it produces more than 200,000 deaths annually, and it is extended in 78 countries
around the world, mainly in the tropical and subtropical region, being in Africa the second most
prevalent disease in children. This disease is acquired by contact with fresh water infested with larvae
of the parasite [2–5].

PZQ is the recommended treatment against all forms of schistosomiasis. It has high efficacy, low
toxicity and is administered orally. In addition, the cost of production and sale of PZQ is low [2,6].
However, it has a few disadvantages. First, it is a racemic compound, with only one of its enantiomers
being pharmacologically active [7,8]. In addition, it is a Class II drug of the Biopharmaceutical
Classification System (BCS) and has very low aqueous solubility and high permeability, so that the
dissolution is the factor limiting the rate of absorption [9–11]. Its low solubility in water makes
it necessary to administer high oral doses, which gives rise to secondary effects that increase the
therapeutic noncompliance and favor the appearance of resistant forms of the parasite. For these
reasons, the use of low-cost natural inorganic excipients was proposed as a starting hypothesis to
improve the aqueous solution profile of the PZQ, maintaining the final cost of the drug, which is very
important given the population to which it is subject destined.

Montmorillonite and sepiolite are innocuous, non-toxic, biocompatible and low-cost clay minerals.
Additionally, clays have high adsorbent properties that allow them to encapsulate drugs in nanometric
spaces present between the layers in the case of the montmorillonite or in the channels in the case of
the sepiolite [12–17].

The interaction between PZQ and other excipients was also studied in order to improve the low
solubility of the drug, for example, with calcium carbonate [18–20], β-cyclodextrins [21–23], polyvinyl-
pyrrolidone [24,25], polyethylene glycols [26–28], sodium starch glycolate [29], phosphatidylcholine–
containing liposomes [30], layered double hydroxides [31], among others. Specifically, the interaction
between PZQ and montmorillonite in aqueous medium was previously studied, although no
improvements of in vitro dissolution and absorption rates were observed [32]. The lack of relevant
biopharmaceutical improvements was explained by the absence of PZQ in the interlayer space of
montmorillonite. Water molecules present in the clay interlayer space would be blocking the entrance
of the drug, thus PZQ would be solely absorbed in the external surface of montmorillonite. Therefore,
in our previous studies [33,34], the interactions between PZQ and montmorillonite and sepiolite in
absence of water were studied as a strategy for enhancing the aqueous solubility of the drug. To do this,
ethanol 99% (v/v) was used as a solvent increasing the interaction between the drug and the excipient.
The results showed a great increase in the dissolution rate of the drug and the total amount of drug
dissolved in vitro in the interaction products, due to the high interaction between both components.
Therefore, this new procedure was found to be an effective strategy to improve the biopharmaceutical
profile of the PZQ.

Hence, in this work, the preparation of interaction products is studied following the previously
described procedure [33,34] comparing the use of different organic solvents, like ethanol, acetonitrile
and dichloromethane. The aim is to prepare and characterize these systems and, by these means,
to determine the potential influence of the organic solvent on the release and solubility of the drug.
In particular, the results were compared with those obtained with ethanol in which a significant
improvement in the biopharmaceutical profile was described. As well as this, in vitro cytotoxicity
and cell cycle studies are carried out for checking if these systems are biocompatible and suitable for
human use.
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2. Materials and Methods

2.1. Materials

Pristine racemic PZQ drug was purchased from Sigma Aldrich (St. Louis, MO, USA). Purified
pharmaceutical degree. Montmorillonite (Veegum HS®, VHS, Norwalk, CT, USA) was purchased
from Vanderbilt Company (Norwalk, CT, USA). The Sepiolite samples from Vicálvaro (Madrid)
(SEP) were kindly gifted by TOLSA (Madrid, Spain). Ethanol of 99% (v/v) of purity, acetonitrile,
and dichloromethane were used as solvents.

2.2. Methods

2.2.1. Preparation of Praziquantel–Clay Minerals Interaction Products

PZQ was put in contact with montmorillonite and sepiolite clay powders in 100 mL of different
solvents: ethanol 99% (v/v), acetonitrile, and dichloromethane, in such way that the clay/drug ratio
was 5:1 w/w. The dispersion was put into magnetic stirring for 24 h at room temperature. After 24 h,
the solvent was evaporated at 40 ◦C using a rotary evaporator (Buchi® R II, Flawil, Switzerland).
The solid residue was stored in a desiccator at room temperature with freshly activated silica-gel
grafted with a moisture indicator of Co salt.

The interaction products obtained were: PZQ–VHSet prepared with VHS and dispersed in ethanol,
PZQ–VHSac prepared with VHS and dispersed in acetonitrile, PZQ–VHSdic prepared with VHS and
dispersed in dichloromethane, PZQ–SEPet prepared with SEP and dispersed in ethanol, PZQ–SEPac
prepared with SEP and dispersed in acetonitrile and PZQ–SEPdic prepared with SEP and dispersed
in dichloromethane.

2.2.2. X-ray Diffraction

Powder X-ray diffraction was performed with equipment of Panalytical X’Pert Pro (Marvel
Panalytical, Madrid, Spain) model, which is managed by a fully computerized system. It also has
an automatic charger system and uses the X’Celerator detector (Marvel Panalytical) (linear type,
detects the RX along a line) with the Cu Kα wavelength that allows a quick and accurate study.
The information of diffraction was analyzed using X’Pert HighScore® software (Version 2.2., Marvel
Panalytical, Madrid, Spain).

2.2.3. Thermal Analysis

Differential Scanning Calorimetric analysis (DSC) and Thermogravimetric Analysis (TGA) were
performed with a Mettler Toledo mod. TGA/DSC1 calorimeter (Mettler Toledo, Barcelona, Spain).
The TGA equipment sensor is a thermostatic microbalance with an accuracy of 0.1 μg, which is the
limit established for weighing precision. On the other hand, the TGA/DSC1 has sensors that obtain the
DSC signal directly and in real-time.

The TGA was performed in air using a heating rate of 10 ◦C/min in the 30–400 ◦C temperature
range and the DSC runs were performed with a heating rate of 2 ◦C/min and nitrogen was used as a
purge gas in DSC under the flow of 15 mL/min.

2.2.4. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were performed with the JASCO 6200 spectrophotometer (JASCO, Pfungstadt,
Germany) which has an attenuated total reflectance (ATR) accessory. Measurements were performed
in the range 4000–600 cm−1 with a 0.5 cm−1 resolution and a well-plate sampler. The results were
analyzed using the Spectra Manager II software (Version 2, JASCO).
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2.2.5. In Vitro Release Studies

In vitro dissolution tests were performed according to the European Pharmacopoeia procedures
dealing with solid oral dosage forms. In particular, the paddle apparatus (apparatus 2, Sotax AT7,
Teknokroma®, Barcelona, Spain) with sinkers was set at 150 rpm and 37 ◦C, filled with 1 L of dissolution
medium and working at sink conditions. Stomach physiological fluid was simulated by using a
dissolution medium composed of HCl 0.001 M, while simulated intestinal fluid (SIF) was used with a
phosphate buffer (pH = 6.8) without enzymes.

Hard gelatin capsules were subjected to the in vitro dissolution test. The capsules were prepared
with 210 mg of each PZQ–VHS and PZQ–SEP interaction product, in which 35 mg corresponds to PZQ.
Each of these interaction products (PZQ–VHS and PZQ–SEP) were prepared with the different solvents
previously explained. Similarly, hard gelatin capsules containing 35 mg of PZQ were elaborated
as reference.

During the in vitro dissolution tests, at predetermined time intervals, 5 mL of samples were
withdrawn, the volume immediately replenished with fresh dissolution medium. The drug amount
was quantified by High-Performance Liquid Chromatography (HPLC) after being filtered through
0.45 μm nitrocellulose membranes (Merck-Millipore®, Darmstadt, Germany). HPLC was performed in
a 1260 Infinity II HPLC (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a quaternary
pump, autosampler, column oven and UV-VIS diode-array spectrophotometer. The stationary phase
was a Lichrospher® (100 RP-18, C18, 5 μm, 15 cm × 3.2 mm) column (Merck Millipore®, Darmstadt,
Germany). Isocratic conditions were used, the mobile phase formed by a mixture of H2O and CH3CN
(35:65 v/v). The flow rate was set at 0.8 mL/min with a sample injection volume of 10 μL. PZQ was
detected at 225 nm during the 5 min of the run time of the HPLC analysis. The software LC Open LAB
HPLC 1260 (Agilent Technologies Inc.) was used to record and treat the chromatograms. The linear
analytical method was obtained in the concentration range of 5 to 100 mg/L of PZQ in both dissolution
media (correlation coefficients of 1 in both HCl 0.001 M and in SIF).

Subsequently, release data fitting was performed using kinetic models intended to describe the
drug release from immediate or modified dosage forms [35–37]. These models, such as zero order,
first order, cube root, Higuchi, Peppas, and Weibull, were used to fit experimental data obtained from
in vitro dissolution studies. The fitting was carried out linearizing the equations. The choice of the best
model to describe the dissolution/release process of the drug was based on the correlation coefficient
(R2) criterium. A second evaluation criterium that is frequently used is called the Akaike Information
Criterion (AIC) [38,39]. Herein, it is also considered.

2.2.6. Solubility Studies

The solubility of PZQ, PZQ–VHSet and PZQ–SEPet, which was used as a reference for the
rest of the interaction products, were obtained in both HCl 0.001 M and SIF (phosphate buffer at
pH = 6.8, without enzymes). PZQ solubility was obtained by placing 30 mg of drug in 10 mL of HCl
and SIF (supersaturated conditions). The solution was stirred at 37 ◦C for 24 h (thermostatic bath).
Then, the solution was centrifuged, the supernatant filtered (nitrocellulose membranes, 0.45 μm, Merck
Millipore®) and quantified by HPLC (Agilent Techonologies Inc.). The amount of dissolved drug,
determined by the chromatography, corresponds to PZQ solubility in the corresponding medium.
In order to demonstrate the solubility improvement of PZQ in the composites (PZQ–VHSet and
PZQ–SEPet), drug solubility was determined with the very same procedure. Triplicate experiments
were performed in all samples.

2.2.7. Cell Culture

Cellular viability and cell cycle profiles were studied over a human colorectal carcinoma cell
line HCT 116 (ATCC® CCL-247™, Manassas, VA, USA). HCT 116 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco™, Dublin, Ireland) supplemented with 10% w/w of Fetal
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Bovine Serum (FBS, Gibco™, Dublin, Ireland), 1% of Glutamax (BioWhittaker®, Cologne, Germany)
and 1% of penicillin/streptomycin (BioWhittaker®). Cells were cultured in an incubator set at 37 ◦C
and 5% of CO2.

2.2.8. Cytotoxicity Studies

Cytotoxicity studies of PZQ, VHS and SEP were performed by using PZQ veterinary antiparasitic
doses. Consequently, the amount of mineral (VHS and SEP) that should be subjected to study was five
times higher than that of PZQ. To do so, intermediate dilutions of 100 mM and 10 mM were prepared
in dimethyl sulfoxide (DMSO). The same procedure and concentrations were used for cytotoxicity
studies of PZQ–VHSet and PZQ–SEPet.

AlamarBlue™ bioassay (Thermo Fisher Scientific, Carlsbad, CA, USA) was used to study cell
proliferation. To do so, HCT 116 cells were seeded in 96-well plates (density of 3–6 × 104 cells/cm2) in a
final DMEM volume of 200 μL. The corresponding solid samples were subsequently added (PZQ, VHS,
SEP, IP PZQ–VHSet, or IP PZQ–SEPet). All samples were tested in a wide range of concentrations
(100 μM, 20 μM, 4 μM, 800 nM, 160 nM, 32 nM, and 6.4 nM) and three replicates were used for each
experience. Then, the well plates were incubated at 37 ◦C, 5% CO2 for 48 h. At the end of contact
time, 10 μL of cell viability reagent (PrestoBlue™, Thermo Fisher Scientific) was added to each well.
The PrestoBlue™ reagent is a resazurin compound that works as a cellular viability indicator since its
color changes from blue to pink when reduced by living cells. After 15 min of incubation in presence
of PrestoBlue™ reagent, fluorescence was quantified at 535–90 nm in a microplate reader (Tecan,
Zürich, Switzerland).

2.2.9. Cell Cycle Studies

HCT 116 cells were cultured in 24 well-plates (250,000 cells/well) in a final DMEM volume of
500 μL. In these conditions, cells were subjected to PZQ, VHS, SEP, IP PZQ–VHSet, and IP PZQ–SEPet
samples for 48 h. Increasing concentrations of each sample (0.8 μM, 4 μM, 20 μM, and 100 μM) were
used. Cells entering the apoptotic or necrotic cycle were detected with a propidium iodide staining
procedure, as explained in a previous protocol [40]. Briefly, once the cells were in contact with each
sample, they were collected and washed with 2 mL of phosphate-buffered saline (PBS) at 4 ◦C and
subsequently fixed with ethanol 70◦ (Vf = 1 mL, diluted 1:9 in PBS) for 5 min, while maintained on
ice. Ethanol was withdrawn and fixed cells were washed with PBS. Then, they were resuspended
in a solution consisting of 250 μL of PBS and 250 μL of a DNA extraction solution (0.2 M Na2HPO4,
0.1 M C6H8O7, pH 7.8) for 10 min at 37 ◦C. Then, the supernatant removed and 200 μL of the staining
solution were added (8 μL propidium iodide (1 mg/mL) and 2 μL RNAse 100 (μg/mL)), the cells
further incubated in the dark at 37 ◦C for 10 min. A FACScalibur cytometer (Becton Dickinson and Co.,
Franklin Lakes, NJ, USA) was used to measure the fluorescence (FL2 detector). Sub-G1 cells (dead
cells, that is, cells that entered either necrotic or apoptotic phases) were detected by the Cell Quest
software (Version 1.0.2, BD, Biosciences, Franklin Lakes, NJ, USA).

3. Results

3.1. X-ray Diffraction

The interaction products were prepared following the methodology described above in drug–clay.
These materials and raw materials were characterized by powder XRD, showing the results in Figure 1.
PZQ drug revealed the most intense reflection at around 16.5◦ (2θ units) and other intense reflections
at approximately 8.0◦, 19.1◦ and 23.3◦ (2θ units) in accordance with that previously reported [41].
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Figure 1. XRPD patterns of the studied samples with sepiolite (a) and montmorillonite (b).

After interaction with the clay minerals, a practically complete absence of drug reflection was
observed, probably due to a loss of crystallinity of PZQ (Figure 1). In previous works, similar behavior
of PZQ was observed in the formation of a solid dispersion with polyvinylpyrrolidone [24], with sodium
starch glycolate [29], and with glycyrrhizic acid–forming micelles [42].

The interaction product of PZQ with sepiolite using different solvents in the preparation method
(Figure 1a) showed an XRD pattern similar in all the cases. In the profiles, clear peaks of the PZQ drug
were not observed; only the peaks of sepiolite were observed. Therefore, after the interaction, a loss of
drug crystallinity was found.

In the oriented aggregate powder X–ray diffraction pattern of the interaction products of PZQ
with montmorillonite (Figure 1b), the peaks of PZQ were not observed either in any of the products.
However, the (001) reflection peak of the VHS increased in the interaction products, confirming the
intercalation and the presence of PZQ in the interlayer space of the clay.

The interaction product PZQ–VHSet showed an increase in the interlayer space of montmorillonite
from 1.26 nm to d(001) = 1.50–1.61 nm in accordance with that reported previously [33,43].
The interaction product PZQ–VHSdic increased to d(001) = 1.47 nm; and the spacing of PZQ–VHSac
increased to d(001) = 1.51 nm (Figure 1b). These results corroborated that the PZQ is present in
the interaction products and the peaks of PZQ were not observed probably due to the complete
intercalation of the drug in the interlayer space of the clay and the loss of crystallinity of the drug.
The PZQ molecules intercalate in the confined space of montmorillonite as individual molecules where
no recrystallization is possible. Nevertheless, the d(001) reflection peaks are wider in the interaction
products than in the pristine VHS. This indicates than a range of different d(001) spacings can be
produced, especially in PZQ–VHSdic, where two peaks can be distinguished. In previous modeling
studies, we observed the formation of a monolayer of PZQ in the interlayer space of VHS, where
different densities of the drug can be found and several conformations of the adsorbate molecule can
happen [44]. These differences can be responsible for the variation of d(001) spacing widening this
(001) peak, maintaining the monolayer configuration.

3.2. Thermal Analysis

The DSC profiles of the pristine PZQ showed a strong endothermic peak at 144 ◦C, according to
previous work [18] (Figure 2). The DSC profile of SEP and VHS indicated broad endothermic peaks in
the range 50–90 ◦C due to the evaporation of water (Figure 2).
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Figure 2. Differential Scanning Calorimetric (DSC) profiles of sepiolite and interaction products of
sepiolite (a) and montmorillonite and interactions products of montmorillonite (b).

In Figure 2a, the PZQ–SEPet and PZQ–SEPac interaction product profiles presented a very
low-intensity peak corresponding to the melting of the drug. This indicates that a small amount of
PZQ crystallized outside of the channels in the interstitial spaces of solid. Specifically, the enthalpy
of the endothermic peak (ΔH) at 144 ◦C was 3.9 and 1.3 J g−1 respectively, which can be compared
with the enthalpy of 90.4 J g−1 of the melting peak of the pristine drug. Therefore, the ΔH melting
(PZQ–SEP)/ΔH melting (pure PZQ), was 4.3% in PZQ–SEPet and 1.4% in PZQ–SEPac. On the contrary,
in the PZQ–SEPdic profile, the complete disappearance of the melting peak of the drug was observed.

The DSC curves of PZQ–VHS interaction products showed the water evaporation of the raw
materials until 100 ◦C, and no melting peak of PZQ was observed in all interaction products (PZQ–VHSet,
PZQ–VHSdic and PZQ–VHSac) (Figure 2b).

Therefore, the lack of the peak of PZQ in the interaction products was observed probably due to
the amorphization and no recrystallization of the drug after the complete interaction with the clay.
This justified the lack of drug reflections in the PZQ–clay powder XRD patterns. Previous studies
found similar results [21,31,33].

In summary, the appearance of a small peak of the drug in some of the samples is practically
insignificant and its appearance or non-appearance depends on the variability of production, compared
with previous results [33]. Therefore, in drug–clay interaction products, a practically complete
amorphization of the drug occurs.

According to the first weight loss of the TGA profile, absorbed water of VHS and SEP accounted
for 8% and 10% w/w, respectively (Figure 3). Zeolitic water loss of SEP occurred at 250–350 ◦C [45].

Figure 3. Thermogravimetric Analysis (TGA) profiles of the studied samples with sepiolite (a) and
with montmorillonite (b).
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In the interaction products both with sepiolite and montmorillonite, thermal decomposition of
the drug resulted in weight losses in the range between 200 and 400 ◦C, corroborating the adsorption
of the PZQ in these mineral solids (Figure 3).

3.3. Fourier Transform Infrared Spectroscopy

FTIR spectra of PZQ, SEP and VHS were previously described in detail [33,43,46,47]. In Figure 4,
the two most intense bands of the PZQ appear at 1665–1621 cm−1, which correspond to the ν(C=O)
stretching vibration mode. The spectra of sepiolite and montmorillonite showed intense bands at
1200–800 cm−1, corresponding to the ν(Si–O) and δ(MOHM’) (M, M’ = Al, Mg) vibrations [47].

Figure 4. Fourier Transform Infrared (FTIR) spectra of sepiolite products (a) and of montmorillonite
products (b).

In the interaction products prepared with sepiolite (Figure 4a) and montmorillonite (Figure 4b),
the bands of the pristine PZQ were found, such as the bands that appeared at 1500–1400 cm−1, which are
characteristic of the δ(CH) bands of bending vibrations. This corroborated that the drug is present in
the drug–clay interaction products regardless of the solvent used in the elaboration process, but the
bands of the PZQ are masked by the clay in all cases, since the clay is in a much higher proportion.

3.4. In Vitro Release Studies

Drug release profiles of the interaction products with sepiolite (PZQ–SEPet, PZQ–SEPac and
PZQ–SEPdic) and montmorillonite (PZQ–VHSet, PZQ–VHSac and PZQ–VHSdic) compared with the
pristine PZQ were studied in sink conditions in acid aqueous medium with HCl 0.001 M (pH = 3) and
in simulated intestinal fluid (pH = 6.8) (Figure 5).

The PZQ–SEP interaction products in acid medium revealed that all the products increased the
dissolution rate of the PZQ drug. This enhance in the drug release profile is higher in the following
order PZQ–SEPdic > PZQ–SEPet > PZQ–SEPac (Figure 5a). The same results were obtained in the SIF
medium (Figure 5b). Therefore, the interaction products with sepiolite increase the dissolution rate of
the PZQ greatly using any of the three solvents in the preparation method, with PZQ–SEPdic being
the one that showed the best results in both media. This higher dissolution rate is due to the loss of
crystallinity of PZQ that occurred during the intercalation in sepiolite. The amorphization overcomes
the high cohesion energy in the packing of the PZQ crystal lattice [43] needed for its dissolution.
In particular, this amorphization is higher in PZQ–SEPdic (Figure 2a) and, hence, its dissolution rate is
the highest one.

The PZQ–VHS interaction products showed differences between them in acid medium (Figure 5c).
In this medium, a strong increase in the dissolution rate of the drug was observed in the PZQ–VHSac
product, whereas PZQ–VHSet showed only a slightly higher dissolution rate than the pristine PZQ.
On the contrary, a surprising result of PZQ–VHSdic was found in acidic medium. In this case, the drug
is released at a constant rate. This, in principle, leads to better control of plasma concentration and offers
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several advantages. Therefore, the PZQ–VHSdic in acidic medium showed a release that is interesting
for new PZQ controlled release systems (Figure 5c). In simulated intestinal fluid, all the PZQ–VHS
interaction products showed an increase in the dissolution rate with respect to the pristine PZQ drug.
The material prepared with acetonitrile (PZQ–VHSac) presented the fastest release profile, followed
by PZQ–VHSet and PZQ–VHSdic, which also presented a similar profile. In general, the increase in
the dissolution rate of the PZQ–VHS interaction products also owes to the amorphization of PZQ.
The peculiar behavior of PZQ–VHSdic at low pH can be due to a possible effect of the pH on the
opening of the pores and interlayers of VHS that does not occur at higher pH, where the swelling is
faster. Among the solvents used in this work, the dichloromethane is the only solvent non-miscible
with water. It is likely that this behavior changed the macroscopic structure of the solid.

Figure 5. In vitro drug release profiles of sepiolite interaction products in HCl 0.001 M (a) and in
simulated intestinal fluid (b), and of montmorillonite interaction products in HCl 0.001 M (c) and in
simulated intestinal fluid (d); (mean values ± 6 SD; n = 7).

Moreover, in general, the PZQ–clay dissolution rate was higher in acidic medium (pH = 3) than in
simulated intestinal fluid (pH = 6.8), in concordance with the results in no-sink conditions previously
obtained in PZQ–clay interaction products prepared with ethanol [33]. Therefore, the interaction of
the drug with the clay minerals induced an increase in dissolution rates with the independence of
pH. This improvement was demonstrated in all interaction products with sepiolite in both media,
and with montmorillonite in SIF medium. The interaction products with montmorillonite in acid
medium showed a different behavior between them, with the PZQ–VHSac being the one with the
highest dissolution rate.

Therefore, according to the results obtained in vitro, PZQ–VHS and PZQ–SEP interaction products
might improve the oral bioavailability of the drug by increasing both dissolution rate and amount
of drug dissolved in the medium that simulates the stomach, obtaining new accelerated oral release
systems of the PZQ. Moreover, the PZQ–VHSdic in the acidic medium could be a new controlled
release system of the drug.

Subsequently, the experimental dissolution data of PZQ, PZQ–SEP and PZQ–VHS interaction
products were fitted to various kinetic models in order to analyze the drug release. The correlation
coefficient (R2) and Akaike Information Criterion (AIC) obtained from the dissolution model’s fitting
are summarized in Tables S1 and S2. In general, the results showed that zero-order and first-order
models were not appropriate to study these dissolution kinetics. In the same way, Square Root (Higuchi)
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and Power Law (Peppas) are not appropriate for the adjustments of the experimental dissolution values
since there are no sufficient values lower than 63.2% of the drug release to adjust a kinetic [37]. In Tables
S1 and S2, correlation coefficient and AIC values of PZQ, PZQ–SEPac, PZQ–SEPdic, PZQ–SEPet,
PZQ–VHSac, PZQ–VHSet in acid and SIF media suggested that the Weibull model could be considered
as an adequate model to describe the release kinetic, because the R2 obtained was the highest value and
AIC value was the lowest once compared with the rest of the proposed models. The Weibull model
presented an initial burst release [48,49], which is increased in the interaction products with clays.
However, PZQ–VHSdic in an acid medium (pH = 3) showed a different dissolution profile, as can be
seen in Table S2 and Figure 5c. In this case, the results suggested that the Cube Root (Hixson–Crowell)
is the more accurate model to describe the release kinetics. Therefore, the PZQ–VHSdic IP in an acid
medium (pH = 3) presented a release that is controlled by the dissolution rate of the drug particles and it
is assumed that the particles of the interaction product are isometric and monodisperse. This geometric
shape of the particles remains constant and there is a decrease in the surface area associated with the
dissolution of the pharmaceutical form [50,51].

3.5. Solubility Studies

The PZQ–SEPet and PZQ–VHSet showed an increase in the solubility compared to the pristine
drug in the studied media. The results in the acid aqueous medium with HCl 0.001 M (pH = 3)
indicated that the solubility of the PZQ–SEPet and PZQ–VHSet interaction products were similar in
both cases (0.71 and 0.74 mg/mL, respectively). Similar results are obtained in simulated intestinal fluid
(pH = 6.8), where the solubility of PZQ–SEPet and PZQ–VHSet was 0.61 and 0.65 mg/mL, respectively.
Therefore, the interaction products enhanced the solubility of the drug, and this increase was in the
range of 36–48% with respect to pristine PZQ (Table 1).

Table 1. Solubility values (in mg/mL) of praziquantel (PZQ), PZQ–SEPet and PZQ–VHSet and increase
solubility (in %) with respect to that of PZQ in acid and SIF media (solubility mean values ± 0.07 SD;
n = 3).

HCl 0.001 M Medium, pH = 3 SIF Medium, pH = 6.8

Solubility (mg/mL) Increase (%) Solubility (mg/mL) Increase (%)

PZQ 0.50 0.45
PZQ–SEPet 0.71 42 0.61 36
PZQ–VHSet 0.74 48 0.65 44

3.6. Cytotoxicity Studies

In vitro cytotoxicity tests in the HCT116 cell line were performed in PZQ, SEP, VHS, PZQ–SEPet
and PZQ–VHSet products. The interaction products with ethanol were selected as a reference from
the rest because they present an increase in the in vitro dissolution profile in sink conditions and in
non-sink conditions, as demonstrated by previous work [33].

The raw material (PZQ, SEP and VHS) in concentrations between 6.4 nM and 100 μM were tested,
demonstrating that they can be considered biocompatible toward HCT116 cell lines due to the fact
that the percentage of the cell viability was slightly lower than the untreated cells in all cases (control)
(Figure 6).
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Figure 6. Cell viability of SEP and PZQ–SEPet (a), and VHS and PZQ–VHSet (b) compared to PZQ
after 48 h of treatment. (Control: untreated cells in complete medium; mean values ± 8 SE; n = 3).

In the PZQ–SEPet interaction products, the loss of cell viability was not observed in any of the
concentrations tested, even a positive effect in cell growth was observed with respect to the control,
and pure SEP and PZQ. Therefore, the PZQ–SEPet revealed its biocompatibility with cell and had a
positive effect on the cell viability compared to raw PZQ and SEP solids in these ranges of concentrations
(Figure 6a). PZQ–SEPdic and PZQ–SEPac products are expected to behave similarly.

PZQ–VHSet showed a slight loss of cell viability like pure products, up to a maximum of 11% in
the highest concentration tested. In this case, a positive effect on cell growth was not observed, but
the viability of the PZQ–VHSet interaction product was similar to that of the pristine drug and VHS,
therefore it can be considered biocompatible according to the in vitro results (Figure 6b). Likewise,
PZQ–VHSdic and PZQ–VHSac products are expected to have similar behavior.

3.7. Cell Cycle Studies

The cell cycle tests by means of propidium iodide were performed to investigate the cell cycle
corresponding to the Sub-G1 phase of the cells in contact with the interaction products prepared
(PZQ–SEPet and PZQ–VHSet) and their raw materials (PZQ, SEP and VHS) (Figure 7). These studies
allowed us to deduce if there is any alteration of any phase of the cell cycle despite the cell proliferation
not being affected, after observing above that there is no significant loss in cell viability of the cells
treated with the samples studied.

The control tests are shown in the upper part of the figure (Figure 7). Control tests demonstrated
that, in comparison with cellular cycles of healthy, untreated cells (“not treated” cells in Figure 7),
DMSO does not affect the cells, unlike etoposide (antineoplasic drug). As can be seen by the cell
cycle analysis, the etoposide control group is severely affected and induces death to 64.3% of the
cell population.

In Figure 7a, the results showed that the cell cycle was not affected when the cells were treated
with PZQ, SEP and PZQ–SEPet, and only at high concentrations, the cell death was increased slightly,
although not in a notable way. Furthermore, in none of the concentrations tested was it observed that
the PZQ–SEPet interaction product produced a significantly higher percentage of cell death than that
with the pure PZQ.

The results of PZQ, VHS and PZQ–VHSet samples are shown in Figure 7b. The PZQ–VHSet
interaction product showed that the cellular cycle of the cells was not affected, and cell death was not
observed at low sample concentration (0.8–4 μM). At high concentrations (20–100 μM), affectation of
the cell cycle of the cells was observed as well as greater cell death. This damage in the cell cycle is
very high at the 100 μM concentration. This is the same in pure VHS clay, therefore, this occurs in the
interaction product due to the presence of the clay mineral.

In summary, the PZQ–SEPet interaction product showed that it does not affect, in any concentration,
the cellular cycle of the cells, and its behavior is similar to the pure drug. However, the PZQ–VHSet
interaction product showed that it affects, at high concentrations, the cellular cycle, so only the lower
concentrations (<0.8–4 μM) do not affect the Sub-G1 phase of the cells (Figure 7).
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Figure 7. Cell cycle of the HCT116 line treated with the PZQ, SEP and PZQ–SEPet (a), and with the
PZQ, VHS and PZQ–VHSet (b). The percentages indicate the number of cells in Sub-G1 (apoptotic or
necrotic). Negative controls (Not treated and DMSO) and positive control (Etoposide) are also included.

4. Conclusions

The interaction products PZQ–SEP and PZQ–VHS prepared with ethanol, dichloromethane and
acetonitrile allowed us to carry out an effective interaction of the low water-soluble drug with the clays.
Therefore, this described methodology that uses organic solvents and clays can be used to prepare
drug–clay complexes, with drugs that have low aqueous solubility. The characterization using different
techniques of these interaction products showed that the drug is amorphized, reducing its crystallinity.

In vitro drug release profiles of the interaction products with sepiolite compared with the pristine
PZQ in sink conditions in acid aqueous medium (pH = 3) and in simulated intestinal fluid (pH = 6.8)
showed that in all products the dissolution rate of the drug improved, and specifically the PZQ–SEPdic
was the one that most increased the rate dissolution. In the interaction products with montmorillonite,
in acid medium (pH = 3), the PZQ–VHSac improved the dissolution rate of the drug, and the
PZQ–VHSdic showed a controlled release of PZQ, which can be very interesting for another type of
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modified drug delivery system. In SIF medium (pH = 6.8), all the PZQ–VHS interaction products
increased the dissolution rate of the drug.

Cytotoxicity and cell cycle studies were performed in the interaction products prepared with
ethanol, and the interaction products with dichloromethane and acetonitrile are expected to have similar
behavior. The PZQ–SEPet interaction product was biocompatible with the HTC116 line cells, and it
did not produce a decrease in cell viability or alterations in the cell cycle. However, the PZQ–VHSet
showed a slight loss of cell viability like pure products, but in the cell cycle study, the affectation
of the cell cycle and damage of the cells were observed at the highest concentration tested, so low
concentrations should be used.

Therefore, the methodology used with organic solvents is an interesting technological strategy
for effective interaction between praziquantel and clays. In general, according to the results obtained,
the PZQ–SEP interaction products increased more the dissolution rates of drug, without producing
cytotoxicity or alterations in the cell cycle of HTC116 cells. These systems should be considered as
promising pharmaceutical systems to improve the bioavailability of water low-soluble of praziquantel.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/10/914/s1,
Table S1: Statistical parameters corresponding to the fittings of all the experimental release results of PZQ and
PZQ–SEP interaction products to the equations of distinct models, Table S2: Statistical parameters corresponding
to the fittings of all the experimental release results of PZQ and PZQ–VHS interaction products to the equations of
distinct models.
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Abstract: Inorganic hydrogels formulated with spring waters and clay minerals are used to treat
musculoskeletal disorders and skin affections. Their underlying mechanism of action for skin
disorders is not clear, although it is usually ascribed to the chemical composition of the formulation.
The aim of this study was to assess the composition and in vitro release of elements with potential
wound healing effects from hydrogels prepared with two nanoclays and natural spring water. In vitro
Franz cell studies were used and the element concentration was measured by inductively coupled
plasma techniques. Biocompatibility studies were used to evaluate the potential toxicity of the
formulation against fibroblasts. The studied hydrogels released elements with known therapeutic
interest in wound healing. The released ratios of some elements, such as Mg:Ca or Zn:Ca, played
a significant role in the final therapeutic activity of the formulation. In particular, the proliferative
activity of fibroblasts was ascribed to the release of Mn and the Zn:Ca ratio. Moreover, the importance
of formulative studies is highlighted, since it is the optimal combination of the correct ingredients
that makes a formulation effective.

Keywords: sepiolite; palygorksite; spring water; hydrogel; wound healing; proliferation; Franz cell;
bioactive elements

1. Introduction

Inorganic hydrogels formulated with spring waters and nanoclays are successfully used in the
treatment of musculoskeletal disorders and skin affections. There is a general agreement that their
therapeutic activity against musculoskeletal disorders is achieved through physical mechanisms such
as thermic activity, osmotic pressure and electric conductivity [1–5]. On the other hand, the underlying
mechanism of action responsible for the therapeutic skin effects are usually ascribed to the chemical
composition of the formulation [1,6–10], although the exact therapeutic activities and mechanisms of
action are still unknown.

Several dermatological affections have been successfully treated by formulations that include clay
minerals [4,11–14]. Currently, special attention is being paid to wound healing treatments, in which clay
minerals have been demonstrated to be very useful [15–18]. During administration of the formulation,
elements from the hydrogel could permeate and/or penetrate across the skin barrier. In a previous
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study, hydrogels prepared with two different fibrous nanoclays were shown to be fully biocompatible
and to exert in vitro wound healing activity [17]. More particularly, it was demonstrated that the
fibrous nanoclay hydrogels promoted in vitro fibroblast mobility during wound healing processes.

It is well known that adequate concentrations of certain elements, including Ca, Mg, Na and K, in
the wound bed are important for enhancing the healing process [19–27]. Transition metals such as
Cu, Zn, Mn, Fe, Ag, and Au (among others) have also been demonstrated to play different biological
functions in tissue regeneration, as reviewed by Yang et al. [28]. It has also been demonstrated that
Zn:Ca ratios reach their maximum during the proliferative stage of wound healing and then decline
during the remodeling stage [21]. Moreover, manganese-rich spring waters have been demonstrated
to possess wound healing activity [29], and changes in Mg:Ca ratios are essential for a proper wound
healing cascade. Consequently, formulations providing adequate bioavailability of elements with
wound healing activity will promote the healing process and speed up restoration of the damaged area.

Based on these premises, the aim of this study was to assess the in vitro release and mobility of
elements with potential wound healing effects from hydrogels formulated with spring waters and
nanoclays that have recently been demonstrated to enhance fibroblast mobility [17]. In vitro Franz
cell studies were performed in order to reproduce the topical administration of the formulations and
elemental concentration was measured by inductively coupled plasma techniques. The results will be
discussed on the basis of both the legal status of elements present in the formulation and their potential
therapeutic effects.

2. Materials and Methods

2.1. Materials

Nanoclay/spring water hydrogels were prepared by mixing Alicún thermal station spring water
(ALI, Granada, Spain) with two commercial fibrous nanoclays; sepiolite (PS9) and palygorskite (G30).
Nanoclays were kindly gifted by the TOLSA group (Madrid, Spain).

Sepiolite hydrogel included in this study was prepared with a concentration of 10% (w/w) of PS9
dispersed in ALI spring water (ALIPS9, 250 g in total). Additionally, two palygorskite hydrogels (250 g
each), ALIG30@10 and ALIG30@20, were also obtained and their final concentration was 10% w/w and
20% w/w of G30, respectively. The three formulations were prepared by means of a turbine high-speed
agitator (Silverson LT, Chesham, UK) equipped with a high-traction stirrer head of square mesh and
working at 8000 rpm for 5 min.

2.2. Methods

2.2.1. Elemental Characterization of Pristine Materials

The elemental composition of ALI, PS9 and G30 was obtained by two Inductively Coupled Plasma
techniques: ICP-OES (Optima 8300 ICP–OES Spectrometer, Perkin Elmer, Waltham, MA, USA) and
ICP-MS (NexION-300d ICP mass spectrometer, Perkin Elmer), equipped with a triple cone interface
and a quadrupole ion deflector using argon for plasma formation. PS9 and G30 were subjected to
acid digestion in strong acids (HNO3 and HF at a 3:5 ratio, Sigma-Aldrich, MO, USA) inside a Teflon
reactor, placed in a microwave oven (Millestone ETHOS ONE, Sorisole, Italy). Calibration curves for
ICP-OES were obtained by means of standards solution of 1000 ppm for each element. For ICP-MS,
single-element standard solutions (Merck, Darmstadt, Germany) were prepared after dilution with
10% HNO3. Ultrapurified water (milliQ grade) was used in both techniques.

2.2.2. In Vitro Release of Elements

Element mobility from ALIPS9, ALIG30@10 and ALIG30@20 was studied by in vitro release studies
performed in Franz diffusion cells system (FDC40020FF, BioScientific Inc., Phoenix, AZ, USA) [30].
This system is purposely designed to reproduce dermal and/or mucosal administration conditions.
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The Franz diffusion cells possessed a contact area of 0.64 cm2 and a total volume of 6.4 mL. Dialysis
membranes (cut-off 12–14 kDa, 31.7 mm, Medicall International, London) were used to separate the
donor and receptor chambers. The membranes were boiled in ultra-purified water (milli-Q water,
ISO 3696) for 10 min in order to hydrate them. Over the membrane, in the donator chamber, known
amounts of each hydrogel (approximately 0.025 g) were placed. The receptor chamber was filled with
degassed, ultra-purified water. The whole system was maintained at a constant temperature of 32 ± 0.5
◦C through thermostatic bath circulation. The experiment lasted for 30 min, which is the typical time
of topical nanoclay/spring water hydrogels application. Experiments were performed in sextuplicate.
At the end of the experiments, the aqueous content of the receptor chamber was carefully withdrawn
and filtered through 0.45 μm single-use, syringe filters (Merck Millipore, Madrid, Spain). Finally, the
elemental composition on each sample was assessed by ICP-OES. Element release tests were performed
after 48 h and 1 month after hydrogel preparation, in order to study the evolution of the elemental
mobility. Hydrogel batches were preserved in static conditions inside closed polyethylene containers,
which were placed inside a drawer with an average mean temperature of 20 ± 5 ◦C. Blanks were also
analyzed in order to monitor the elements coming from the materials and the ultra-purified water.

2.2.3. Biocompatibility of ALIG30@20

ALIPS9 and ALIG30@10 hydrogels (both with a solid concentration of 10%) have been
demonstrated to be biocompatible against fibroblasts [17]. Moreover, in the very same study, the in vitro
scratch assay proved that the hydrogels were able to accelerate wound closure by favoring fibroblast
migration. Nonetheless, the ALIG30@10 hydrogel showed insufficient viscosity, as proven in another
study that included a full rheological characterization of ALIPS9 and ALIG30@10 hydrogels [30]. The
low consistency of a hydrogel could hinder its topical administration due to excessive fluidity of the
formulation. Consequently, the ALIG30@20 hydrogel was prepared and its biocompatibility was
evaluated. To do so, the methodology described by García-Villén et al. [17] was used. Normal human
dermal fibroblasts (NHDFs, PromoCell GmbH, Heidelberg, Germany) were seeded and cultured in
Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich®-Merck, Milan, Italy), supplemented with
10% fetal bovine serum (FBS, Euroclone, Milan, Italy), 200 IU/mL penicillin and 0.2 mg/mL streptomycin
(PBI International, I). Once cellular confluence was obtained (area 0.34 cm2/well, density 105 cells/cm2),
ALIG30@20 was added to the cell culture in concentrations ranging from 1000 to 5 μg/mL and kept in
contact with cells for 24 h. Then, the MTT test (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) was performed. DMEM phenol red-free and 50 μL of MTT dissolution were added in each
well, the final MTT concentration being 2.5 mg/mL. MTT-NHDF contact was maintained for 3 h before
the whole supernatant was withdrawn and substituted by 100 μL of dimethyl sulfoxide solution
(DMSO, Sigma-Aldrich®-Merck, Milan, Italy) to dissolve formazan. The absorbance of each well
was measured at 570 nm with an ELISA plate reader (Imark Absorbance Reader, Bio-rad, Hercules,
CA, USA), with the reference wavelength set at 655 nm. Fibroblast viability was calculated with
respect to the viability of the corresponding control (fibroblasts cultured in fresh DMEM, abbreviated
as GM). MTT tests over ALIPS9, ALIG30@10 and ALIG30@20 were performed after 1 month of
hydrogel preparation.

2.2.4. Selection of Elements Under Study

A wide variety of elements were analyzed in this study. In order to organize and facilitate the
interpretation of the results, the discussion will be centered around two main aspects: the potential
wound healing activity of the elements and their legal situation regarding cosmetics and medicines
regulations. The importance of the latter point lies in the fact that, depending on the final therapeutic
activity of the present hydrogels, they could be considered as cosmetics or as medicines [31]. Elements
will be classified and addressed according to the European regulations and guidelines summarized in
Figure 1. The present study is focused on those elements that are considered “safe” or “non-hazardous”.
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Additionally, elements without toxicity limits (most of the time not mentioned in the aforementioned
regulations) were also included in this study.

Figure 1. Main regulations [31–33] and guidelines used for the selection of elements, interpretation
and discussions of results, ordered by year of publication or latest update.

The guideline for elemental impurities Q3D(R1) [32] of the European Medicines Agency is focused
on toxic elements and classifies them in three groups. In view of their limitations and toxicity, all of
them with well-defined “permitted daily exposure” (PDE) limits, these elements are not addressed in
this manuscript. Nonetheless, there is also a non-defined fourth group that includes elements with low
inherent toxicity, without PDE limits. In conclusion, elements in this group should be controlled more
for the quality of the final product than for high toxicity and safety considerations. Examples of these
elements are Al, B, Ca, Fe, K, Mg, Mn, Na, W and Zn, which are the subject of study of this research.
For simplicity throughout the manuscript, these elements are referred to as “class 4”. The European
Regulation EC 1223/2009 [33] was used to determine those elements whose presence is either allowed
or not mentioned in cosmetic products.

2.2.5. Statistical Analysis

Statistical analysis were determined by means of non-parametric Mann–Whitney (Wilcoxon) W
test. In all cases, SPSS Statistic software (IBM, version 21, 2012, New York, NY, USA) was used and
differences were considered significant at p-values ≤ 0.05.

3. Results and Discussion

3.1. Elemental Characterisation of Pristine Materials

Elemental composition of pristine components (PS9, G30 and ALI) is reported in Table 1. According
to the EC 1272/2008, any of the detected elements are not considered as carcinogens.

Major elements in the pristine water (ALI) were Sr, S, Ca, Mg and Na (from higher to lower
concentrations). The high presence of S, Ca and Mg are in agreement with the nature of the spring
water source [34,35]. Ti, Mn, Mg, Sr, Zn and Al are the major elements present in PS9 and G30. In
particular, Zn, Mn, Mg and Al belong to class 4 in the Q3D(R1) guideline [32]. Regarding the cosmetic
regulation EC 1223/2009 [33], aluminum is the only one specifically allowed in cosmetics, the rest of
them are not mentioned in this regulation. Cu and Ag are elements present in the pristine ingredients
that have a “special situation” as far as regulation is concerned, since their presence is allowed in
cosmetics (mainly due to their role as colorants) but they are classified as class 3 and 2B by the Q3D(R1).
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Table 1. Elemental composition of pristine samples (PS9, G30 and ALI) determined by ICP-OES and
ICP-MS. “ND” stands for “Not Detected”. For a better understanding, comments about each element
are included within the table. Levels of elements marked with * were obtained from [36].

Element PS9 (ppm) G30 (ppm) ALI (ppb) Comments

Al 15.9 31.9 37 Class 4 Q3D(R1); Allowed in EC 1223/2009

B 0.3 0.3 395 Class 4 in Q3D(R1); Not listed in EC 1223/2009

Ca 2.8 33.3 312,700

Class 4 in Q3D(R1);
Not listed as element in EC 1223/2009

Fe 5.2 24.2 58
K 6.0 1.9 6836

Mg 122.0 41.8 114,267
Na 0.1 0.1 49,150

S 0.1 0.4 388,367 Not listed as element in EC 1223/2009

Mn 177.0 178.5 ND Class 4 in Q3D(R1); Not listed in EC 1223/2009
W 0.9 0.4 ND

Zn 81.2 96.1 3.3 Class 4 in Q3D(R1);
Not listed as element in EC 1223/2009

Cu * 8.1 11.3 2.5 Class 3 in Q3D(R1); Allowed in EC 1223/2009

Ag * 0.04 0.2 0.1 Class 2B in Q3D(R1); Allowed in EC 1223/2009.
Au * ND ND ND

Sc 2.7 7.9 1.8 Not listed in EC 1223/2009

Ti 689.6 1820.5 0.2 Not listed as element in EC 1223/2009

Ga 8.2 16.1 0.8
Not listed in EC 1223/2009Ge 3.2 0.8 0.1

Tb 43.2 17.9 7.2

Sr 24.4 106.0 10,049 Not listed as element in EC 1223/2009

Y 6.2 39.9 0.04

Not listed in EC 1223/2009

Nb 3.8 6.1 0.002
In ND 0.002 ND
La 7.7 36.3 ND
Ce 17.1 48.9 ND
Pr 2.0 7.5 0.003
Sm 1.7 5.5 0.001
Eu 0.2 1.2 0.001
Gd 1.5 5.6 0.003
Dy 1.2 4.7 0.002
Ho 0.2 1.0 0.002
Er 0.6 2.9 0.002
Tm 0.1 0.4 0.002
Yb 0.5 2.4 ND
Lu 0.1 0.4 0.002
Hf 44.7 13.9 2.3
Re ND ND 0.01

Bi 0.1 ND ND Not listed as element in EC 1223/2009

Th 4.6 5.6 0.1 Not listed in EC 1223/2009

3.2. In Vitro Release of Elements

Elements released from ALIPS9, ALIG30@10 and ALIG30@20 hydrogels are summarized in
Table 2. As expected from the nature and composition of the pristine ingredients of both hydrogels,
the release of major elements (Ca, K, S, Mg, Na) was not only confirmed but desirable due to their
physiologic activities, which will be discussed later. In particular, Ca showed significant release levels
in all hydrogels, which is in agreement with the high levels of this element in pristine materials (Table 1).
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Moreover, S is the major element present in ALI, which also explains the high release levels of this
element from the formulations.

Table 2. Mobility of elements after Franz diffusion cell tests. Major elements are expressed in mg/100
g of hydrogel, while the rest of the elements are expressed as μg/100 g of hydrogel. Mean values ±
s.e. (n = 6). “ND” stands for “Not Detected”. Release levels of elements marked with * were obtained
from [36].

Concentration
Units

Element
ALIPS9 ALIG30@10 ALIG30@20

48 h 1 m 48 h 1 m 48h 1 m

mg/100 g

Ca 11.7 ± 2.91 8.1 ± 1.30 14.9 ± 1.758 30.4 ± 7.379 17.5 ± 3.51 7.0 ± 1.25
K 1.8 ± 0.843 2.8 ± 0.628 2.7 ± 1.183 1.9 ± 0.491 3.4 ± 1.004 2.6 ± 1.09

Mg 2.7 ± 0.48 3.7 ± 0.52 2.5 ± 0.237 5.2 ± 1.433 4.9 ± 0.23 3.0 ± 0.48
Na 5.4 ± 1.40 6.3 ± 1.65 8.8 ± 2.727 10.5 ± 3.185 12.4 ± 1.136 6.43 ± 0.469
S 14.8 ± 3.80 5.5 ± 2.81 23.3 ± 2.063 11.7 ± 2.162 10.4 ± 2.34 6.7 ± 2.29
B 0.2 ± 0.016 0.04 ± 0.020 0.1 ± 0.021 ND 0.3 ± 0.062 ND
Fe 0.06 ± 0.036 0.07 ± 0.028 ND 0.02 ± 0.018 0.1 ± 0.054 0.01 ± 0.009
Al ND 0.1 ± 0.056 ND 0.58 ± 0.452 ND 0.67 ± 0.100

μg/100 g

Mn ND 0.7 ± 0.39 ND ND 4.9 ± 2.64 7.4 ± 3.69
W ND ND ND ND ND ND
Zn 25.9 ± 16.07 165.9 ± 68.51 132.1 ± 38.17 181.4 ± 99.18 164.8 ± 53.09 175.1 ± 80.91

Cu* 10.8 ± 3.29 3.6 ± 2.17 32.6 ± 11.59 1.5 ± 1.01 20.6 ± 3.725 0.9 ± 0.61
Ag *, Au *,
Sc, Ti, Ge,

Tb
ND ND ND ND ND ND

Ga ND 0.08 ± 0.050 ND ND 0.2 ± 0.019 0.04 ± 0.001

Sr 176.5 ± 15.89 148.7 ± 20.37 90.4 ± 18.67 65.9 ± 10.39 82.8 ± 15.64 68.5 ± 7.93
Y, Nb, In,
La, Ce, Pr,

Sm, Eu,
Gd, Dy,

Ho, Er, Tm,
Yb, Lu, Hf,
Re, Bi, Th

ND ND ND ND ND ND

Release levels of Mg were very similar for the three hydrogels. The release of Al increased with
time in all cases, not being detected in any of the young hydrogels. On the other hand, the amount of B
released after 1 month was lower. The most remarkable release regarding trace elements was shown
by Zn and Sr, followed by Cu. Cu release significantly decreased after 1 month in the three hydrogels.
As previously reported, the amount of Cu detected in G30 was higher than PS9 (Table 2). This was in
agreement with the lower release of both elements in ALIPS9 versus ALIG30@10 and ALIG30@20. Mn
release increased with time in ALIPS9 and ALIPS9@20, while it was under the detection limit of the
technique for ALIG30@10 experiments. Levels of Mn were the same for both PS9 and G30 (and absent
in ALI, Table 1) but ALIG30@20 showed a remarkably higher release of this element.

The rest of the elements were not released or released in very low amounts. Except for Au, Cu and
Ag, the rest of the trace elements are not included/mentioned in the EC 1223/2009 regulation [33]. This
means that their safety has not been thoroughly assessed or their toxicity is considered non-significant.
It is worth mentioning that In and Re were not present in the pristine materials and that they were also
not detected during the in vitro release tests. This fact confirmed the absence of contamination with
these elements during ALIPS9, ALIG30@10 and ALIG30@20 formulation processes and preservation.

3.3. Biocompatibility of ALIG30@20

Biocompatibility results of ALIPS9@20 are reported in Figure 2. As previously mentioned, G30
and ALIG30@10 results have already been assessed by García-Villén et al. [17]. The reduction in
viability produced by the pristine G30 alone at 1 mg/mL was not found in any of the hydrogels. In fact,
the viability results of ALIG30@20 demonstrated, once again, that the type of formulation exerts a
significant role in the results. That is, despite all tests subjected to the same amount of clay mineral in
the culture, the hydrogels increased the biocompatibility. In particular, ALIG30@20 showed cellular
viabilities higher than 100% at every concentration (p > 0.05 with respect to GM, Figure 2). In view
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of the experimental results and the statistical analysis, it is possible to state that ALIG30@20 exerts
proliferative effects over fibroblasts at the tested concentrations. No other internal statistical differences
were found between ALIG30@20 concentrations.

Figure 2. Biocompatibility tests of ALIG30@20 (blue). Viability (%) vs. hydrogel or clay concentration (%
w/w). GM (growth medium) indicates the control. G30 and ALIG30@10 results (taken from García-Villén
et al. [17]) were included to compare viability results of hydrogels with different concentrations. Mean
values ± s.e.; n = 8. Significant differences, compared to GM, are marked with (*). Mann–Whitney
(Wilcoxon) W tests, p values ≤ 0.05.

4. Discussion

4.1. Release of Elements and Potentially Useful Therapeutic Activities

According to the ICH Q3D(R1) guideline, no PDE limits have been established for class 4
elements [32]. The presence of Al in cosmetics is allowed according to EC 1223/2009 since it specifies
that “natural hydrated aluminum silicates (Al2O3·2SiO2·2H2O) containing calcium, magnesium or
iron carbonates, ferric hydroxides, quartz-sand, mica, etc. as impurities” are allowed. Aluminum has
shown to be released from 1-month-old hydrogels (Table 2). The WHO has established a tolerable
weekly intake of 7 mg/kg of body weight for aluminum [37]. In view of the low bioavailability of
aluminum from cosmetic products (≤0.07%) [38–40], applications with more than 213 kg of hydrogel
would be necessary to subject patients to potentially dangerous Al doses. Therefore, it is possible
to guarantee that ALIPS9, ALIG30@10 and ALIG30@20 are totally safe regarding aluminum release.
Additionally, some Al3+ “misfolds cell membrane proteins”, which gives it antibacterial activity [41].

Ca, Fe, Mn, Zn and S are not listed in this regulation [33], which means that, legally speaking,
the presence of these elements does not limit the use of the present hydrogels as cosmetics from a
legal point of view. Major elements such Mg, Ca, Na and K are considered as “essential” for both
animals and human beings, and their presence in the pristine materials is considered totally safe and,
sometimes, even favorable in certain cases. The usefulness of metals during wound healing has also
been pointed out by some studies. For instance, it has been demonstrated that wound supplementation
of Zn, Cu and Mg would be advisable during the healing process [42].

The amount of K in solids was higher than Na and Ca, though its release from hydrogels was
remarkably lower than that of Ca and Na. This result is in agreement with the cation exchange
capacity (CEC) of PS9 and G30 reported in previous studies [17], which showed calcium as one
of the main exchangeable cations. Additionally, Ca is the second most abundant element in ALI.
It has been reported that low concentrations of extracellular potassium may accelerate and favor
fibroblast differentiation, thus forming scar tissue [43]. Low intracellular K+ concentrations favor
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interleukin-8 expression, which plays an important role in stimulating re-epithelialization, migration
and proliferation of dermal cells during wound healing [26]. Therefore, a limited potassium release
from both hydrogels would be beneficial during wound healing treatments.

Sodium is the second/third element with higher in vitro release levels (Table 2) and the third/forth
element in terms of abundance in the pristine materials (Table 1). Moreover, Na was one of the minor
exchanged cations of PS9 and G30. This apparently contradictory result has previously been observed
for other clay-based hydrogels subjected to the very same in vitro release methodology [44]. This result
could be related to the hydrophilicity of the exchangeable cations of the clay, that follow the order Ca2+

> Na+ > K+ [45]. The higher the hydrophilicity of the element, the higher the ability of water to enter
the interlayer space and the higher the exchange capacity. The very same trend has been found for Ca,
Na and K release (Table 2) and CEC [17], despite this not being the same exact order of abundance in
the pristine materials (Table 1).

Mg release increased with time in ALIPS9 and ALIG30@10, whereas it reduced in ALIG30@20
(Table 2). This element has been shown to easily permeate the skin [46] and possess anti-inflammatory
activity, and is thus able to treat skin disorders such as psoriasis and atopic dermatitis [47,48]. The
combination of Mg and Ca has been reported to accelerate skin barrier repair, as well as skin hydration
by synergic effects [49]. Moreover, apart from the beneficial effects of Mg in the skin, this element,
along with Ca, is also essential for good bone and muscle health. Therefore, if any of these elements are
able to reach the bloodstream during the hydrogel treatment, they could also help treat other systemic
musculoskeletal disorders, such as fibromyalgia [50].

Boron compounds have been demonstrated to be beneficial for wound healing of burned skin
and in diabetic wound healing processes, both in vitro and in vivo [51,52]. B has proved useful in
several metabolic pathways as well as in the increase of the wound healing rate [53,54]. Release of B
decreased with time in the three hydrogels until it reached undetectable levels. Consequently, if any
benefit should be obtained from B, those benefits would be at its maximum in young hydrogels.

ALI composition also played an important role in the levels of elements released during the in vitro
tests. In fact, the release of S can be totally ascribed to the natural spring water composition (ALI)
(Table 1). The release of sulphur reduced with time in all cases (Table 2). Higher S release was reported for
ALIG30@10 48 h. For ALIPS9 and ALIG30@20, the release amounts of S were very similar. Differences
in ALIG30@10 and ALIG30@20 can be ascribed to the clay mineral concentration. Balneotherapy with
sulphurous waters and peloids has been proven to help with several disorders and diseases [55,56].
Specifically, keratolytic, anti-inflammatory, keratoplastic and antipruritic effects have been related to
S [57]. Sulphurous mineral waters may be absorbed through the skin causing vasodilation, analgesia,
immune response inhibition, and keratolytic effects that reduce skin desquamation [58]. Moreover, S
could potentiate angiogenesis (endothelial cell proliferation) and regulate skin immunity. Consequently,
the mobility of this element would be positive, since it can ameliorate several skin disorders. In this
particular case, to obtain the maximum beneficial effects from sulphur, young hydrogels should be
used, when the mobility of this element is maximum.

Mn works as a coenzyme in several biological processes, such as the transition between quiescent
and proliferative phases of fibroblasts [59]. Nonetheless, Mn levels contained in healthcare formulations
should be controlled due to possible toxic brain accumulation [60–62]. Levels of Mn were the same
for pristine PS9 and G30 (while absent in ALI, Table 1). Consequently, it is possible to state that the
release of this element is solely due to the clay mineral. Mn release increased with time in ALIG30@20,
while it was not measurable in ALIG30@10, probably due to the lower concentration of G30 in this
formulation. A study on the bioavailability of manganese from soils revealed that in acid soils, Mn
bioavailability grows [63]. Previously it has been shown that G30 and PS9 hydrogels prepared with
ALI water suffer from a reduction in pH values during the first 6 months [64]. This modification of
the pH could be the explanation for a higher release of Mn after 1 month in ALIPS9 and ALIG30@20.
In terms of safety, ALIG30@10 would be the safest formulation, since Mn release was not detectable
during Franz cells study.
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Zinc is a class 4 element, but it is not listed in EC 1223/2009. The ALIPS9 hydrogel showed an
increase in Zn release with time, while ALIG30@20 showed stable levels (Table 2). The increase in Zn
release in ALIPS9 and ALIG30@10 could also be related to pH changes in the formulation with time,
although the literature results are contradictory [63]. Regarding safety and regulations, Zn did possess
a defined PDE level in the Q3D(R1) [32] (13,000 μg/day for both oral and parenteral routes). Moreover,
the WHO defined a provisional maximum tolerable daily intake amount of 18–60 mg/day for an adult
of 60 kg. As previously mentioned, it has been reported that this element could compromise renal and
hepatic functions when high doses reach the bloodstream. Nonetheless, Zn has also been demonstrated
to be essential for keratinocyte and fibroblast proliferation, differentiation and survival. Its deficiency
has been related to different disorders such as acquired acrodermatitis enteropathica, biotic deficiency,
alopecia and delayed wound healing. Moreover, Zn concentration is usually higher in the epidermis
than in the dermis [65,66]. Consequently, the mobility of Zn from the studied hydrogels is seen as a
positive and potentially useful feature for wound healing. Moreover, the released amount of Zn in
Franz cells can be considered safe, since it was below the WHO and PDE limits previously mentioned
and they are intended to be topically administered.

Together with Zn, Cu is a useful element in terms of wound healing [67] and its presence is allowed
in cosmetics by EC 1223/2009. This element has been demonstrated to increase the expression of TGF-β1
in ex vivo skin models, thus leading to higher pro-collagen 1 and elastin production by fibroblasts [67].
Moreover, Cu has been demonstrated to enhance skin cell migration (keratinocytes and fibroblasts),
which is crucial for wound healing [68,69]. ALIPS9 and ALIG30@10 were shown to favor fibroblast
migration in a previous study [17], which could be related to copper release. Additionally, copper
possesses an antimicrobial effect and has been proposed as an ingredient for wound dressings [70].
In fact, some clay minerals with Cu were demonstrated to be the most effective against Escherichia
coli and Staphylococcus aureus. Release levels of Cu revealed that, to obtain the aforementioned effects,
extemporaneous hydrogels should be used (Table 2).

Ga showed minimum mobility in both hydrogels (Table 2) and significantly reduced mobility in
ALIG30@20 after 1 month. Higher release levels in ALIG30@20 versus ALIPS9 can be ascribed to a
higher concentration of this element in G30 pristine material (Table 1). This element is not addressed
in any of the aforementioned regulations [32,33,71,72] since it is currently considered a relatively
non-toxic element for humans. Antimicrobial activity of Ga has been reported [73,74], which could be
of use for the treatment of infected wounds. A biocompatible, gallium-loaded, antimicrobial, artificial
dermal scaffold has been recently proposed [75]. Other biomedical uses of Ga have also been previously
reported due to its low toxicity [76–81]. In view of the existing bibliography and the present results,
extemporaneous ALIG30@20 hydrogels would be a proper choice to obtain antimicrobial activity.

Strontium mobility was one of the most remarkable among the trace elements, mainly because
of its presence in ALI. The presence of this element in cosmetics is not considered determinant in
terms of safety, maybe because symptoms of Sr overdose are not yet clear in humans. What is more,
despite the in vivo studies performed in animals, no Sr limits have been established for humans (since
dietary intake variations did not induced acute toxicity symptoms) [82,83]. Wound healing effects of
strontium chloride hexahydrate has been evaluated in vivo. This strontium salt was shown to reduce
TNF-α expression in the wound site and, therefore, reduce inflammation [84], which is of special use
in chronic inflammatory disorders. The antioxidant effect is also related to Sr, according to previous
studies [85] that used strontium-substituted bioglass for tissue engineering purposes. Strontium has
also been included in wound dressings as a wound healing promoter [86] and has been demonstrated
to exert useful systemic effects when it reaches the bloodstream [87–90]. In conclusion, the release of Sr
release is desirable, ALIPS9 being the formulation providing the highest levels of this element.

4.2. Mobility of Elements

The sole presence of an element or chemical compound in a formulation does not mean that
it would exert its therapeutic effect: it also needs to be released and be able to reach the active site.
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Moreover, the release process can be determined by different factors, one of them being its location in
the formulation (clay structure or the spring water) or the age of the system [36,91]. Element mobility is
a normalized parameter that allows comparisons between released levels of different elements. It can
be calculated as the ratio between total concentration in the formulation and the released concentration.
Mobility values of elements in ALIPS9 and ALIG30@20 hydrogels are plotted in Figure 3. In this figure,
the delimited areas within the graphic were defined in a speculative manner. As can be seen from the
dispersion (Figure 3), the majority of the elements showed a mobility lower than 2%.

Figure 3. Percentage of mobility (logarithmic scale) versus total content of the element in ALIPS9,
ALIG30@10 and ALIG30@20 hydrogels (ppm). “High”, “Medium” and “Low mobility” areas are
hypothetical. Non-detected elements (mobility = 0%) do not appear in the logarithmic scale.

Even if Ca, S and Mg were present in remarkable amounts in the studied formulations, their
released levels were very low in proportion, thus giving rise to low element mobility. This result
demonstrates that, despite the spring water having remarkable amounts of these elements, their
mobility is probably limited by the presence of the solid phase. Consequently, the solid and the liquid
phases of the formulations establish a very close interaction that affects the final performance of the
system, something that highlights the necessity to fully characterize this kind of formulation. Another
visible result is the higher mobility of elements in ALIG30@10 with respect to ALIG30@20 and ALIPS9,
which also demonstrates that the type and the concentration of the clay mineral exert a remarkable
influence. Elements in the “medium mobility” area (Figure 3) were located in this section since they
have low mobility (<1%) together with low concentration (<150 ppm) in the final formulation.

In view of the mobility results, K, Na, B and Al are the elements with the highest mobility. They
showed relatively low amounts in the hydrogels but their mobility was clearly significantly higher
with respect to the rest of the elements. We hypothesized that the high mobility of the aforementioned
elements could be related to both the hydrophilicity of cations (previously mentioned in Section 4.1)
and to a small/absent interaction between the pristine ingredients and, therefore, the released levels
ascribed to the influence of the liquid phase (ALI) more than to the solid phase. That is, even if K, Na
and B were not the main major elements in the pristine ingredients, the low interaction between K, Na
and B (coming from ALI) with fibrous clay structure let these elements be relatively “free” within the
system and, therefore, more prone to move. This hypothesis is confirmed by the fact that the mobility
of elements in ALIG30@10 is higher than in ALIG30@20, due to the lower amount of G30 in the former.
In this formulation, the reduced amount of clay mineral implies less retention of the elements and,
therefore, higher mobility.
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Spider diagrams represent more clearly the different mobility of elements between the same
hydrogels at 48 h and 1 month (Figure 4). This comparison reveals that nanoclay/spring water hydrogels
are “living formulations” since their ingredients constantly interact with each other, changing the
final properties of the system. The area of ALIG30@10 (48 h and 1 month) is higher than the area of
ALIPS9 and ALIG30@20, which is in agreement with the previous mobility results (Figure 4). The
“liveliness” of the hydrogels can be ascribed to the different elemental equilibriums established between
the solid and liquid phases in the formulation (adsorption and desorption equilibriums). Upholding
this hypothesis, the solid phase mainly influenced the time-mobility of Cu, Mn, Ga, Al, B, and Fe,
either increasing or reducing the corresponding mobility, depending on each particular case.

Figure 4. Spider diagrams of element mobility. (A) ALIG30@10; (B) ALIPS9 (C) ALIG30@20. For
simplicity, the scale of the diagrams has been represented independently in (D).

The reduction of some elements’ mobility with time (for instance B, Mg, Al, Zn, Mn, and Na)
could also be explained by the stabilization of the system, and the clay better adsorbing/retaining these
elements as time passes. In fact, clay minerals have been widely used for decontamination purposes
due to their remarkable adsorptive properties [92–95]. Moreover, rheological changes have also been
detected is these samples. A different structure of the system network could modify the mobility of
certain elements and vice versa [91]. As can be seen in Appendix A (Figure A1), both ALIG30@20 and
ALIPS9 suffered rheological changes within one month. Moreover, it is also possible from these results
to hypothesize that the rheological performance of the system could also be influencing the element
mobility. ALIPS9 and ALIG30@20, having a much more structured internal network (Figure A1), could
hinder the mobility of elements that will find a more intricate path to travel towards the exterior. On the
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other hand, ALIG30@10 was shown to have a less structured gel network (see García-Villén et al. [64]
for information on the rheology of ALIG30@10).

4.3. Biocompatibility of ALIG30@20

In vitro biocompatibility of clay minerals has been widely studied [15,96–99]. Some clay minerals
have already been shown to have proliferating activity in cellular cultures, such as montmorillonite and
halloysite [100,101]. Nonetheless, the induction of cellular proliferation by palygorskite clay mineral is
a rare result [102]. This result leads us to hypothesize that if ALIG30@10 was biocompatible and able to
induce fibroblast motility during in vitro wound healing [17], ALIG30@20, with proliferative activity,
is also a promising formulation for wound healing treatments, especially during the proliferative stage.
The different performance between these two hydrogels could be due to physicochemical differences of
the systems. That is, different rheological behaviors as well as different chemical performances of both
hydrogels could be the factors governing the biocompatibility results. Moreover, the present results
could also be due to the combination of both physical and chemical performances of the formulations.
Table A1 shows the theoretical amount of mobile element released in the fibroblast culture during MTT
tests. These calculations have been made in order to correlate Franz cells results with those of MTT.

Mn has been reported as an active ingredient of spring waters with wound healing activity [29]
This, together with the Mn released results in ALIG30@10 and ALIG30@20 (Table 2), leads us to
propose manganese as one of the possible factors explaining the proliferative effect of ALIG30@20
versus ALIG30@10 (Figure 2).

Calcium and zinc have been demonstrated to actively participate in cellular growth, in particular
the Zn:Ca ratio, which was demonstrated to increase Zn:Ca during cell proliferation and the decline
Zn:Ca during the remodeling phase [20,21,103]. This is due to a redistribution of calcium within dermal
cells during the wound healing cascade [104], which is dependent on certain trace elements such as
zinc. In fact, extracellular calcium has been shown to stimulate DNA synthesis in cultured fibroblasts in
the presence of Zn [105]. This has been mainly ascribed to the cofactor role of Zn in different enzymes
involved in fibroblast growth. Moreover, Zn also plays an important role as a structural component of
essential proteins. Some in vitro studies demonstrated that, even if proper growth factors and nutrients
are present in the fibroblast culture medium, deficiencies of Zn translate to insufficient intracellular
calcium and, ultimately, to impaired fibroblast proliferation [106,107]. From the release values of these
elements, the Zn:Ca ratio of ALIG30@10 was 0.00465 and 0.01060 for ALIG30@20 (obtained from
Table A1), which could be a significant factor inducing the proliferation of fibroblasts in ALIG30@20.
It is also worth pointing out the fact that G30 showed a remarkable amount of Zn, thus being the
ingredient providing this element. On the other hand, the major amount of Ca is provided by ALI.
Any of the formulation ingredients on their own have been shown to induce cellular proliferation (see
MTT results in García-Villén et al. [17] and Figure 2). This indicates that both ALI and G30, properly
combined in a certain concentration, are necessary to induce fibroblast proliferation. Consequently, the
proliferative effect is ascribed to the formulation itself, proving once again the major importance of
formulative studies. By the same token, the Ca:Mg ratio also changes along the wound healing cascade.
In fact, an increase in Mg levels is observed to favor cellular migration. Grzesiak and Pierschbacher
stated that the Mg:Ca ratio was close to 1 during the migratory phase, and it reversed during the rest of
the process [108]. ALIPS9 and ALIG30@10 hydrogels (aged for 1 month) showed Mg:Ca ratios (Table 2)
closest to 1, which is in agreement with the induction of fibroblast migration already demonstrated for
these formulations [17]. Nonetheless, the ALIG30@20 Mg:Ca ratio was significantly distant from this
value, which happens during the proliferative phase.

The present results ultimately lead us to think that, apart from the amount of elements released
from each hydrogel, their ratio and specific identity highly influence the final therapeutic performance
of the formulation. Notwithstanding the fact that further studies are needed, it is noteworthy that
the present formulations have the potential to be combined and administered at different times of the
wound treatment by virtue of their chemical performance
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5. Conclusions

The present study deals with the in vitro release and mobility of potentially bioactive elements
present in semisolid gel-like formulations obtained by mixing sepiolite and palygorskite with a natural
spring water. Hydrogels were subjected to in vitro Franz cell tests and the elements released were
analyzed by inductively coupled plasma techniques. Then, the element release and mobility were
compared with in vitro biocompatibility tests of the very same formulation. The results demonstrated
that, unlike other formulations, the potential therapeutic activity of nanoclay/spring water hydrogels
should be studied in depth and characterized.

Clay/spring water hydrogels are “living formulations” since their ingredients constantly interact
with each other, changing the properties of the system. For instance, the presence of an element in
high concentration does not mean it would be released in high amounts. Moreover, the high release of
bioactive elements is not a sine qua non to obtain maximum therapeutic effect. In fact, the ALIG30@20
hydrogel, with lower elemental mobility, not only proved to be biocompatible, but to exert potential
proliferative effects over fibroblast cultures. According to the present in vitro release studies, it is
possible to state that the ratios of the elements released play a significant role in the final therapeutic
activity of the formulation. Moreover, the importance of formulative studies is again highlighted, since
it is the optimal combination of the correct ingredients that makes a formulation effective.

As a general conclusion, the present study demonstrates that synergistic effects can be achieved
from the formulation of the liquid phase in a semisolid system, in which elemental composition of
the solid phase and structure of the system will determine elements’ mobility and, ultimately, the
therapeutic effects.
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Appendix A

Figure A1. Rheological characterization of ALIPS9 and ALIG30@20 hydrogels after 48 h and 1 month.
Up: flow curves (from 70 to 800 s−1, mean values ± s.d., n = 6). Down: hysteresis areas (mean values ±
s.d., n = 6) and apparent viscosities (250 s−1, mean values ± s.d., n = 6). Positive AUC values indicates
thixotropic behavior, while negative ones correspond to anti-thixotropic profile.

Table A1. Amount of mobile elements released from the corresponding hydrogels into fibroblast
cultures (MTT well-plate). Results were calculated from Franz experiments at 1 month and expressed
in nanograms. NM stands for “Not Released”.

Hydrogel Element (ng)
Amount of Hydrogel in Cell Wells During MTT Test

1000 μg/mL 500 μg/mL 50 μg/mL 5 μg/mL

ALIPS9

Al 2.25 1.13 0.11 0.01
B 0.79 0.39 0.04 0.004

Ca 161.5 80.7 8.08 0.81
K 55.3 27.6 2.76 0.28

Mg 73.8 36.9 3.69 0.37
Na 125.7 62.8 6.28 0.63
S 109.4 54.7 5.47 0.55

Fe 1.46 0.73 0.07 0.01
Sr 2.97 1.49 0.15 0.01
Zn 3.32 1.66 0.17 0.02
Mn 0.01 0.01 0.0007 0.0001
Cu 0.07 0.04 0.0036 0.0004

ALIG30@10

Al 11.6 5.78 0.58 0.06
B NR NR NR NR

Ca 608.3 304.1 30.41 3.04
K 38.3 19.1 1.91 0.19

Mg 103.1 51.6 5.16 0.52
Na 210.7 105.3 10.53 1.05
S 234.0 117.0 11.70 1.17

Fe 0.42 0.21 0.02 0.002
Sr 1.32 0.66 0.07 0.01
Zn 2.83 1.41 0.14 0.01
Mn NR NR NR NR
Cu 0.036 0.018 0.002 0.0002
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Table A1. Cont.

Hydrogel Element (ng)
Amount of Hydrogel in Cell Wells During MTT Test

1000 μg/mL 500 μg/mL 50 μg/mL 5 μg/mL

ALIG30@20

Al 6.72 3.36 0.34 0.03
B 0.001 5·104 5·10-5 5·10-6

Ca 165.2 82.6 8.26 0.83
K 25.9 12.9 1.29 0.13

Mg 29.7 14.8 1.48 0.15
Na 84.8 42.4 4.24 0.42
S 79.4 39.7 3.97 0.4

Fe 0.09 0.04 4.4·10-3 4.4·10-4

Sr 0.69 0.34 0.03 0.003
Zn 1.75 0.88 0.09 0.01
Mn 0.07 0.04 0.0004 3.7·10-4

Cu 0.01 0.005 4.6·10-4 4.6·10-5
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52. Demirci, S.; Doğan, A.; Aydın, S.; Dülger, E.Ç.; Şahin, F. Boron promotes streptozotocin-induced diabetic
wound healing: Roles in cell proliferation and migration, growth factor expression, and inflammation. Mol.
Cell. Biochem. 2016, 417, 119–133. [CrossRef] [PubMed]

53. Benderdour, M.; Van Bui, T.; Hess, K.; Dicko, A.; Belleville, F.; Dousset, B. Effects of boron derivatives on
extracellular matrix formation. J. Trace Elem. Med. Boil. 2000, 14, 168–173. [CrossRef]

53



Pharmaceutics 2020, 12, 891

54. Chebassier, N.; El Houssein, O.; Viegas, I.; Dreno, B. In vitro induction of matrix metalloproteinase-2 and
matrix metalloproteinase-9 expression in keratinocytes by boron and manganese. Exp. Dermatol. 2004, 13,
484–490. [CrossRef]

55. Sieghart, D.; Liszt, M.; Wanivenhaus, A.; Bröll, H.; Kiener, H.; Klösch, B.; Steiner, G. Hydrogen sulphide
decreases IL-1β-induced activation of fibroblast-like synoviocytes from patients with osteoarthritis. J. Cell.
Mol. Med. 2015, 19, 187–197. [CrossRef]

56. Carbajo, J.M.; Maraver, F. Sulphurous Mineral Waters: New Applications for Health. Evid. Based Complement.
Altern. Med. 2017, 2017, 8034084. [CrossRef]

57. Rodrigues, L.; Valentim, E.E.; Florenzano, J.; Cerqueira, A.; Soares, A.; Schmidt, T.; Santos, K.; Teixeira, S.;
Ribela, M.; Rodrigues, S.F.; et al. Protective effects of exogenous and endogenous hydrogen sulfide in mast
cell-mediated pruritus and cutaneous acute inflammation in mice. Pharmacol. Res. 2017, 115, 255–266.
[CrossRef]

58. Nasermoaddel, A.; Kagamimori, S. Balneotherapy in medicine: A review. Environ. Health Prev. Med. 2005,
10, 171–179. [CrossRef]

59. Sarsour, E.H.; Venkataraman, S.; Kalen, A.L.; Oberley, L.W.; Goswami, P. Manganese superoxide dismutase
activity regulates transitions between quiescent and proliferative growth. Aging Cell 2008, 7, 405–417.
[CrossRef]

60. Erikson, K.M.; Aschner, M. Manganese: Its Role in Disease and Health. Essent. Met. Med. 2019, 19, 253–266.
61. Lucchini, R.G.; Aschner, M.; Landrigan, P.J.; Cranmer, J.M. Neurotoxicity of manganese: Indications for

future research and public health intervention from the Manganese 2016 conference. Neurotoxicology 2018,
64, 1–4. [CrossRef] [PubMed]

62. Horning, K.J.; Caito, S.W.; Tipps, K.G.; Bowman, A.B.; Aschner, M. Manganese Is Essential for Neuronal
Health. Annu. Rev. Nutr. 2015, 35, 71–108. [CrossRef] [PubMed]
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Abstract: The presence of impurities in medicinal products have to be controlled within safety
limits from a pharmaceutical quality perspective. This matter is of special significance for those
countries and regions where the directives, guidelines, or legislations, which prescribe the rules for
the application of some products is quite selective or incomplete. Clay-based hydrogels are quite
an example of this matter since they are topically administered, but, in some regions, they are not
subjected to well-defined legal regulations. Since hydrogels establish an intimate contact with the
skin, hazardous elements present in the ingredients could potentially be bioavailable and compromise
their safety. The elemental composition and mobility of elements present in two hydrogels have been
assessed. Sepiolite, palygorskite, and natural spring water were used as ingredients. The release of a
particular element mainly depends on its position in the structure of the hydrogels, not only on its
concentration in each ingredient. As a general trend, elements’ mobility reduced with time. Among
the most dangerous elements, whose presence in cosmetics is strictly forbidden by European legal
regulations, As and Cd were mobile, although in very low amounts (0.1 and 0.2 μg/100 g of hydrogel,
respectively). That is, assuming 100% bioavailability, the studied hydrogels would be completely safe
at normal doses. Although there is no sufficient evidence to confirm that their presence is detrimental
to hydrogels safety, legally speaking, their mobility could hinder the authorization of these hydrogels
as medicines or cosmetics. In conclusion, the present study demonstrates that hydrogels prepared
with sepiolite, palygorskite, and Alicún spring water could be topically applied without major
intoxication risks.

Keywords: heavy metal; hazardous element; element mobility; clay minerals; spring water; hydrogel;
toxicity; sepiolite; palygorskite

1. Introduction

The concentration and bioavailability of impurities such as hazardous elements in both health
products and medicines is a main preformulation concern during their development. Different health
care products must comply with specific normatives and guidelines, depending on the administration
route, and most of the times, on the region or country in which they are written and applied. It is
generally accepted that levels of elemental impurities below toxicity thresholds could be considered as
safe, with diverse limits depending on the consulted normative. In Canada, natural health products
that do not require a medical prescription, are included in a guide in which heavy metals (Pb, As,
Cd, Hg, and Sb, among others) are banned or limited to a maximum amount, in accordance with
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the administration route [1]. In the USA, similar health products fail into FDA legislation, which
only considers Hg as a forbidden element and limits the Pb concentration [2]. On the other hand,
European cosmetic legislation is much more detailed and restrictive regarding the presence of elemental
impurities [3].

Similar health products may also be considered into different categories depending on the country.
The boundaries between medicinal products, natural health care products, cosmetics, and others,
are not internationally normalized, even if generally accepted definitions have been achieved. In fact,
the absence of clear boundaries made it necessary to address some products on a case-by-case basis.
Particularly interesting is the cosmetic category, in which the presence of some ingredients, their origin,
the administration route, and the scope of the product could raise doubts about their classification.
A manual on the scope of the application of the cosmetics regulation EC 1223/2009 has been published
by the working group on cosmetic products in order to shed some light on this matter [4]. The global
cosmetics market have grown by an estimated 5.25% in 2019 [5], and, due to this continuous growth,
the attention is being increasingly focused on the quality and safety of these products. Cosmetics are,
according to the European Council Directive 2003/15/EC and the US Food Drug and Cosmetic Act,
those products or mixtures of substances prepared and destined to be applied in different parts of
the human body in order to clean, protect, maintain them in good conditions, improve their aspect,
or relieve/eliminate body odors [6,7]. It has been recognized and demonstrated that, although cosmetics
are intended to be applied on the surface of the body or mucous membranes, they may not remain there
exclusively, since some topically applied substances may penetrate through the skin [8–10]. This fact is
more pronounced for those cosmetics which are intended to remain at their application site for several
hours or days, without subsequent rinse or wash. The European Union established a Regulation on
Cosmetic Products (1223/2009) where it states that “cosmetic products should be safe under normal or
reasonably foreseeable conditions of use. In particular, a risk-benefit reasoning should not justify a risk
to human health” [3]. According to the European legislation, all cosmetic products should be subjected
to safety assessments, taking into consideration the toxicology of all the ingredients used, as well as
their chemical structure and their potential to produce local and systemic side effects.

The use of clay minerals in health care comes from prehistoric times, as reviewed in various
paperwork and databases [11–15]. Some properties of these minerals have made them one of the
most frequently used materials in pharmaceutical formulations and cosmetics, due to both their
potential therapeutic activities and their useful properties as excipients. These features depend on
colloidal dimensions and high surface areas of clay minerals, which give rise to optimal rheological
and sorption capacities [13,16,17]. Kaolin, talc, smectites (montmorillonite and saponite), and fibrous
clays (palygorskite and sepiolite) are some of the clay minerals most used in pharmacy. Hydrotherapy,
and more particularly, balneotherapy, is one of the most frequent uses of clay minerals from a traditional
and natural point of view. Clay minerals are used to prepare semisolid suspensions (frequently known
as thermal muds or peloids) after the interposition of clays with spring waters, thus forming a
nanoclay/spring water hydrogel. That is, thermal muds are semisolid, topical, natural medicinal
hydrogels prepared by the interposition of organic and inorganic solids in mineral–medicinal water [11].

On the view of the uses and properties of these clay-based hydrogels, they could be considered as
cosmetics with skin-care functions such as cleansing, degreasing, exfoliating, hydrating, invigorating,
and firming activities [18–20]. These clay-based products could also be considered as medicinal products,
as they have demonstrated activities against dermatological affections such as psoriasis [21–23], atopic
dermatitis, vitiligo, eczemas, seborrhoeic dermatitis, fungal infections, or acne have also been treated
by clay/spring water hydrogels [24–28]. Moreover, in view of the current Covid-19 worldwide
state of emergency, Masiero et al. [29] have pointed out the already demonstrated positive effects
of balneotherapy and thermal muds over the human immune system. Therefore, according to the
guidelines of the borderline products manual [4], these formulations could fall either in the cosmetic
or in the medicine category. Nonetheless, they are usually prepared in thermal stations, without a
deep characterization of their therapeutical functions, activities, safety, or quality control. This unclear
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boundary between cosmetic and medical products showed by thermal muds, justifies the necessity of
a harmonized regulation that compel for a full characterization of these products. Either way, since
clay-based hydrogel formulations are intended to be applied over the skin (either health, ill, or injured
skin), safety assessments should be one of the main milestones to be accomplished.

A remarkable feature of materials such as clays is the wide spectrum of mineralogical and chemical
composition they have, something that is inevitable when it comes to natural products, most of the time
accompanied by other naturally-associated mineral phases. Even if nanoclay/spring water hydrogels
(thermal muds) are not legally considered as cosmetics or medicines and, therefore, they are not
subjected to any kind of compulsory regulation; their accomplishment would highlight their quality
constancy attributes and safety. The use of pharmaceutical-grade minerals in the preparation of thermal
muds would guarantee the compositional safety of the gel-like system. In this regard, the chemical
composition of the substances present in the formulation is crucial, since hazardous elements such as
heavy metals and other elements are prohibited or limited in cosmetic products by different regulations.
For instance, the ICH Harmonized Guideline for elemental impurities Q3D(R1) [30] published by
the European Medicines Agency and Regulation No 1223/2009, European Parliament [3] are some
of the regulations in which the discussion of this paperwork will be based. The safety assessment
of the elements, such as heavy metals in cosmetics should start from the knowledge of the type and
concentration of ingredients contained in the product in order to evaluate their potential intrinsic
hazard [31]. The next step would include the analysis and studies of the mobility of those elements,
either beneficial or harmful, in order to understand the potential biological and therapeutical effects of
the formulation. This is especially important when it comes to “technically unavoidable” elements.

Recently, sepiolite and palygorskite (two inorganic excipients mainly composed of clay minerals)
were mixed with natural spring water to prepare hydrogels intended for topical application. In previous
studies, these excipients have demonstrated remarkable purity in terms of mineralogical composition
(> 92% and > 58% of sepiolite and palygorksite richness, respectively) and quality performance [32].
Moreover, these very same hydrogels have also proved to possess wound healing effects.

The aim of this paper was to prepare, characterize, and address the elemental composition of
nanoclay/spring water hydrogels made of sepiolite and palygorskite clay minerals and natural spring
water. Since the present hydrogels are intended to be applied over potentially damaged or wounded
skin, the mobility of their elements was also characterized. The final objective of this study was to
assess the safety attributes of these formulations on the basis of the content and bioavailability of the
elemental impurities.

2. Materials and Methods

2.1. Materials

Pangel S9 (PS9) and Cimsil G30 (G30) were kindly gifted by the TOLSA Group (Madrid, Spain).
PS9 (d90 23.9 μm) and G30 (d90 49.3 μm) were mainly composed by sepiolite and palygorskite,
respectively. According to their composition and properties, previously characterized by García-Villén
et al. [32], they could be classified as “pharmaceutical-grade” excipients. Their corresponding
pharmacopoeial denominations are “magnesium trisilicate” (PS9) and “Attapulgite” (G30) [33–35].
Sepiolite was present in PS9 in >92%, muscovite being the main mineralogical impurity detected.
Palygorskite was present in G30 in 58%, accompanied by quartz (26%), fluorapatite (7%), smectites,
and sepiolite (6%) and carbonates (3%) as associated minerals. Both PS9 and G30 excipients were dried
in an oven at 40 ◦C for at least 48 h prior to being used in the preparation of the hydrogels. Spring
water from Alicún thermal station (ALI), located in Granada (Spain) was used. ALI water is classified
as hypothermal with strong mineralization [36,37].

Nanoclay/spring water hydrogels were prepared according to a process previously studied and
optimized [32]. Briefly, clay minerals were mixed with ALI by means of a turbine high-speed agitator
(Silverson LT, Chesham, UK), equipped with a high-traction stirrer head of square mesh, at 8000 rpm
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for 5 min. Samples were preserved in closed polyethylene containers, from which aliquots were
sampled in order to monitor further analysis. Nanoclay/spring water hydrogels prepared had a 10%
w/w of PS9 nanoclay concentration (ALIPS9) and 20% w/w of G30 nanoclay (ALIG30). Both of them
were preserved and characterized in the same way.

2.2. Methods

2.2.1. Elemental Composition of Pristine Ingredients

Elements present in PS9 and G30 as well as ALI water has been addressed by Inductively Coupled
Plasma mass spectrometry (ICP-MS) measurements. Solid samples were prepared by acid digestion in
strong acids (HNO3 and HF at a 3:5 ratio) inside a Teflon reactor, thus the samples were subjected to
high pressure and temperature by heating in a microwave oven (Milestone ETHOS ONE, Sorisole,
Italy). The quantification of the elements was done by a NexION-300 ICP-MS spectrometer (Perkin
Elmer, Waltham, MA, USA) equipped with a triple cone interface and a quadrupole ion deflector using
argon for plasma formation. Standard solutions of 100 and 1000 ppb were prepared for each element
(Multi-Element standards, Perkin Elmer, Waltham, MA, USA), and Rh was employed as an internal
standard. All standards were prepared from ICP single-element standard solutions (Merck, Darmstadt,
Germany) after dilution with 10% HNO3. Ultrapurified water (Milli-Q® grade, 18 MΩ·cm) was used
during the whole experiment. The accuracy of the ICP-MS equipment used ranges between ±2 and
±5% for analyte concentrations between 50 and 5 ppm, respectively. The detection limits were <0.1 ppt
for Ir and Ta; <1 ppt for Ba, Li, Cu, Mo, Sb, Sn, Ag, Au, Co, Ni, V, As, Cd, Pb, Zr, Be and Nd; <10 ppt
for Cr, Hg and Te; < 1 ppb for P.

2.2.2. In Vitro Release of Elemental Impurities from Hydrogels

The element mobility from nanoclay/spring water hydrogels (ALIPS9, ALIG30) was assessed by
in vitro cation release studies performed in a Franz diffusion cell system FDC40020FF (BioScientific
Inc., Phoenix, AZ, USA) [38]. This system is designed to recreate conditions of formulations placed
over the skin and mucosa membranes. Particularly, the selected Franz diffusion cells possessed a
contact area of 0.64 cm2 and an approximate total volume of 6.4 mL in the receptor chamber. In this
study, the aim is to explore the potential number of elements that would be released by the formulation
and that are potentially able to establish contact with the skin. To do so, dialysis membranes (cut-off
12–14 kDa (31.7 mm), Medicell International, London, UK) were placed and used to separate the
donor and receptor chambers, just acting as physical support for the hydrogel and not as a permeation
barrier. The membranes were boiled in ultra-purified water (Milli-Q® water) for 10 min in order to
hydrate them. Over the membrane, in the donator chamber, 0.025 g of each hydrogel was placed.
The receptor chamber of the Franz diffusion cells was filled with degassed, ultra-purified water, which
was maintained at a constant temperature of 32± 0.5 ◦C (to reproduce human skin temperature) through
a thermostatic bath circulation. The experiment lasted for 30 min, this being the typical time of topical
nanoclay/spring water hydrogels application. At the end of the experiments, the receptor aqueous
phase was withdrawn and filtered through 0.45 μm single-use, sterile filters. Then, the elemental
composition on each sample was assessed by ICP-MS, following the same protocol previously described
for the pristine materials. All samples (six replicates) were subjected to in vitro release experiments
48 h after the preparation and after one month. During the experiment, the manipulation of different
materials and instruments could contaminate the ultra-purified water of the Franz cell receptor chamber.
To eliminate this error, blanks were also analyzed in order to monitor the elements coming from the
materials and the ultra-purified water itself. Briefly, it consisted of analyzing the ultra-purified water
that was placed in the receptor chamber of the Franz cell device. The concentration of the elements
detected in the Milli-Q water (which was considered the blank, data not shown) were subtracted from
the concentration detected in the receptor chamber. This way, it will be possible to discern the real
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number of elements exchanged/released from the semisolid formulation and, thus, able to establish
contact with the patient skin.

2.3. Result Discussion and Interpretation Bases and Criteria

Different regulations could be used for the interpretation of the obtained results. In this paperwork,
the discussion and interpretation of the results will be centered on the documents summarized in
Table 1.

Table 1. Documents used during the interpretation and discussion of the obtained results.

Type of Document Region Year Ref

Regulation of the European Parliament and Council of the
European Union on cosmetic products (EC 1223/2009) EU 2009 [3]

Guidance on Heavy Metal Impurities in Cosmetics (HC-SC) Canada 2012 [1]
Quality of Natural Health Products Guide - Natural and
Non-prescription Health Products Directorate (NNPHD) Canada 2015 [39]

Guideline for Elemental Impurities Q3D(R1) EU 2019 [30]

The HC-SC guideline is focused on heavy metals (As, Pb, Cd, Hg, and Sb). Other metal elements
such as Se, Ba, and Cr are considered less significant in terms of toxicity; therefore, no impurity
limits are found for these elements in this document [1]. The Natural and Non-prescription Health
Products Directorate (NNPHD) [39] is a guidance document intended to give support to stakeholders
“in assuring that natural health products are produced in a high-quality manner”. NNPHD is focused
on natural and non-prescription health products, which is the case of PS9, G30, and ALI ingredients
and resultant hydrogels. Acceptable limits for As, Cd, Pb, Hg, Cr, and Sb elemental impurities are
defined in this guide, including the limits for topical administration (Figure 1).

 

Figure 1. Acceptable limits for heavy metals in topical products [39].

The ICH guideline for Elemental Impurities Q3D(R1) refers to medicinal products and classifies
elements into four groups based on their toxicity and likelihood of occurrence in these products
(Figure 2). The fourth group called “other elements” includes elements for which Permitted Daily
Exposure (PDE) limits have not been established. As a result of this, these elements have not been
included in this manuscript. Regarding the most toxic elements, the Q3D(R1) guideline also reports
the PDE limits by oral, parenteral, and inhalation administration routes [30]. PDE is the maximum
acceptable intake of the elemental impurity per day. Although this guideline is not specific for
cosmetics, the fact that it deals with elemental impurities of drugs (which are intended to reach the
bloodstream) makes it useful to also ensure the safety of cosmetics.
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Figure 2. Element classification of the ICH Q3D(R1) guideline. Based on ICH Q3D(R1) [30].

Finally, the European Regulation EC 1223/2009, from all the documents and guidelines included
in this study, is the most restricting one in terms of impurities present in cosmetics [3]. Only those
elements considered safe and innocuous for the human being are allowed in cosmetics, while the rest
of them are banned without any limit or maximum dose established. Furthermore, according to article
17 of this regulation, “the presence of traces of banned substances will only be allowed if they are
technically inevitable and do not impair the safety of the cosmetic product”. In this regard, in vitro
studies such as Franz cells could help to discern and discuss this point since they allow the study of
the mobility of the elements present in the ingredients.

Dose of Nanoclay/Natural Spring Water Hydrogels

The toxicity of elemental impurities obviously depends on the administration route of the dosage
form. Nanoclay hydrogels prepared in this study are intended to be topically applied over either
the healthy or wounded skin of patients subjected to balneotherapy treatments. In thermal stations,
natural or artificial clay-based/spring water formulations could be applied in different forms. The most
common one includes the administration of semisolid systems at 45–50 ◦C on restricted body regions
(mainly isolated joints) with 210 cm of thickness or in the form of total/partial baths. Most of these
treatments usually last for 15 to 30 min [40–42]. The density of the hydrogels was obtained by
the Minimum Square Method applied to experimental volume, and mass hydrogels measurements
(R2 were >0.998 in both cases): �ALIPS9 = 1.0606 g/mL; �ALIG30 = 1.0992 g/mL. These data would be
used to calculate safe doses of hydrogels in order to not exceed the PDE limits defined in the Guideline
for Elemental Impurities [30] for each element. Moreover, despite the bioavailability of topically
administered dosage forms hardly reaching 100%, in the discussion, we will systematically consider
the maximum potential bioavailability in order to guarantee safe doses.

3. Results

3.1. Elemental Composition of Pristine Ingredients

The elemental composition of PS9, G30 nanoclays, and natural spring water (ALI) is summarized
in Table 2. Below, the results will be discussed from the most innocuous to the most dangerous
elements, as well as by the amount in which they were detected.

Regarding PS9 and G30, Ba, Cr, and Li (Class 3) and V (class 2A), were detected in remarkable
amounts. The presence of Zr and Nd was also reported. Except for Li, the amount of the
aforementioned elements was higher in G30 than in PS9, thus highlighting the presence of more
impurities in G30. This statement is in agreement with the solid-state characterization of G30 made by
García-Villén et al. [32]. The presence of hazardous elements such as Pb, As, and Cd in fibrous clay

62



Pharmaceutics 2020, 12, 764

minerals have been reported as a common feature of natural deposits, though the present values are
minimal with respect to previously reported levels [43].

Table 2. Elemental composition of pristine ingredients (PS9 and G30 nanoclays and ALI spring water)
determined by ICP-MS. The elements are classified depending on regulations [3,30]. “ND” stands for
“Not detected”.

Element
PS9

(ppm)
G30

(ppm)
ALI

(ppb)
Comments

Ba 56.2 144.8 18.8 Class 3 in Q3D(R1) [30]; Not listed as element in EC 1223/2009 [3]
Cr 14.0 391.8 4.3 Class 3 in Q3D(R1) [30]; Not allowed in EC 1223/2009 [3]
Cu 8.1 11.3 2.5 Class 3 in Q3D(R1) [30]; Allowed in EC 1223/2009 [3]
Li 149.0 30.4 244.2 Class 3 in Q3D(R1) [30]; Not listed in EC 1223/2009 [3]

Mo 0.2 0.2 3.8
Sb 0.3 2.1 0.1 Class 3 in Q3D(R1) [30]; Not allowed in EC 1223/2009 [3]
Sn 10.8 3.3 ND Class 3 in Q3D(R1) [30]; Not listed in EC 1223/2009 [3]
Ag 0.04 0.2 0.1 Class 2B in Q3D(R1) [30]; Allowed in EC 1223/2009 [3]
Au ND ND ND
Ir 0.2 0.9 ND Class 2B in Q3D(R1) [30]; Not listed in EC 1223/2009 [3]
Se 0.9 1.5 2.3 Class 2B in Q3D(R1) [30]; Not allowed in EC 1223/2009 [3]
Tl 0.2 0.1 0.1
Co 2.3 7.4 0.4 Class 2A in Q3D(R1) [30]; Not listed in EC 1223/2009 [3]
Ni 3.7 50.7 9.4 Class 2A in Q3D(R1) [30]; Not allowed in EC 1223/2009 [3]
V 24.9 249.1 ND Class 2A in Q3D(R1) [30]; Not listed in EC 1223/2009 [3]
As 2.0 1.3 0.2

Class 1 in Q3D(R1) [30]; Not allowed in EC 1223/2009 [3]Cd 0.02 1.5 ND
Hg ND ND ND
Pb 3.2 4.1 ND
P 0.3 8.5 0.1

Not allowed in EC 1223/2009 [3]

Be 1.8 3.6 0.01
Zr 21.5 50.3 0.2
Te ND ND ND
Nd 8.0 30.2 ND
Ta 0.9 0.7 0.005

With respect to the ALI spring water, the main hazardous impurities detected were Li and Ba,
followed by Cr (class 3 elements in all cases). Therefore, the major elements detected (Table 2) belong
to class 3 or class 2A [30], which indicates that they are elements whose presence in the raw materials
should be borne in mind, though with relatively low toxicity. Additionally, the presence of Cr, Zr, and
Nd is not allowed in cosmetics, according to the EC 1223/2009 [3]. From class 2B, only the presence
of Se and Tl is banned in cosmetics, though the three of them were detected as traces (Table 2). Ni,
which belongs to class 2A and its not allowed in cosmetics, was detected in significant amounts in G30,
unlike PS9 and ALI.

Class 1 element group is formed by hazardous elements As, Cd, Hg, nd Pb (Figure 1), all of them
prohibited according to EC 1223/2009 [3,30]. As, Cd, and Pb were similar to the ones reported for
natural products used in cosmetics [8]. Unlike class 1 and EC 1223/2009, the NNHPD [39] specifies
the acceptable limits for heavy metals in topical products (Figure 1), including Sb (class 3). All the
aforementioned elements were below the limits established by the NNHPD.

The rest of the elements (from P onwards, Table 2) are not classified in Q3D(R1), thus not belonging
to any specific group previously mentioned. Among them, Zr highlights due to the high amount
present both in PS9 and G30 in comparison with the rest of the non-allowed elements.

3.2. In Vitro Release of Hazardous Elements from Hydrogels

The results obtained after the Franz cell studies regarding the release of the elements from nanoclay
hydrogels at 48 h and after one month are summarized in Table 3.
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Table 3. Mobility of hazardous elements after Franz diffusion cell tests. The concentrations are
expressed in μg/100 g of hydrogel. Elements have been placed in the same order as in Table 2. Mean
values ± s.e. (n = 6). “ND” stands for “not detected”.

Elements ALIPS9 ALIG30

48h 1 Month 48h 1 Month

Ba 5.6 ± 1.55 1.8 ± 0.934 8.3 ± 0.944 1.2 ± 0.360
Cr ND ND
Cu 10.8 ± 3.293 3.6 ± 2.17 20.6 ± 3.725 0.91 ± 0.608
Li 20.5 ± 3.293 17.7 ± 3.214 4.3 ± 0.362 1.7 ± 0.379

Mo 0.7 ± 0.095 0.61 ± 0.125 1.8 ± 0.0572 0.21 ± 0.123
Sb ND ND
Sn 28.7 ± 8.232 10.4 ± 2.138 50.4 ± 4.866 6.5 ± 1.945

Ag, Au, Ir, Se, Tl ND ND
Co 0.26 ± 0.206 0.6 ± 0.093 1.1 ± 0.660 0.58 ± 0.237
Ni ND ND
V 1.7 ± 0.310 1.8 ± 0.492 5.9 ± 0.306 7.5 ± 0.315
As 0.1 ± 0.010 0.4 ± 0.039 0.08 ± 0.050 0.1 ± 0.063
Cd ND ND 0.1 ± 0.064 0.2 ± 0.0087

Hg, Pb
ND NDP, Be, Zr, Te, Nd, Ta

Ba release was very variable between ALIPS9 and ALIG30, though the higher values detected
in ALIG30 could be ascribed to higher Ba presence in the pristine material G30 in comparison with
PS9 (Table 2). Cu mobility, which was higher in ALIG30 due to a higher amount in G30, significantly
decreased after one month for both ALIG30 and ALIPS9.

The Li release was higher in ALIPS9 due to the higher Li levels in PS9 and maintained constant
with time (no significant differences between 48h and 1 month). On the other hand, ALIG30 hydrogels
showed a reduction in Li release as time passed. The highest Mo was found in ALIG30—48 h and
significantly decreased after one month. On the other hand, ALIPS9 demonstrated a constant release
of Mo through time. Sn, V, and Cd released from both hydrogels came from clay minerals since none
of these elements were detected in ALI (Table 2). The V release increased with time, while Sn showed
the opposite trend.

Heavy metals Hg, Pb, and Sb, though present in the pristine materials, were not released. Other
not-allowed elements, such as Cr, Se, Tl, Ni, P, Be, Zr, Te, Nd, and Ta were neither release elements,
which means that they do not pose any problem in terms of safety. On the other hand, Cd and As were
slightly released, with higher results in the case of ALIG30 hydrogels. The absence of Cd in ALIPS9 is
due to the extremely low amounts detected in PS9 and its absence in ALI. On the contrary, G30 possessed
a higher amount of Cd (Table 2), which explains the release results (Table 3). In conclusion, Cd and As
are the most crucial elements determining the safety of the hydrogels. It is worth mentioning that with
respect to the As and Cd amounts and release, ALIPS9 hydrogel is considered the safest formulation.

4. Discussion

4.1. In Vitro Release of Elements: Safety Concerns and Doses

The toxicity of elemental impurities obviously depends on the administration route of the dosage
form. The studied hydrogels are topically administered, and the bioavailability of a certain element
hardly reached 100%. Tateo et al. [9], in previous studies regarding elemental percutaneous mobility,
stated that the major part of the elements could cross the skin. Nonetheless, they reported that “none of
these elements reaches concentrations so high as to represent hazardous conditions”. In the discussion,
we systematically will consider a theoretical 100% bioavailability in order to guarantee safe doses in
any case.

According to the results, the maximum amount of Ba released came from ALIG30, 48 h, and it
counted for 8.3 μg/100 g of hydrogel. The oral PDE of barium was established as 730 μg/day [30]. If we
consider the maximum mobility and a 100% bioavailability of Ba through the skin, the administration
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of ALIG30 and ALIPS9 hydrogels would be considered safe if doses are less than 8.79 kg hydrogel/day
(Table 4). In view of the high amounts of hydrogels needed to pose a risk regarding Ba, it is possible to
state that both ALIPS9 and ALIG30 are safe with respect to this element.

Table 4. Theoretical safe doses of ALIPS9 and ALIG30 hydrogels based on elements with defined
parenteral Permitted Daily Exposure (PDE) levels. Calculations have been made by using the higher
mobility value reported by Franz cells (either ALIPS9 or ALIG30). Additionally, safety doses are
calculated assuming a theoretical dermal bioavailability of 100%.

Element PDEparent Limits [29] Maximum Release Detected Hydrogel Safe Dose/Day

Ba 730 μg/day 8.3 μg/100 g (ALIPS9–1 month) ≤8.79 kg
Cu 340 μg/day 20.6 μg/100 g (ALIG30–48 h) ≤1.65 kg
Li 280 μg/day 20.5 μg/100 g (ALIPS9–48 h) ≤1.37 kg

Mo 1700 μg/day 1.8 μg/100 g (ALIG30–48 h) ≤94.4 kg
Sn 640 μg/day 50.4 μg/100 g (ALIG30–48 h) ≤1.27 kg
Co 5 μg/day 1.1 μg/100 g (ALIG30–48 h) ≤454 g
V 12 μg/day 7.5 μg/100 g (ALIG30–1 month) ≤160 g
As 15 μg/day 0.4 μg/100 g (ALIPS9–1 month) ≤3.75 kg
Cd 1.7 μg/day 0.2 μg/100 g (ALIG30–1 month) ≤850 g

Among the possible adverse effects associated with Cu, allergic dermatitis is the most commonly
experienced [44]. Safe amounts of hydrogels regarding Cu release (Table 3) have been calculated
according to parenteral PDE (Table 4). In view of the results, hydrogels aged for one month could be
considered safe in terms of allergenic copper effects, since its mobility practically disappears. Moreover,
ALIPS9 would be more advisable than ALIG30; the amount of Cu being lower in the former one.
The amount of Cu released from extemporaneous formulated hydrogels could limit their use in general
baths, as the calculated safe dose (Table 4) should be lesser than two kilograms of hydrogel.

Li is of relatively low toxicity by the oral route. Is a common metal present in animal tissues
and is used in certain kinds of treatments, such as bipolar disorder or depression, among others.
Recently, Yuan et al. [45] prepared a sponge scaffold with LiCl and evaluated wound healing activity
in vitro. The presence of Li reduced inflammation and improved angiogenesis, re-epithelialization,
and expression of β-catenin. Seborrheic dermatitis is another skin disorder that has been addressed
by Li as an active lithium gluconate/succinate, with successful results [46–49]. The main problem
of Li is the narrow therapeutic margin it possesses [50,51]. Parenteral Li PDE was established to be
280 μg/day [30]. Considering that all the released Li would be able to reach the bloodstream once the
hydrogel is applied, the administration of ≤ 1.37 kg hydrogel/day would guarantee safe doses of Li
(below the parenteral PDE, Table 4).

Mo could be considered as an essential element since its deficiencies have been related
to night-blindness, nausea, disorientation, coma, tachycardia, tachypnea, and other biochemical
abnormalities [30]. Nonetheless, excessive accumulation of Mo could also produce toxicity, so its limits
need to be controlled. In particular, Mo could be accumulated in the skin, bound to dermal collagen.
The amount of Mo released from ALIPS9 was constant with time, while it significantly reduced after
one month in ALIG30 (Table 3). Parenteral PDE levels of Mo are 1700 μg/day. Considering the highest
released amount of Mo (ALIG30—48 h), and supposing 100% of bioavailability, 94 kg/day of hydrogels
would be necessary to reach PDE limits (Table 4). In view of these calculations, it is possible to
guarantee that ALIPS9 and ALIG30 are safe with respect to Mo levels.

Tin is an element widely used nowadays [52]. The PDE limits of Sn have been established since it
has been reported to increase in vitro oxidative stress or DNA breakage [53]. In view of tin’s released
amounts in ALIPS9 and ALIG30, its toxicity and PDE limits should be borne in mind. In particular,
this element showed lower release from both hydrogels after one month of preparation. The inhalation
and oral consumption of Sn are the main routes for Sn intoxication [54–56], thus meaning that the
topical application of these hydrogels would be a safe administration route. In fact, in vitro cytotoxicity
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studies of these hydrogels were not shown to hinder normal dermal human fibroblast growth nor cell
motility during in vitro wound healing [57].

Ni has been widely detected in cosmetic products, together with Co and Cr, among others [8,58].
The attention paid to Ni, Co, and Cr is based mainly on skin conditions, such as contact allergic
dermatitis, itching, and edema, among others [59–64]. What is more, these elements can be solubilized
by sweat during prolonged contact [60,65]. Pristine materials possessed higher amounts of Ni than Co.
Nonetheless, no Ni and Cr mobility was detected in Franz cell tests, thus reducing the risk of contact
skin alterations produced by ALIPS9 and ALIG30 hydrogels. The Co mobility in ALIPS9 increased
with time, while in ALIG30, it maintained constant (Table 3). The application of young hydrogels
(ALIPS9) would entail the lowest risk of skin allergies related to cobalt. Co is an integral component of
vitamin B12, which means that it is essential for the human body. It is estimated that the average person
receives about 11 μg Co/day with normal diet, and the parenteral PDE is established to be 5 μg/day [3].
Additionally, it has been demonstrated that Co is able to pass the skin [65,66], though its percutaneous
absorption was found to be very low (0.0123 μg·cm−2·h−1). Time of hydrogels application in thermal
stations takes at about 20–30 min, which is not enough time for all the mobile Co (Table 3) to cross the
human skin, thus making the “hydrogel safe dose/day” (calculated assuming a 100% of bioavailability,
Table 4) to be remarkably higher in real conditions.

V is a ubiquitous element in the human body, though no essential role has been found yet for
this element. Although systemic toxicity of V has already been accepted, its deficiency has also
proved to be problematic since it is associated to thyroid, glucose, and lipid metabolism malfunctions.
It also participates in the regulation of several genes and has been demonstrated to influence cancer
development, including skin cancers such as malignant melanoma [67,68]. V was a mobile element in
both hydrogels prepared. No V was detected in the ALI, Franz cells results ascribable to pristine clay
minerals composition (Table 2). In ALIG30, the mobility of V was higher due to the higher amount of
this element in G30 in comparison with ALIPS9 (Table 3). Although antiproliferative properties of V
ions have been found [68], neither ALIPS9 nor ALIG30 hydrogels impaired normal human fibroblasts
in vitro proliferation, according to previous studies [57].

As is a forbidden element in cosmetics [3]. Arsenic mobility is reported to be very low in both
hydrogels. It maintains constant through time in ALIG30, while it increases in ALIPS9 after one month.
This element is very ubiquitous in the environment, so it is expected to be present in natural ingredients
such as clay minerals. This element is classified in the category 1A in view of its carcinogenicity,
as reported in the European Regulation EC 1272/2008 [69]. For greater clarity, substances belonging
to the 1A category are known to have carcinogenic potential to humans. It possesses a pronounced
affinity for skin and keratinizing structures, although it does not act as a sensitizer due to poor
skin penetrating ability. According to article 1 of the EC 1223/2009, “prohibited substances should
be acceptable at trace levels only if they are technologically inevitable with correct manufacturing
processes and provided that the product is safe”. Assuming 100% bioavailability and using parenteral
PDE levels, the maximum dose of hydrogels that could be used without exceeding these levels is
3.75 kg·day−1 (Table 4) [30]. Moreover, the maximum mobility of As is far less than the maximum
permissible concentration of inorganic As in drinking water (10 μg/L [70,71] vs. 4.24 μg/L in ALIPS9
one month).

Cd is another element whose presence in cosmetics is forbidden. Cd did not show mobility
from ALIPS9. Higher amounts of Cd in G30 justified the higher mobility of this element in ALIG30.
The low release of Cd from fibrous clay minerals is in agreement with previous studies, which reported
irreversible interaction between Cd and the solid phase, thus hindering the mobility of this element [72].
Regarding toxicity, Cd is classified in the category 2 (suspected human carcinogen). It can accumulate
in the skin, having deleterious effects on this organ, as recently demonstrated by an in vivo study [73].
Nonetheless, the in vitro percutaneous bioavailability of cadmium chloride salt tested through human
skin was determined to be among 0.07% (from water) and 0.01% (from soil) [74].
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Other heavy metals such as Pb and Sb, though present in the pristine materials (Table 2), were not
mobile (Table 3). Hg and Au were not detected in the pristine materials, and their absence after Franz
cell diffusion guaranteed the absence of contamination during preparation, conservation, packaging,
and manipulation of the hydrogels (art. 17 of the EC 1223/2009 [3]). Additionally, the cytotoxicity of
these hydrogels has been previously tested in vitro [57], obtaining very positive results, which supports
the hypothesis of product safety.

4.2. Mobility of Hazardous Elements

The presence in a product of an elemental impurity will have safety concerns only once released,
with different mechanisms underlying the release of each particular element, mainly depending on
its position in the structure of the hydrogel components. Nevertheless, it is possible to calculate a
parameter of general comparative interest; mobility of the elements from the dosage form. The mobility
of an element could be calculated as the ratio between the element content/element released.

In view of the previously shown results, the mobility of hazardous elements from ALIPS9 and
ALIG30 hydrogels was minimal in the major part of the cases (Figure 3). These results could be
explained by the high adsorption capacity of palygorskite and sepiolite clay minerals, their low cation
exchange capacity, and the gel network of hydrogels. The mobility of tracers has been explained due to
the formation of inner-sphere complexes with clay and other associated mineral surfaces [75–77]. It also
seems clear that different ionic equilibriums are established through time in both hydrogels (Figure 4).
For instance, Co, Ba, and Sn reduce their mobility while As and Cd increase it, thus demonstrating that
elements established different equilibriums within the hydrogel.

 

Figure 3. Element mobility (%) versus the total amount of element in ALIPS9 (A) and ALIG30 (B). Only
mobile elements are shown.
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Figure 4. Spider diagram of element mobility. Only mobile elements are shown. The logarithmic scale
was used, though not included in the spider diagram for simplicity and clarity.

Sn showed to be the most mobile element, followed by Cu (Figure 3). Sn was not detected in
ALI, which indicates that the release of this element came from PS9 and G30. On the other hand, Cu
was detected in the three ingredients. In ALIPS9, the third element with significant mobility was Mo
(Figure 3A). Molybdenum was also detected as an element with remarkable mobility in ALIPS9, while
the mobility in ALIG30 was significantly smaller. The differences in Mo amounts released (Table 3)
could be ascribed to the differential solid-liquid equilibrium established within both hydrogels since
both PS9 and G30 presented the same amount of this element (Table 2). The reduction of Mo mobility
in ALIG30 indicates that the G30 clay mineral has a better ability to retain the Mo in ALI.

Li, Ba, V, and Cd were the elements with the smaller mobility. V was not detected in ALI, which
means that the released amount was due to the clay minerals. V and Li did not participate in the
solid-liquid equilibrium established between solid and liquid phases since their mobility was constant
with time. Although Ba was an element with minimal mobility, it reduced with time in both hydrogels.
The fact that G30 showed higher Ba amount than PS9 together with the fact that Ba mobility in this
hydrogel was smaller than in ALIPS9 indicates that it is a structural element of G30. Moreover,
the similar release of Ba from ALIPS9 and ALIG30 means that, probably, the major part of the Ba
released came from ALI instead of PS9 and G30.

Cd and As were slightly mobile, with higher results in the case of ALIG30 hydrogels. The absence
of Cd mobility in ALIPS9 was due to the extremely low amounts detected in PS9 and its absence in ALI.
On the contrary, G30 possessed higher amounts of Cd (Table 2), which explains the mobility results
(Table 3). Cd and As were the most crucial elements determining the safety of the hydrogels. It is
worth to mention that, with respect to the As and Cd amounts and mobility, ALIPS9 hydrogels could
be considered the safest formulation.

The mobility of Sn, Cu, Mo, and Ba from hydrogels reduced as time passed. The mobility reduction
could be explained by the irreversible adsorption of the elements by PS9 and G30. In fact, fibrous clay
minerals have been proposed as environmental remediation ingredients and wastewater treatments
aiming to eliminate heavy metals with promising results [78–81].

The spider diagram (Figure 4) clearly shows that, as a general trend, palygorskite hydrogels
reduced the mobility of hazardous elements with time (with a reduction in area), whereas this was not
obvious for sepiolite hydrogels.

Finally, previous studies on elemental mobility from clay minerals, spring waters, and thermal
muds have reported that the amount of released elements highly depends on their concentration
in spring water, the release of elements from the solid phase being negligible [9]. Nonetheless, in
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view of the results of the present study suggest that solid-phase composition did play a crucial role.
This discordance could be due to the high structuration of the present hydrogels.

At this point of the study, and looking at the safe dose calculations (Table 4), the way to guarantee
the absence of any intoxication risk would be to apply the hydrogels locally (over restricted areas of the
skin, wounds, joints, etc. That is, hydrogel bath treatment should be avoided if potentially toxic doses
of the elemental impurities want to be minimized. Nonetheless, bioavailability and percutaneous
permeation studies would be highly useful and valuable to establish safe usage guidelines for
these formulations.

5. Conclusions

Elemental impurities in medicinal products have to be controlled within safety limits with different
guidelines and normatives being useful from a pharmaceutical quality perspective. The essential
role of clay minerals in drug products and cosmetics is widely known. Nanoclay/natural spring
water hydrogels have been prepared by mixing a sepiolite and a palygorskite with local spring water
(Alicún de las Torres, Granada, Spain). Clay hydrogels are traditionally used in balneotherapy or
as natural cosmetics (masks, shampoos, etc.). Since these formulations are intended to establish an
intimate contact with the skin (either healthy, sensitive, or damaged skin) their composition is of
high importance in terms of safety. In this study, special attention has been paid to the presence
of heavy metals and other hazardous elements. As expected, pristine materials possessed a wide
variety of hazardous elements such as Cd, Pb, or P, among others. Since these elements are specifically
forbidden in cosmetics according to the European Regulation (EC 1223/2009), pristine materials do not
accomplish cosmetic regulations on their own. Nonetheless, the presence of certain substances in a
cosmetic does not imply that they are able to be absorbed or enter in contact with the skin. In order to
discern the potential bioavailability of these elements, their mobility was evaluated by using Franz
cells in vitro tests. Among all the specifically forbidden elements in cosmetics, only As and Cd were
detected as mobile, though in very low amounts. Their mobility was so low that, taking into account
the corresponding PDE for the parenteral route and assuming 100% of bioavailability through the skin,
the calculated safe doses were approximately 1 kg of hydrogel per day. In conclusion, the present
study demonstrates that the composition and nature of the solid phases of the hydrogel determine the
mobility of the elements. Legally speaking, the mobility of As and Cd could hinder the authorization
of ALIPS9 and ALIG30 hydrogels as cosmetic products. Nonetheless, there is no sufficient evidence to
confirm that the presence of these elements is detrimental to their safety and, though further studies
are still necessary, ALIPS9 and ALIG30 hydrogels could be used in practice. Finally, it is worth to
mention that, despite that ALIG30 showed higher ability to reduce the elements mobility, the ALIPS9
hydrogel would be easier to authorize as a medicine or cosmetic, since the mobility of As and Cd in this
hydrogel was minimum or absent. Future perspectives of this particular study include the assessment
of the percutaneous mobility of the elements (bioavailability) both in vitro and in vivo. These kinds
of studies would help to better define the best techniques to apply fibrous clay-based hydrogels to
maximize benefits by minimizing the risks.
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Abstract: Ketoprofen (KET) represents one of the most common drugs used in the topical treatment
of pain and inflammations. However, its potential is rather limited due to the very low solubility
and photochemical instability. The local administration of KET by conventional products, such as
gels, emulgels, creams, and foams, does not guarantee an efficacious and safe treatment because
of its low absorption (due to low solubility) and its sensitivity to UV rays. The photodegradation
of KET makes many photoproducts responsible for different adverse effects. In the present work,
KET was intercalated into the lamellar anionic clay ZnAl-hydrotalcite (ZnAl-HTlc), obtaining the
hybrid ZnAl-KET with improved stability to UV rays and water solubility in comparison to the
crystalline form (not intercalated KET). The hybrid was then formulated in autoadhesive patches for
local pain treatment. The patches were prepared by casting method starting from a hydrogel based on
the biocompatible and bioadhesive polymer NaCMC (Sodium carboxymethycellulose) and glycerol
as a plasticizing agent. The introduction of ZnAl-KET in the patch composition demonstrated the
improvement in the mechanical properties of the formulation. Moreover, a sustained and complete
KET release was obtained within 8 h. This allowed reducing the frequency of anti-inflammatory
administration, compared to the conventional formulations.

Keywords: hydrotalcite; ketoprofen; hybrid; photostability; hydrogel film; bioadhesion

1. Introduction

Ketoprofen (KET) is one of the most common NSAIDs (Nonsteroidal anti-inflammatory drugs)
used for relieving pain in many acute and chronic conditions as musculoskeletal, tendinitis, strain,
sprain, trauma, and arthritis [1,2]. However, its efficacy, especially in topical therapies, is impaired due
to both the very poor water solubility (KET is labeled in class II of the biopharmaceutics classification
system, BCS) and photochemical instability [3,4].

KET exposition to UV radiations, especially UVA, is responsible for phototoxic and photoallergic
reactions [5,6]. These reactions are due to radical intermediates generated by KET-UV rays interactions
responsible for DNA damage, mitochondria depolarization, and lysosomes destabilization [6–8]. Thus,
KET topical administration by conventional formulations, such as gels, emulgels, creams, sprays,
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and foams, does not guarantee protection from UV radiation, exposing the patient to serious health
problems [9]. Moreover, conventional formulations are responsible for a limited residence time of the
drug in the application site.

Thus, in order to exploit the benefits of KET and to overcome these problems, it is necessary to
find a suitable formulation able to protect it from sunlight and to improve the residence time.

With this aim, many approaches have been purposed mainly based on KET entrapment in
supramolecular structures as cyclodextrins, liposomes, niosomes, microparticles [10–12]. A further
interesting approach is represented by the realization of host-guest complexes using an inorganic
matrix as the anionic clay hydrotalcite (HTlc) [13]. This material shows the typical lamellar structure
able to store anionic molecules (guest) in the nanosized interlamellar space (host) [14].

The general formula of synthetic HTlc is [M(II)1−xM(III)x(OH)2]x+(An−
x/n)x− mS, where M(II) is a

divalent metal cation (usually Mg, Zn); M(III) is a trivalent metal cation (usually Al, Fe); generally, the x
value, M(III)/M(II) +M(III), ranges between 0.25 and 0.33; An− is an exchangeable inorganic or organic
anion, which compensates the positive charge of the layer; m is the mol of solvent S, usually water,
co-intercalated per mole of compound [13]. The intercalation of an organic molecule (drug) into HTlc
lamellae allows obtaining a new inorganic-organic hybrid product with enhanced properties in terms
of solubility [15,16], photoprotection [17–19], and physical and chemical stability [20]. These lamellar
materials represent a valuable strategy in developing formulations with prolonged efficacy, thanks to
the double control of the release and protection of the guest.

The aim of this work was to purpose a new formulation in which KET is stabilized from UV
light, able to be applied on skin without adhesives, and to stay there for a prolonged time. Therefore,
the photoprotective effect of the lamellar clay ZnAl-HTlc towards KET, once intercalated into the
lamellae (ZnAl-KET), was investigated. Moreover, the performances of a self-adhesive/biocompatible
patch loaded with the intercalation product ZnAl-KET were evaluated in terms of mechanical properties,
bioadhesion, and drug release capability.

2. Materials and Methods

2.1. Materials

Ketoprofen acid form (KETH) and sodium salt (KET-Na) were purchased from Sigma-Aldrich
(Milano, Italy). Glycerol and urea were purchased from Acef S.p.A. (Fiorenzuola D’Arda, Piacenza, Italy).
Aluminum chloride esahydrate, calcium chloride, potassium dihydrogen phosphate, sodium hydrogen
phosphate, polyvinilpyrrolidone, potassium carbonate (Carlo Erba, Cornaredo, Milano, Italy) were
supplied by DueM (Perugia, Italy). Zinc oxide was supplied by Caelo (Hilden, North-Rhine Westphalia,
Germany). Sodium carboxymethycellulose (NaCMC) was supplied by Hercules Inc.—Aqualon division
(Wilmington, DE, USA).

Ultrapure water was obtained by reverse osmosis process in a MilliQ system Millipore (Roma,
Italy). Other reagents and solvents were of analytical grade and used without further purification.

2.2. Hydrotalcite Synthesis

ZnAl-HTlc in carbonate form was obtained by coprecipitation of Zn(II)-Al(III), accomplished by
the hydrolysis of urea. The nitrate form ZnAl-HTlc-NO3 (ZnAl-NO3) was obtained, treating the solid
with a diluted solution of the corresponding mineral acid [21].

2.3. Hybrid Preparation

The hybrid ZnAl-KET was prepared by ion-exchange mechanism according to previous work [15].
A carbon dioxide-free NaOH water solution 0.1 M was added to a suspension of KET (0.1 M). Then,
ZnAl-NO3 was added to the obtained salt solution (molar ratio HTlc/KET 1:2). The suspension was
kept under magnetic stirring (600 rpm) for 24 h at room temperature. The solid (ZnAl-KET) was
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recovered by centrifugation (A.L.C. centrifuge. mod. 4236A. Milano, Italy), washed with carbonate
free water, and dried at room temperature under P2O5.

2.4. Hybrid Characterization

2.4.1. X-ray Analysis

Powder X-ray diffraction patterns (XRPD) of powders were registered with a Philips X’Pert PRO
MPD diffractometer (Malvern Panalytical, Royston, United Kingdom) 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
(Malvern Panalytical, Royston, United Kingdom).

2.4.2. Metal Composition

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

2.4.3. Thermogravimetric Analysis (TGA)

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

2.4.4. Differential Scanning Calorimetry (DSC) Analysis

DSC analyses were performed using an automatic thermal analyzer Mettler Toledo DSC821e
(Mettler-Toledo S.p.A., Milano, Italy) and an 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 of 3–6 mg were weighted directly into the
aluminum pans, and the thermal analyses of samples were conducted, at a heating rate of 5 ◦C/min,
from 25 to 200 ◦C.

2.4.5. Scanning Electron Microscopy Analysis (SEM)

SEM micrographs were acquired by FE-SEM LEO 1525 ZEISS (Carl Zeiss Microscopy, Jena,
Germany). The samples were prepared by deposition of the sample on conductive carbon adhesive
tape and then metalized with chromium (8 nm) by sputtering. Elemental mapping was determined by
energy dispersive X-ray analysis (EDX, Bruker Quantax, Billerica, MA, USA).

2.4.6. Solubility Studies

The solubility of KET from the crystalline acid form (KETH) and ZnAl-KET was measured in
water, and the samples were prepared as follows: an excess of the sample (10 mg KETH and 24.10 mg
of ZnAl-KET corresponding to 10 mg of KETH) was dispersed in 10 mL of ultrapure water under
magnetic stirring (600 rpm) at 25 ◦C until equilibrium was achieved (48 h). The samples were filtered
through a 0.45 μm nylon filter, suitably diluted, and analyzed by UV-VIS spectrophotometry.

2.4.7. Photochemical Analysis

The photostability of the samples was spectrophotometrically investigated. Absorption spectra of
the powder samples were recorded by a Varian Cary 4000 spectrophotometer (Varian, East Lyme, CT,
USA), equipped with a 150-mm integration sphere, and a barium sulfate tablet was used as a reference.
The recorded spectra were analyzed by the Kubelka-Munk equation.
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Steady-state irradiation experiments were performed using a Xenon lamp 150 W(Agilent,
Santa Clara, CA, USA) as light source, the irradiation wavelength was selected by a monochromator,
and a band-pass slit of 35 nm was used. The spectra analysis was carried out at different irradiation times.

2.5. Patches Preparation

The hybrid ZnAl-KET was formulated in patches by casting method [22] starting from the hydrogel
composition optimized in previous work [23]:

ZnAl-KET: 1% wt./wt.
NaCMC: 2% wt./wt.
Glycerol: 10% wt./wt.
Water (CO2 free): 87% wt./wt.

The hybrid was mixed with NaCMC powder by mortar and pestle and then wetted with glycerol.
The water, free from CO2 in order to avoid KET deintercalation, was added slowly until complete
hydrogel formation. In order to remove the air incorporated during the mixing, the hydrogel was
degassed in a conditioning planetary mixer (Thinky mixer ARE-250, Intertronics, Kidlington, England)
at 2000 rpm for 10 min. The patches were prepared by casting 3.5 g of the hydrogel in circular silicon
molds (diameter 3 cm) and then placed in a ventilated oven at 37 ◦C for 24 h.

2.6. Patches Characterization

2.6.1. Weight and Thickness Measurement

Patches (circles, area: 7.065 cm2) were weighted by a Mettler-Toledo weighing balance, model
XS205 (Milano, Italy). The thickness was measured in three different points of the patch by an electronic
micrometer (QuantuMike IP 65 Coolant Proof, Mitutoyo, Takatsu-ku, Japan).

2.6.2. Mechanical Characterization

The tensile tests were performed by using a digital microprocessor instrument Llyod LR30K
(Lloyd instruments, Bognor Regis, UK). The patches were cut in portions 100 × 10 mm (UNI ISO 527)
to have a useful length of 50 mm. The experiment was performed at 5 mm/min, cell load 50 N. The two
ends of the patch were fixed with clamps to the dynamometer. The sample was subjected to tensile
stress until deformation and break. Maximum stress (σmax), deformation at the break for maximum
stress (ε at σmax), and elastic modulus (EYoung) values were calculated from the stress-strain curves.
Before the test, the patches were equilibrated for 1 week under silica gel (relative humidity, RH 30%).
The results were an average of five measurements (n = 5).

2.6.3. Ex Vivo Adhesion Studies

Patch adhesion force was assessed using pig skin samples (from shoulder region), obtained from
large white pigs weighing ∼165–175 kg, furnished by Veterinary Service of ASL N.1 Città di Castello
(Perugia, Italy), and used within 12 h from pig death [22]. The ex vivo adhesion force was measured by
a dynamometer (Didatronic, Treni, Italy). The patch (2 × 2 cm) was attached to support, connected
to the dynamometer, using cyanoacrylate glue. A piece of porcine skin tissue (4 × 4 cm) was fixed
with cyanoacrylate glue on the surface of glass support placed in a thermostatic bath at 32 ◦C ± 0.5.
The free side of the patch was wetted with 100 μL of phosphate buffer pH 5.50 and put in contact with
the skin sample by applying a light force for 20 s. The force necessary for patch detachment to skin
was measured and expressed as the average of three measurements (n = 3).

2.6.4. In Vitro Release

In vitro KET release, from ZnAl-KET and ZnAl-KET dispersed in the patch, was evaluated by
dissolution testing for transdermal patches according to the European Pharmacopoeia (Ph. Eur. 10th
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Ed.). Precisely, the apparatus II of the dissolution test was used, positioning an extraction cell (Ph. Eur.
10th Ed.) at the bottom of the vessel.

The central part of the cell formed a cavity (depth of 2.6 mm, diameter 27.0 mm) to hold the patch.
On the top of the cell was positioned a cover with a central opening of 20.0 mm obtaining a release
surface of 3.14 cm2. The cell was positioned at the bottom of the vessel with the cover facing upwards
and at a distance of 25.0 ± 2.0 mm from the paddle blade. The test was carried out for 24 h by working
at 40 rpm at 32.0 ± 0.5 ◦C in sink conditions and using phosphate buffer pH 5.50 (Ph. Eur. 10th Ed.) as
a dissolution medium (400 mL). At predetermined intervals, 2 mL of sample was withdrawn from the
vessel and replaced by the same amount of fresh dissolution medium.

2.6.5. Quantitative Analysis

KET quantification was performed using a UV-VIS spectrophotometer (8453 Agilent, Santa Clara,
CA, USA). The quantification was made using a calibration curve in phosphate buffer pH 5.50
previously prepared (λmax = 261 nm, r = 0.99), using phosphate buffer pH 5.50 as blank. Experiments
were performed in triplicate, and the error expressed as standard deviation (±SD).

2.6.6. Statistical Analysis

Results were reported as mean ± standard deviation (mean ± SD). A one-way ANOVA test was
used for statistical analysis. Differences were considered statistically significant for p < 0.05.

3. Results

3.1. Hybrid Preparation and Characterization

The hybrid ZnAl-KET was obtained by ion exchange mechanism (Scheme 1) using ZnAl-NO3,
having the following formula obtained by ICP-OES analysis: [Zn0.70 Al0.30 (OH)2](NO3)0.30·0.4 H2O.

Scheme 1. Schematic representation of the ion exchange between NO3
− ions in the pristine ZnAl-HTlc

(ZnAl-hydrotalcite) and KET− (ketoprofen).

The XRPD analysis confirmed KET- intercalation into HTlc lamellae. In fact, the hybrid pattern
showed a reflection at 2.19 nm, which was increased in comparison to pristine ZnAl-NO3 that shows
a reflection at 0.89 nm, typical of nitrate anion (Figure 1A). Combining the results coming from
ICP-OES and TGA analyses, the final formula was calculated as [Zn0.70 Al0.30 (OH)2] (KET)0.30·0.98
H2O (ZnAl-KET); drug loading was 41.89% wt./wt.
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KET intercalated into HTlc in the anionic form (KET−) showed a different solid-state compared
to the pristine crystalline form. In fact, the reflection of the crystalline form disappeared in the
intercalation product XRPD spectrum, testifying the lack of the crystalline form (Figure 1A). This was
confirmed also by the thermal profile obtained by differential scanning calorimetry analysis. In fact,
while crystalline KETH (alone) showed a sharp endothermic peak at 94 ◦C, corresponding to the
melting point, this was not detectable in the ZnAl-KET profile, meaning that the crystallinity form was
not present in this product (Figure 1B).

Figure 1. (A) XRPD pattern (X-ray diffraction patterns) of crystalline ketoprofen (KET) (acid form),
pristine ZnAl-NO3, and the hybrid ZnAl-KET. (B) Thermal profiles measured by differential scanning
calorimetry of ZnAl-NO3, crystalline KET, ZnAl-KET, and KET/ZnAl-NO3 physical mixture.

The morphological analysis carried out by scanning electron microscopy (SEM) showed the typical
desert-like rose structure of pristine ZnAl-NO3 crystals (Figure 2A,B) [24] having dimensions in the
range of 1–10 μm. The intercalation procedure induced the modification of this morphology, as can be
observed from the micrographs reported in Figure 2C,D appearing fragmented with rounded edges,
while the dimensions were maintained in the same range of the raw ZnAl-NO3.
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Figure 2. Micrographs obtained by scanning electron microscopy of pristine ZnAl-NO3 (A,B) and
ZnAl-KET (C,D).

3.2. Apparent Solubility Studies

The solubilization rate of KET from the crystalline form (acid form) from the hybrid (ZnAl-KET)
was evaluated in vitro method in order to evaluate if the intercalation procedure allows enhancing this
property. The obtained results showed that crystalline KET (acid form) had a limited solubilization rate,
as testified by the concentration value measured (12 ± 0.15 μg/mL). This result was in accordance with
the literature data [25]. On the other hand, the results obtained from ZnAl-KET were very different; in
fact, a concentration of 106.00 ± 0.20 μg/mL was measured. This result can be explained by taking into
account that KET is intercalated into HTlc lamellae as an anion in the molecular form. Thus, when
ZnAl-KET makes contact with the water, KET- anions are exchanged and replaced by OH− (deriving
from water molecules dissociation) in the interlayer space. Once in the medium, KET- anions are
protonated obtaining a free dissolved molecules.

3.3. Photochemical Characterization

Spectrophotometric measurements gave insight into the radiation frequencies absorbed by the
drug and its intercalated compound and could be used to achieve information on the photostability of
the materials. The absorption spectrum of crystalline KET in acid form (KETH) presented a maximum
at 280 nm and a broad and structured band in the 320–390 nm (Figure 3). Deprotonation of the
drug did not change its absorption spectrum; in fact, the KET-Na (Figure 3) showed a spectrum very
similar to that obtained for KETH, probably because the acid functionality is not conjugated with the
chromophoric moiety. On the other hand, the spectrum of the intercalated sample ZnAl-KET showed
the main band centered at 280 nm and a shoulder without any structures at about 330 nm (Figure 3).
The different spectra recorded for KET-Na and ZnAl-KET indicated that the interactions with the
inorganic matrices and/or the interactions between chromophores modified the electronic distribution
in the drug.
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Figure 3. Absorption spectra of crystalline KET in acid form (KETH) (black line), KET-Na (blue line),
and ZnAl-KET (red line).

The spectrophotometric analysis conducted on the samples under investigation before and after
irradiation at 330 nm enabled us to evaluate and compare their photostability. In all cases, after 2 h
of irradiation, the optical density changed (ΔOD) in the 250–400 nm range and was detected even
if the relative variations were different (Figure 4). In particular, KET showed a smaller variation,
compared to the other samples, in the whole spectral range investigated (black line Figure 4, Table 1).
This behavior indicated that KETH had a higher photostability, in agreement with the literature
data [26], where the photodecomposition of ketoprofen is reported to be pH-dependent, and a higher
photodegradation is observed when the drug is in the anionic form. Therefore, KETH was not a good
reference for the intercalated samples. KET-Na showed a remarkable increase in the absorption upon
corresponding irradiation (blue line Figure 4, Table 1); this indicated that the deprotonated drug had a
photostability lower than KETH, also when in powder form. Since the drug was intercalated in an
anionic matrix, KET-Na was considered a good reference for assessing the photochemical behavior of
the intercalation compound.

Figure 4. Absorption spectra of KETH (black line), KET-Na (blue line), and ZnAl-HTlc-KET (red line)
before and after 120′ irradiation at 330 nm.

When ZnAl-KET was exposed to the 330 nm radiation (red line Figure 4) in the same experimental
conditions, a decrease in the absorption at wavelengths below 360 nm was observed, while at longer
wavelengths, an increase in optical density was detected. This behavior suggested that the drug
underwent different photochemical processes in the inorganic matrix. However, the optical density
changes of the intercalation compound were small compared to those observed for KET-Na, as shown
by the data reported in Table 1.
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Table 1. ΔOD measured at different λobs upon 2 h irradiation of the samples at 330 nm.

Sample ΔOD [λobs = 280 nm] ΔOD [λobs = 340 nm]

KETH 2% 3%
KET-Na 44% 45%

ZnAl-KET 24% 5%

ΔOD: optical density changes; λobs: observation wavelengths

The comparison of the data suggested that the hybrid ZnAl-HTlc was able to photoprotect the
deprotonated form of KET. The photoprotection mechanism can be due to a physical filter effect and to
a modification of the photochemical reaction paths. Indeed, it has been reported that KET carboxylate
excitation produces mainly the triplet state, which undergoes a rapid and efficient photodecarboxylation
reaction [27]. The intercalation in the layered solid could reduce the efficiency of the decarboxylation
step due to space confinement of the species.

3.4. Patch Characterization

Previous work highlighted that patches realized starting from a hydrogel based on NaCMC
(2% wt./wt.) as bioadhesive polymer, glycerol (10% wt./wt.) as a plasticizing agent, hydrotalcite
ZnAl-NO3 (1% wt./wt.), and water (until 100%) shows suitable mechanical properties for topical use [23].
Using this composition, a new hydrogel was prepared using ZnAl-KET 1% wt./wt. in place of ZnAl-NO3.
The patch was prepared to cast the hydrogel in a circular mold, obtaining a final formulation with a
surface area of 10.17 cm2, a final weight of 0.54 g ± 0.01 (0.0532 g/cm2), and a thickness of 414 μm ± 7.42.
Considering the loading percentage of ZnAl-KET (41.89% wt./wt.), the amount of KET/surface was
measured to be 1.44 mg/cm2.

Taking into account this datum, the patch can be prepared in different sizes to be applied on
surfaces of different dimensions, as demonstrated in the pictures reported in Figure 5.

Figure 5. Examples of different sizes and shapes on which it can be applied the patch loaded
with ZnAl-KET.
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3.4.1. Morphological Characterization

The elemental mapping on ZnAl-KET loaded patch obtained by EDX analysis showed that the
hybrid was homogeneously dispersed in the polymeric matrix (Figure 6). This result suggested that the
casting method used for patch preparation allowed to obtain a homogeneous final product, and this
was very important as a guarantee that the drug (KET as a hybrid) was distributed homogeneously
on the whole surface. Moreover, the patch showed a wrinkled surface due to the presence of
ZnAl-KET crystals.

Figure 6. SEM analysis of ZnAl-KET loaded patch: micrograph (A), zinc mapping (B), aluminum
mapping (C) and edx spectrum (D). Magnification 4999 X.

3.4.2. Mechanical Characterization

The presence and effect of ZnAl-KET in the NaCMC matrix were investigated in terms of
mechanical properties. Mechanical parameters of the two patches, NaCMC (blank) and NaCMC
loaded with ZnAl-KET, were estimated from stress-strain curves obtained by performing tensile
tests at RT (Figure 7). Data are summarized in Table 2, while the stress-strain curves are reported in
Figure 6. As already reported in Perioli et al. [23], the introduction of lamellar ZnAl-NO3 at 1% wt.
in NaCMC, even in a small amount, was able to increase the mechanical properties of reference
matrix. Specifically, at low humidity conditions, the produced patch showed increased tensile strength
but limited deformability at the break, as already observed by Yadollahi et al. [28]. The ductility
of the NaCMC film was indeed here recovered and greatly improved when KET was intercalated
in ZnAl-NO3. The introduction of the drug into ZnAl-HTlc might enhance interfacial adhesion
and compatibility between the NaCMC matrix and the layered nano clay, thus increasing tensile
strength [29] and positively affecting the ductility of the produced patch. In particular, it could be
considered that the presence of KET inhibited the possible restacking of the nano sheets that could
appear in unmodified HTlcs, by maintaining the exfoliated state in water-soluble NaCMC before
casting [30].

84



Pharmaceutics 2020, 12, 733

Figure 7. Stress–strain curves of NaCMC patch (NaCMC) and patch loaded with ZnAl-KET
(NaCMC + ZnAl-KET).

Table 2. Mechanical properties of NaCMC patch and patch loaded with ZnAl-KET.

Formulations σmax (MPa) εat σmax (%) EYoung (MPa)

NaCMC 0.134 ± 0.014 187 ± 18 0.068 ± 0.008
NaCMC + ZnAl-KET 0.149 ± 0.013 252 ± 17 0.068 ± 0.009

NaCMC: NaCMC patch; NaCMC + ZnAl-KET: patch loaded with ZnAl-KET; σmax: maximum stress; ε at σmax:
deformation at the break for maximum stress; EYoung: elastic modulus.

3.5. Ex Vivo Adhesion Studies

Patch loaded with ZnAl-KET showed a bioadhesion force of 0.513 ± 0.015 N vs. 0.411 ± 0.011 N
measured for the same patch without HTlc (blank). This increase was probably due to the wrinkled
surface of the loaded patch, able to promote the contact and adhesion with the skin surface. Moreover,
it can be hypothesized that ZnAl-KET establishes hydrophilic interactions (hydrogen bonds) with
NaCMC chains involving −OH and C=O groups. This should improve the hydrophobicity of patch
surface due to the exposition of NaCMC lipophilic groups (as-CH3) freely available to bind the skin.
In fact, the binding to the stratum corneum is mainly attributable to hydrophobic interactions.

3.6. Release Studies

The release capacity of the patch loaded with ZnAl-KET was evaluated using the in vitro method
for transdermal patches, according to Ph. Eur. 10th Ed. As shown in Figure 8, a sustained release of
KET was obtained from the formulation reaching 6% after 5 min, 15% after 30 min, and ~36% after
60 min. The complete release was obtained within 480 min; from this point, a steady state was observed.
The same assay performed on ZnAl-KET (not formulated in the patch) showed that the amount of KET
released in the first 300 min from the hybrid was higher (after 10 min 13.5% vs. ~4%; after 45 min 45%
vs. 26%; after 300 min 93% vs. 89%) compared to the patch. This suggested the effect of the polymeric
matrix (in the case of the patch) in controlling the drug diffusion.
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Figure 8. The release profile of KET from ZnAl-KET and from the patch loaded with ZnAl-KET
(p < 0.05).

The kinetic of KET release from the patch can be explained considering two main mechanisms,
(i) the ion exchange between KET- stored in the HTlc interlamellar space and phosphate anions present
in the dissolution medium and (ii) the effect of NaCMC polymeric network, able to modulate KET
diffusion in the bulk solution.

The kinetic of KET release was deeply investigated by processing the in vitro release by the
following mathematical models: zero-order, first-order, and Higuchi [31,32]. When the zero-order
model describes the release rate, the latter is not dependent on the concentration; the first-order
model describes the release rate concentration-dependent, and the Higuchi model explains the release
based on Fickian diffusion (time-dependent). Moreover, as KET was homogeneously dispersed in the
NaCMC network of the patch as intercalation product (ZnAl-KET), the influence of HTlc on the release
was evaluated by the kinetic model (ion exchange resins) proposed by Bhaskar et al. [33], applied to
exchangeable matrices.

The obtained results from the patch (Table 3) showed that the best fitting was obtained both for
Higuchi (R2 = 0.98) and Bhaskar models (R2 = 0.98). This suggested that these two models were the
most suitable to describe KET release from the patch. The amount of KET molecules available to
cross the NaCMC polymeric network by time-dependent diffusional mechanism (Higuchi kinetic) was
controlled by the ion exchange mechanism between the intercalated KET- and phosphate ions of the
dissolution medium. The good fitting obtained in the case of the Bhaskar model suggested that this
process had a remarkable role in conditioning the diffusion rate.

ZnAl-KET (Table 3) showed a good fitting for the Bhaskar model (R2 = 0.97), confirming that,
in this case, the ion exchange between KET- and phosphate ions was the mechanism driving the
dissolution rate.
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Table 3. Equations and R2 values obtained by the application of the kinetic mathematical models
(zero-order, first-order) and ion exchange resins for loaded patch and ion exchange resins for ZnAl-KET.

Sample Mt/M∞ = kt Mt/M∞ = kt0.5 Mt/M∞ = 1 − e−kt Mt/M∞ = 1 − e−k 0.65

Zero-order kinetic Higuchi kinetic
(release 0–60%) First order kinetic Ion exchange resins

ZnAl-KET - - - y = −0.0322x + 0.1089
R2 = 0.97

patch y = 0.3292x + 9.8281
R2 = 0.885

y = 6.8906x − 18.739
R2 = 0.98

y = 0.3292x + 9.8281
R2 = 0.88

y = −0.027x + 0.1425
R2 = 0.98

M∞: amount of drug at the equilibrium state; Mt: amount of drug released over time t, k: release velocity constant;
n: exponent of release (related to the drug release mechanism) in function of time t; e: Euler’s number.

4. Conclusions

KET was intercalated into the lamellar anionic clay ZnAl-NO3 to obtain the hybrid ZnAl-KET and
then formulated in an authoadhesive patch as an alternative to conventional products (gels, foams,
creams) for local treatments.

The performed studies highlighted that the intercalation is a valuable technology and advantageous
to improve KET water solubilization rate and stability to UV radiations.

The hybrid ZnAl-KET was loaded in a bioadhesive polymeric patch, prepared using NaCMC,
as an alternative to conventional products for local pain treatment.

It was demonstrated that the presence of ZnAl-KET crystals, homogeneously dispersed in the
polymeric matrix, was able to improve the mechanical patch properties. Moreover, a sustained release
was observed by in vitro method, suggesting that the planned formulation could assure prolonged KET
release. The proposed patch was bioadhesive, allowing both a high residence time in the application
site and easy removal by washing, avoiding the discomfort of adhesives used in conventional patches,
responsible for pain during the removal.

The patch formulation is also versatile and practical to use. It can be prepared or cut, if needed,
in various sizes and shapes, becoming useful to be used both for large and small surfaces.

Moreover, the production of such a formulation is easily scalable.
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6. Kryczyk-Poprawa, A.; Kwiecień, A.; Opoka, W. Photostability of topical agents applied to the skin: A review.
Pharmaceutics 2020, 12, 10. [CrossRef]

7. Nakajima, A.; Tahara, M.; Yoshimura, Y.; Nakazawa, H. Determination of free radicals generated from light
exposed ketoprofen. J. Photochem. Photobiol. A Chem. 2005, 174, 89–97. [CrossRef]

8. Ray, R.S.; Mujtaba, S.F.; Dwivedi, A.; Yadav, N.; Verma, A.; Kushwaha, H.N.; Amar, S.K.; Goel, S.; Chopra, D.
Singlet oxygen mediated DNA damage induced phototoxicity by ketoprofen resulting in mitochondrial
depolarization and lysosomal destabilization. Toxicology 2013, 314, 229–237. [CrossRef]

9. Guy, R.H.; Kuma, H.; Nakanishi, M. Serious photocontact dermatitis induced by topical ketoprofen depends
on the formulation. Eur. J. Dermatol. 2014, 24, 365–371. [CrossRef]

10. Wang, M.; Marepally, S.K.; Vemula, P.K.; Xu, C. Inorganic Nanoparticles for Transdermal Drug Delivery
and Topical Application. In Nanoscience in Dermatology; Academic Press: Cambridge, MA, USA, 2016;
ISBN 9780128029459.

11. Ioele, G.; Tavano, L.; Muzzalupo, R.; De Luca, M.; Ragno, G. Stability-Indicating Methods for NSAIDs in
Topical Formulations and Photoprotection in Host-Guest Matrices. Mini Rev. Med. Chem. 2016, 16, 676–682.
[CrossRef]

12. Ioele, G.; De Luca, M.; Garofalo, A.; Ragno, G. Photosensitive drugs: A review on their photoprotection by
liposomes and cyclodextrins. Drug Deliv. 2017, 24, 33–44. [CrossRef]

13. Cavani, F.; Trifirò, F.; Vaccari, A. Hydrotalcite-type anionic clays: Preparation, properties and applications.
Catal. Today 1991, 11, 173–301. [CrossRef]

14. Costantino, U.; Ambrogi, V.; Nocchetti, M.; Perioli, L. Hydrotalcite-like compounds: Versatile layered hosts
of molecular anions with biological activity. Micropor. Mesopor. Mater. 2008, 107, 149–160. [CrossRef]

15. Ambrogi, V.; Fardella, G.; Grandolini, G.; Nocchetti, M.; Perioli, L. Effect of hydrotalcite-like compounds on
the aqueous solubility of some poorly water-soluble drugs. J. Pharm. Sci. 2003, 92, 1407–1418. [CrossRef]

16. Perioli, L.; Ambrogi, V.; Nocchetti, M.; Sisani, M.; Pagano, C. Preformulation studies on host-guest composites
for oral administration of BCS class IV drugs: HTlc and furosemide. Appl. Clay Sci. 2011, 53, 696–703.
[CrossRef]

17. Perioli, L.; Ambrogi, V.; Bertini, B.; Ricci, M.; Nocchetti, M.; Latterini, L.; Rossi, C. Anionic clays for sunscreen
agent safe use: Photoprotection, photostability and prevention of their skin penetration. Eur. J. Pharm. Biopharm.
2006, 62, 185–193. [CrossRef]

18. Schoubben, A.; Blasi, P.; Giovagnoli, S.; Nocchetti, M.; Ricci, M.; Perioli, L.; Rossi, C. Evaluation and
optimization of the conditions for an improved ferulic acid intercalation into a synthetic lamellar anionic
clay. Pharm. Res. 2006, 23, 604–613. [CrossRef]

19. Da Silva, T.A.; da Silva, T.A.; do Nascimento, T.G.; Yatsuzuka, R.E.; Grillo, L.A.M.; Dornelas, C.B. Recent
advances in layered double hydroxides applied to photoprotection. Einstein 2019, 17, 1–6. [CrossRef]

20. Pagano, C.; Calarco, P.; Ceccarini, M.R.; Beccari, T.; Ricci, M.; Perioli, L. Development and Characterization of
New Topical Hydrogels Based on Alpha Lipoic Acid—Hydrotalcite Hybrids. Cosmetics 2019, 6, 35. [CrossRef]

21. Costantino, U.; Marmottini, F.; Nocchetti, M.; Vivani, R. New Synthetic Routes to Hydrotalcite-Like
Compounds−Characterisation and Properties of the Obtained Materials. Eur. J. Inorg. Chem. 1998, 1998,
1439–1446. [CrossRef]

22. Pagano, C.; Ceccarini, M.R.; Calarco, P.; Scuota, S.; Conte, C.; Primavilla, S.; Ricci, M.; Perioli, L.
Bioadhesive polymeric films based on usnic acid for burn wound treatment: Antibacterial and cytotoxicity
studies. Colloids Surf. B: Biointerfaces 2019, 178, 488–499. [CrossRef]

23. Perioli, L.; Dorigato, A.; Pagano, C.; Leoni, M.; Pegoretti, A. Thermo-mechanical and adhesive properties of
polymeric films based on ZnAl-hydrotalcite composites for active wound dressings. Polym. Eng. Sci. 2019,
59, E112–E119. [CrossRef]

24. Pagano, C.; Perioli, L.; Latterini, L.; Nocchetti, M.; Ceccarini, M.R.; Marani, M.; Ramella, D.; Ricci, M.
Folic acid-layered double hydroxides hybrids in skin formulations: Technological, photochemical and
in vitro cytotoxicity on human keratinocytes and fibroblasts. Appl. Clay Sci. 2019, 168, 382–395. [CrossRef]

88



Pharmaceutics 2020, 12, 733

25. Loftsson, T.; Hreinsdóttir, D. Determination of aqueous solubility by heating and equilibration: A technical
note. AAPS Pharm. Sci. Tech. 2006, 7, E29–E32. [CrossRef]

26. Cosa, G. Photodegradation and photosensitization in pharmaceutical products: Assessing drug phototoxicity.
Pure Appl. Chem. 2004, 76, 263–275. [CrossRef]

27. Martínez, C.; Vilariño, S.; Fernández, M.I.; Faria, J.; Canle, M.L.; Santaballa, J.A. Mechanism of degradation
of ketoprofen by heterogeneous photocatalysis in aqueous solution. Appl. Catal. B Environ. 2013, 142-143,
633–646. [CrossRef]

28. Yadollahi, M.; Namazi, H.; Barkhordari, S. Preparation and properties of carboxymethyl cellulose/layered
double hydroxide bionanocomposite films. Carbohydr. Polym. 2014, 108, 83–90. [CrossRef]

29. Wang, H.; Wu, J.; Zheng, L.; Cheng, X. Preparation and Properties of ZnAl Layered Double
Hydroxide/Polycaprolactone Nanocomposites for Use in Drug Delivery. Polym. Technol. Mater. 2019, 58,
1027–1035. [CrossRef]

30. Kang, H.; Huang, G.; Ma, S.; Bai, Y.; Ma, H.; Li, Y.; Yang, X. Coassembly of inorganic macromolecule of
exfoliated LDH nanosheets with cellulose. J. Phys. Chem. C 2009, 113, 9157–9163. [CrossRef]

31. Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release II. Fickian and anomalous
release from swellable devices. J. Control Release 1987, 5, 37–42. [CrossRef]

32. Siepmann, J.; Peppas, N.A. Higuchi equation: Derivation, applications, use and misuse. Int. J. Pharm. 2011,
418, 6–12. [CrossRef] [PubMed]

33. Bhaskar, R.; Murthy, R.S.R.; Miglani, B.D.; Viswanathan, K. Novel method to evaluate diffusion controlled
release of drug from resinate. Int. J. Pharm. 1986, 28, 59–66. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

89





pharmaceutics

Article

Development and Characterization of Liquisolid
Tablets Based on Mesoporous Clays or Silicas for
Improving Glyburide Dissolution

Marzia Cirri 1, Paola Mura 1,*, Maurizio Valleri 2 and Letizia Brunetti 1

1 Department of Chemistry, University of Florence, via Schiff 6, Sesto Fiorentino, 50019 Florence, Italy;
marzia.cirri@unifi.it (M.C.); letizia.brunetti@stud.unifi.it (L.B.)

2 Menarini Manufacturing Logistics and Services, s.r.l. (AMMLS), 50019 Florence, Italy; mvalleri@menarini.it
* Correspondence: paola.mura@unifi.it; Tel.: +39-055-4573672

Received: 25 April 2020; Accepted: 28 May 2020; Published: 1 June 2020

Abstract: The aim of this work was to evaluate the effectiveness of mesoporous clays or silicas to
develop fast-dissolving glyburide tablets based on a liquisolid approach. Selected clay (Neusilin®US2)
and silica (Aeroperl®300) allowed preparation of innovative drug liquisolid systems containing
dimethylacetamide or 2-pyrrolidone as drug solvents, without using coating materials which are
necessary in conventional systems. The obtained liquisolid powders were characterized for solid-state
properties, flowability, compressibility, morphology, granulometry, and then used for directly
compressed tablet preparation. The developed liquisolid tablets provided a marked drug dissolution
increase, reaching 98% dissolved drug after 60 min, compared to 40% and 50% obtained from a reference
tablet containing the plain drug, and a commercial tablet. The improved glyburide dissolution was
attributed to its increased wetting properties and surface area, due to its amorphization/solubilization
within the liquisolid matrix, as confirmed by DSC and PXRD studies. Mesoporous clay and silica,
owing to their excellent adsorbent, flow, and compressibility properties, avoided use of coating
materials and considerably improved liquid-loading capacity, reducing the carrier amount necessary
to obtain freely flowing powders. Neusilin®US2 showed a superior performance than Aeroperl®300
in terms of the tablet’s technological properties. Finally, simplicity and cost-effectiveness of the
proposed approach make it particularly advantageous for industrial scale-up.

Keywords: mesoporous clay; Neusilin; aeroperl; liquisolid technique; glyburide; dissolution improvement

1. Introduction

Glyburide (GLY) belongs to the second generation of sulfonylurea antidiabetic drugs, and it is
one of the most widely utilized oral hypoglycemic agents [1]. Moreover, its ability to prevent cerebral
ischemia and hemorrhagic stroke has been recently proved [2,3], and from 2015 it has been included in
the model list of Essential Medicines of World Health Organization [4]. Due to its high permeability but
very low aqueous solubility [5], GLY is classified as a class II drug according to the biopharmaceutical
classification system [6]. As known, the dissolution rate of poorly water-soluble drugs often represents
the main limiting factor in their absorption rate [6,7]. Clinical studies evidenced a variable in vitro
dissolution, in vivo bioavailability, and the hypoglycaemic effect of GLY from different commercial
tablets [8]. Problems of bio-inequivalence among pharmaceutically equivalent dosage forms of the
drug were confirmed by a multinational post-market comparative study of various marketed products
of the drug [9]. Such findings were found to be related to the unsatisfactory and variable dissolution
behavior of GLY, further supporting the previously reported problems of formulation-dependent oral
absorption of the drug [10].
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Despite the fact that several strategies have been investigated in an effort to improve the
dissolution performance of GLY, including complexation with cyclodextrins [11–13], solid dispersions
in hydrophilic carriers [14–16], micellar solubilization [17], and formulation of self-micro-emulsifying
drug delivery systems (SMEDDS) [18–20], at present, there are no commercial GLY products arising
from such approaches. As a result, the development of effective GLY tablets with optimized dissolution
behavior and ease of manufacture with industrial scale-up feasibility still remains a challenge and
would be an important and useful result.

The liquisolid technique is a recent and promising alternative approach for improving the
dissolution properties of poorly soluble drugs. This technique was initially used to transform liquid or
semi-solid drugs into free-flowing, non-adherent, and readily compressible powders by simple mixing
with suitable solid excipients [21]. Subsequently, the possibility of preparing liquisolid systems of solid
poorly soluble drugs by dissolving them in a non-volatile water-miscible solvent, and then converting
the liquid system in an apparently dry, well flowable powder, suitable for tableting, by mixing
with proper solid excipients referred as carrier and coating materials [22,23] has been considered.
The non-volatile solvents would remain on the carrier surface, so that the drug is kept within the
powder substrate in a solubilized, almost molecularly dispersed state, with a great increase in both its
wetting properties and surface area available for dissolution, and thus a consequent improvement
in release rate and bioavailability is expected [22,24,25]. The actual effectiveness of this technique in
improving the dissolution performance [26–30] and, consequently, the bioavailability [31–33] of several
poorly-soluble drugs has been shown. Moreover, in addition to its drug release enhancement ability,
the liquisolid strategy is particularly interesting and attractive because of the manufacturing process
simplicity, low production costs, and ease of scale-up to industrial tablet production. Compounds
such as various grades of cellulose derivatives, starch, and lactose are mainly used as carrier materials,
while Aerosil is the most used coating material [26–29,31].

Mesoporous clays and silicas represent interesting and versatile pharmaceutical excipients, due to
their numerous attractive features, such as large surface area and great loading ability, good flow and
tableting properties, joined to very low toxicity, and low cost [34–36]. The multifaceted applications of
clay materials in the pharmaceutical field have been carefully reviewed [37,38]. In particular, their
effective use as drug delivery systems to modulate, extend, and/or target drug release has been widely
described [39–43]. Furthermore, they also proved their effectiveness in enhancing the dissolution
behavior, and then the bioavailability of scarcely water-soluble drugs [44–46]. Mesoporous clays and
silicas can thus be considered as potentially suitable materials for liquisolid systems preparation.

Therefore, based on all these premises, we considered it worthy of interest to investigate the
effectiveness of the liquisolid approach in the development of fast dissolving tablets of GLY with
improved drug dissolution performance, by replacing the mixture of carrier and coating materials
commonly used for their formulation with suitable mesoporous silicas or clays which would be able to
simultaneously perform both such functions.

This novel strategy should enhance the applicability of the liquisolid technique in the
pharmaceutical field, making it possible to decrease the necessary amount of adsorbent material, and,
consequently, reducing the tablet final weight, known as the main limiting factor of this approach [47].
At the same time, it should facilitate the formulation scale-up from laboratory to industrial production,
enabling the simplification of liquisolid tablet development by decreasing the number of formulation
components (and the problems of their proper choice and of their relative w/w ratios).

With this aim, after selection of the most suitable non-volatile water-miscible solvent, based on
its better solubilizing power towards GLY, the efficacy as carrier-coating materials of two different
mesoporous silicas (i.e., Aeroperl®300/30 and Zeopharm®5170) and a mesoporous clay (Neusilin®US2)
was investigated. Various liquisolid systems were then prepared and fully characterized for solid-state
properties, flowability, compressibility, morphology, particle size, specific surface area, and then
used for the preparation of directly compressed tablets. The obtained liquisolid tablets were tested
for technological properties (mean weight, crushing strength, disintegration time) and their drug

92



Pharmaceutics 2020, 12, 503

dissolution profile was compared to those of a reference conventional tablet formulation containing
the drug as such and of a commercial tablet (Gliboral®).

2. Materials and Methods

2.1. Materials

Micronized glyburide (mean particle size 1.66 μm) (GLY) was from Laboratori Guidotti S.p.A.
(Pisa, Italy). Glyburide has a pH-dependent solubility; its saturation solubility at 37 ± 0.5 ◦C was
determined at pH 1.1 (0.93 ± 0.3 mg/L), pH 6.8 (4.0 ± 0.2mg/L), pH 7.4 (14.9 ± 1.1 mg/L) and pH 8.5
(108.9 ± 10.1 mg/L) (n = 3).

Neusilin®US2 (synthetic magnesium alumino-metasilicate) was from Fuji Chemicals, Toyama,
Japan), Aeroperl®300 (colloidal silica) from Degussa (Munich, Germany), and Zeopharm®5170 (silicon
dioxide) from Huber Engineering Materials (Atlanta, GA, USA). Labrasol® (caprylocaproyl macrogol-8
glycerides) and Transcutol® (diethylene glycol monoethyl ether) were kindly donated by Gattefossé
Italia s.r.l. (Milano, Italy). Kollisolv® PYR (2-pyrrolidone, 2-PYR), Kolliphor®HS15 (macrogol 15
hydroxy-stearate), Kollisolv® PEG 400, Kollidon®CL (crospovidone) and Kollidon®VA 64F (copolymer
1vinyl-2-pyrrolidone vinylacetate 60/40) were from BASF Co. Ltd. (Ludwigshafen, Germany).
Glycofurol was from Alchymars (Milano, Italy), N,N-dimethylacetamide (DMA) from Carlo Erba
(Milano, Italy), Solketal® (1,2-Isopropylidene-rac-glycerol), benzyl benzoate and 1,3-butandiole from
Merck (Kenilworth, NJ, USA). Avicel®PH102 (microcrystalline cellulose) was from FMC Biopolymer
(Philadelphia, PA, USA), Explotab® (sodium starch glycolate) was from Penwest Pharmaceuticals
(Patterson, NY, USA), and Ceolus®KG802 (microcrystalline cellulose) from Asahi Kasei (Tokyo, Japan).
Mg stearate was from Peter Greven Fett Chemie (Bad Munsterefeil, Germany). Water was obtained
from a Milli-Q water purification system (Millipore, MA, USA). All other chemicals and reagents were
of analytical grade.

2.2. Solubility Studies

To select the most effective drug solvent for liquisolid systems formulation, the GLY solubility
in different non-volatile water-miscible solvents, namely Labrasol®, Transcutol®, Kolliphor®HS15,
PEG 400, Kollisolv®, Solketal®, Kollisolv®PYR (2-pyrrolidone, 2-PYR), N,N-dimethylacetamide
(DMA), benzyl benzoate and 1,3-butandiole, was evaluated. The minimum amount necessary to
solubilize 5 mg GLY (drug therapeutic dose) was determined by adding progressive aliquots of each
solvent to the exactly weighed drug amount, at room temperature. Only in the case of Kolliphor®HS15,
solid at room temperature, it was necessary to heat to 40 ◦C for obtaining its fusion. The stability of
GLY dissolved in the various solvents was checked by UV assay (UV/Vis 1601 Shimadzu, Tokyo, Japan)
at 300 nm of its concentration immediately after the solution preparation, and then every 30 days for
6 months.

2.3. Characterization of the Mesoporous Silicas and Clays

2.3.1. Apparent and Tapped Density

Apparent density (DA) and tapped density (DT) were evaluated according to the USP method,
using a PT-TD 300 instrument (Pharma Test, Hainburg, Germany) endowed with a standard 100 mL
graduated cylinder. Carr’s Index (CI) and Hausner Ratio (HR), indicative of the powder compressibility
and flowability, were determined by the following equations:

CI(%) = 100
DT1250 −DA

DT1250
; HR = DT1250/DA (1)

where DT1250 is the tapped density value obtained after 1250 taps of the cylinder.
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2.3.2. Powder Flowability

Powder flowability was determined by the Copley flow-test (Copley Scientific Ltd., Nottingham,
UK), evaluating the powder ability to freely flow through a circular orifice of known diameter.
The flowability index is given by the diameter (ranged from 4 to 26 mm) of the smallest hole through
which the powder falls freely (mean of three determinations).

2.3.3. Powder Compactability

Powder compactability was evaluated according to the Wells method [48]. Briefly, 3 samples were
prepared for each carrier, by weighing each time aliquots of 5 g of powder, adding 50 mg of Mg stearate
as a lubricant, and mixing in a V-mixer 3 min (samples A and B) or 30 min (sample C). From each
sample blend, five tablets (13 mm diameter) were then obtained, by compacting with a hydraulic press
500 mg powder, under 1 ton of pressure for 5 s (A and C) or 30 s (B). After 24 h, the tablets’ crushing
force (N) was measured (Schleuniger Hardness Tester model 6D, JB Pharmatron, Northampton, UK).

2.3.4. Specific Surface Area

Specific surface area measurements were performed according to the BET (Brunauer-Hemmet-Teller)
method using an automated ASAP (Accelerated Surface Area and Pore) 2010 adsorption analyzer
(Micromeritics, Norcross, GA, USA) at −196 ◦C. Before analysis, samples were degassed 24 h at room
temperature using a VacPrep apparatus (Micromeritics, Norcross, GA, USA).

2.4. Preparation of Liquisolid Systems

The drug was completely dissolved in the minimum necessary amount of solvent; then the drug
solution was put in a mortar, where the mesoporous silica (or clay) powder was gradually added,
under mixing, up to obtain an apparently dry powder.

2.5. Characterization of Liquisolid Systems

2.5.1. Particle Size Distribution

Granulometric analysis of the various liquisolid systems was performed using a Mastersizer 3000
Laser Particle Size (LPS) analyzer (Malvern Instruments, Malvern, UK). The particle size distribution
curves were obtained, and Dv10, Dv90, and Dv50 were evaluated, indicating, respectively, 10% or 90%
of the cumulative percent distribution and the median of the powder distribution curve. The SPAN
value, i.e., the curve distribution width around the median, was determined as an index of the powder
particle size homogeneity, by the following equation [49]:

SPAN = (Dv90 − Dv10)/Dv50 (2)

2.5.2. Differential Scanning Calorimetry (DSC)

Exactly weighed samples (5–10 mg, M3 microbalance, Mettler Toledo, Greifensee, Switzerland)
of pure drug and mesoporous silica or clay, and of the corresponding liquisolid systems were put in
pierced Al pans and scanned under static air at 10 ◦C/min from 30 to 300 ◦C using a TA4000 Stare

system (Mettler Toledo, Greifensee, Switzerland) equipped with a DSC 25 cell.

2.5.3. Powder X-Ray Diffractometry (PXRD)

Powder X-ray diffraction patterns of pure drug and mesoporous silica and clay and of the
corresponding liquisolid systems were recorded by a Bruker D8 Advance apparatus (Brucker, Billerica,
MA, USA), using a Cu Kα radiation and a graphite monochromator, under the following experimental
conditions: 40 mV voltage, 40 mA current, scan rate 0.05◦/s in the 2.5–50◦ 2Θ range, room temperature.
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2.5.4. Environmental Scanning Electron Microscopy (ESEM)

The morphological properties of the different liquisolid systems as well as of the final tablet
formulations were investigated using a Fei ESEM Quanta 200 Apparatus. Before performing the
analyses, samples were sputter-coated with gold-palladium under argon atmosphere, to make them
electrically conductive.

2.5.5. Dissolution Test

Dissolution rate experiments were performed according to the dispersed amount method.
A sample of each liquisolid system, equivalent to 5 mg drug, was added to 350 mL of pH 7.4 phosphate
buffer solution thermostated at 37 ± 0.5 ◦C, in a 400 mL beaker. A three-blade paddle was centrally
put in the beaker and rotated at 100 rpm. At given times, aliquots were withdrawn (syringe-filter,
pore size 0.45 μm), spectrometrically assayed at 300 nm (UV-Vis 1600 Shimadzu, Tokyo, Japan) for
drug content, and replaced with an equal fresh medium volume. A correction fort the cumulative
dilution was made. Each test was repeated four times (C.V. < 3.5%). Values of percent of drug dissolved
at 10, 30, and 60 min were analyzed by one-way analysis of variance (ANOVA) followed by the
Student-Newman-Keuls multiple comparison post-test (Graph Pad Prism 4.0 program, San Diego, CA,
USA). Differences were considered statistically significant when p < 0.05.

2.6. Tablets Preparation

Tablets containing 5 mg GLY as liquisolid system, accurately mixed with suitable excipients for
direct compression and Mg stearate as a lubricant, were prepared using a Manesty 2 alternative tableting
machine. A reference conventional tablet formulation containing the plain drug was also prepared.

2.7. Tablets Characterization

Appearance and morphologic analysis: the regularity of the tablets’ appearance was checked by
visual inspection. The morphology of the tablets’ surface was examined more in detail by ESEM analysis.

Weight uniformity: 20 tablets randomly taken from the batch were individually weighed (Mettler
XP2003S balance, Mettler Toledo, Greifensee, Switzerland). The mean tablet weight, and the relative
CV percentage values were then determined.

Hardness: determined using a Schleuniger Hardness Tester mod 6D as crushing force (N).
Tensile strength was also calculated to eliminate the possible effects of variations in tablet thickness on
the measured crushing force;

Disintegration time: evaluated using the T2 221 Erweka disintegration apparatus (Erweka GmbH,
Langen, Germany) at 37 ± 0.5 ◦C in pH 7.4 phosphate buffer;

Dissolution test: performed using a USP Paddle apparatus (Sotax AT7, Sotax, Thun, Switzerland).
Tablets were added to 900 mL of pH 7.4 phosphate buffer solution thermostated at 37 ± 0.5 ◦C, at a
stirring rate of 75 rpm. The concentration of dissolved drug was UV-monitored at 300 nm (Lambda 2
spectrophotometer, Perkin Elmer, Waltham, MA, USA). Each test was simultaneously carried out on six
samples. Dissolution efficiency (DE) was calculated from the area under the dissolution curve at time t
and expressed as a percentage of the area of the rectangle described by 100% dissolution in the same
time [50]. Percent of drug dissolved and DE values were analyzed by one-way analysis of variance
(ANOVA) followed by the Student–Newman–Keuls multiple comparison post-test (Graph Pad Prism
4.0 program, San Diego, CA, USA). Differences were considered statistically significant when p < 0.05.

3. Results and Discussion

3.1. Selection of the Solvents

The proper selection of the best solvent for the development of a liquisolid system, mainly based
on its solubilizing power towards the drug, is of critical importance to reduce the amount of solid
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adsorbent excipient, and, consequently, the final total weight of the dosage form. Then, as the first
step of this study, the solubilizing effect towards GLY of a wide variety of non-volatile, water-miscible
solvents (Labrasol®, Transcutol®, Solketal®, Kolliphor®HS15, 2-PYR, PEG 400, glycofurol, DMA,
benzyl benzoate and 1,3-butandiole), was evaluated. With this purpose, the minimal amount of each
solvent necessary to solubilize 5 mg GLY (therapeutic drug dosage) was determined. As shown in
Figure 1, DMA and 2-PYR emerged as the most effective solvents, requiring, respectively, only 0.025 or
0.050 mL to solubilize 5 mg drug, and then were chosen as the liquid vehicles for GLY liquisolid systems
preparation. The safe and effective use of 2-PYR as a solvent for drug solubilization has been reported,
in virtue of its lack of mutagenic or genotoxic activity [51], and its low developmental toxicity, and high
oral LD50 (5g/kg body weight in rats) (www.epa.gov/chemical-under-tsca). On the other hand, DMA is
approved by FDA as an excipient in parenteral and nasal spray products (www.accessdata.fda.gov) and
its safe use as a solubilizer, included also in intravenous pediatric formulations, has been proved [52–54].

 
Figure 1. Solubility of glyburide (GLY) in the different solvent examined, expressed as mL of solvent
necessary to solubilize 5 mg drug (therapeutic single dose).

GLY stability in the selected solvents was verified, by checking its concentration at interval times up
to six months by spectrophotometric assay. No variations of drug concentration, and no modifications
of its UV curve were observed, indicative of drug stability and absence of degradation phenomena.

3.2. Characterization and Selection of Mesoporous Carriers as Adsorbent Carrier

The powder materials used as a carrier for preparation of liquisolid systems should have high
liquid adsorbent power, and, at the same time, good flow and compaction properties, to allow uniform
feed and reproducible filling of tablet dies and good tableting. Then, the flow and compaction
properties of the mesoporous silicas and clay materials considered as potential adsorbent carriers
for preparation of liquisolid systems, namely Aeroperl®300, Zeopharm®5170 and Neusilin®US2,
were firstly investigated. The results of these studies, in terms of apparent and tapped density, Carr’s
Index and Hausner ratio, flowability (Copley test) and compactability (Wells test) are presented
in Table 1.
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Table 1. Apparent (DA) and tapped (DT) Density, Carr Index % (CI), Hausner Ratio (HR), flowability
(as flow through an orifice), and compactability (determined by Wells test A, B and C) of Aeroperl®300,
Neusilin®US2, Zeoparm®5170.

Sample
Da

(g/cm3)
DT

(g/cm3)
CI % HR

Flow (∅,
mm)

Wells A
(N)

Wells B
(N)

Wells C
(N)

Aeroperl®300 0.23 0.28 17.8 1.22 4 30 32 30
Neusilin®US2 0.17 0.20 16.5 1.19 4 390 400 400
Zeopharm®5170 0.32 0.34 6.2 1.07 4 15 16 16

Based on Carr’s Index and Hausner Ratio values, Zeopharm®5170 showed the best fluidity
level, followed by Neusilin®US2 and then by Aeroperl®300. However, according to the flow Copley
test, all powders presented excellent flowability, freely falling through the smallest apparatus hole
(4 mm diameter). As for the compaction properties, the results of the Wells test showed that all
powders samples exhibited a fragmenting behavior since similar crushing strength values were
obtained in the different conditions of the test (A≈B≈C). This is considered a desirable characteristic of
powders to be compressed, since the crushing strength of tablets made with fragmenting materials
should be less negatively affected by the presence of hydrophobic lubricant, such as Mg stearate,
with respect to plastic-deforming materials [55,56]. Neusilin®US2 gave rise to the tablets with the
highest hardness, but acceptable breaking strength values (around 30 N) were obtained also with
Aeroperl®300. On the contrary, the crushing strength values of Zeopharm®5170 tablets were very low,
probably due to its poor binding properties, and then this excipient was discarded in subsequent studies.

The selected mesoporous clay and silica were then further characterized by BET analysis.
Both compounds showed a very extended specific surface area, which confirmed their highly porous
nature. However, the chosen clay Neusilin®US2 showed a clearly greater surface area (355.5 vs.
268.4 m2/g) and also a significantly higher volume (1.0 vs. 0.5 cm3/g) of mesopores (i.e., pores in the
2.0–50 nm range) compared to the chosen silica Aeroperl®300.

3.3. Preparation and Characterization of Liquisolid Systems

Liquisolid systems were then prepared by dissolving 5 mg GLY (drug therapeutic single dose) in
0.05 mL of the selected solvents (DMA or 2-PYR), and then gradually adding, under continuous mixing,
Neusilin®US2 or Aeroperl®300, selected as carrier-coating materials. The strong adsorptive power of
the selected mesoporous clay and silica allowed to use a liquid load factor (i.e., the w/w ratio of liquid
medication to the carrier powder) of 1.1, clearly higher than the values commonly used in conventional
liquisolid systems [22,27,29,47], and obtain dry-looking powders, with practically unchanged flow
properties (measured according to the Copley flow test) compared to the respective pure carriers.

The obtained liquisolid systems were then characterized by LPS for granulometric distribution
and compared with the corresponding pure carriers. As can be observed in Figure 2, both Aeroperl®300
and Neusilin®US2 exhibited a satisfactorily homogeneous distribution curve, with a mean volumetric
diameter of 31 μm and 76 μm, respectively. The formation of liquisolid systems did not substantially
change the original granulometric distribution of the corresponding carriers, irrespective of the type
of solvent used, indicating in all cases the absence of appreciable aggregation phenomena and the
obtainment of homogeneous systems looking as dry powders.
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Figure 2. Granulometric analysis, by Laser Particle Size (LPS), of pure Aeroperl®300 and Neusilin®US2,
and of the corresponding liquisolid systems with glyburide (GLY) containing 2-pyrrolidone (2-PYR) or
dimetylacetamide (DMA) as non-volatile water miscible solvent.

DSC analyses were performed on pure drug and mesoporous clay and silica and on the
corresponding liquisolid systems, in order to evaluate possible solid-state modifications or interactions
between the components (Figure 3). The DSC curve of GLY was typical of a crystalline, pure, anhydrous
compound, showing a flat profile before the sharp endothermic peak at 175 ◦C (ΔH 180 J/g) due to
the drug melting. On the contrary, the thermal curves of both carriers indicated their amorphous
nature, being characterized by a broad endothermal band in the range 70–140 ◦C, due to evaporation
of associated water molecules, followed, in the case of Neusilin®US2, by another endothermic effect at
a higher temperature (240 ◦C), due to decomposition phenomena.
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Figure 3. Differential Scanning Calorimetry (DSC) curves of pure glyburide (GLY), Aeroperl®300
and Neusilin®US2 and of the corresponding liquisolid systems with 2-pyrrolidone (2-PYR) or
dimetylacetamide (DMA) as non-volatile water miscible solvent.

DSC curves of liquisolid systems containing 2-PYR as a solvent showed two broad endothermic
effects: the first, which peaked around 100 ◦C, was due to the carrier (Neusilin®US2 or Aeroperl®300)
dehydration, while the second one, which peaked around 240 ◦C, was due to the solvent evaporation
(boiling point 245 ◦C), partially superimposed, in the case of Neusilin®US2, to the carrier decomposition
phenomena. An analogous thermal behavior was displayed by liquisolid systems prepared with
DMA as a solvent; however, in this case, due to the lower boiling point of this solvent (165 ◦C),
a partial superimposition of the carrier dehydration band to that of solvent evaporation happened.
Interestingly, in all cases the complete disappearance of the drug melting peak was observed, which can
be considered indicative of drug amorphization and/or solubilization in the liquisolid system, i.e.,
its almost molecular dispersion within the liquisolid matrix [26,27].

The results of PXRD studies were substantially in agreement with those of DSC analysis. In fact,
as can be observed in Figure 4, the diffraction pattern of pure GLY exhibited the presence of numerous
sharp peaks, in particular at 18.8, 19.4, 20.8 and 22.9◦ 2Θ, indicative of its crystalline nature, while a
diffuse halo pattern, characteristic of amorphous powders, was shown by both mesoporous clay
and silica.

The typical diffraction peaks of the drug were no more detectable in the X-ray spectra of all the
liquisolid formulations, thus confirming the conversion of the drug in an amorphous or solubilized
form within the liquisolid matrix, as suggested by DSC analysis, and allowing to exclude any possible
artifact of this last technique, due to the sample heating during the scan.
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Figure 4. X-Ray powder diffraction patterns of pure glyburide (GLY), Neusilin®US2 and Aeroperl®300
and of the corresponding liquisolid systems with 2-pyrrolidone (2-PYR) or dimetylacetamide (DMA)
as non-volatile water miscible solvent.

The ESEM outcomes (Figure 5) further supported the results of DSC and XRPD analyses. The ESEM
image of pure micronized GLY showed its crystalline nature and its very homogeneous particle size.
Neusilin®US2 appeared instead as particles of almost spherical form, with a highly porous surface,
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and Aeroperl®300 as spherical particles, many of which characterized by the presence of an internal
cavity. The morphology of liquisolid systems obtained with both Neusilin®US2 or Aeroperl®300 as
carrier-coating material was very similar to that of the corresponding pure samples, thus confirming
their excellent adsorbent power and the absence of agglomeration phenomena.

Figure 5. ESEM images of pure glyburide (A), Aeroperl®300 (B) and Neusilin®US2 (C) and of the
corresponding liquisolid systems (B’ and C’).

Dissolution studies were then performed to evaluate the ability of the various liquisolid systems
to improve the GLY dissolution rate and select the more effective ones for the preparation of liquisolid
tablets. As can be seen in Figure 6, all the developed liquisolid systems showed a very marked
improvement of GLY dissolution rate compared to the plain GLY, with an about 27 times increase of
percent drug dissolved after only 2 min, and an about 4 times increase at the end of the test (60 min).
No statistically significant (p > 0.05) differences were found among the different kinds of liquisolid
systems and then they were all employed for tablet preparation.
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Figure 6. Dissolution profiles of glyburide (GLY) as such or from the different liquisolid systems.

3.4. Preparation and Characterization of Liquisolid-Tablets

Preformulation studies, performed to select the most suitable excipients to use, in mixture with the
liquisolid systems, for obtaining direct-compressed tablets with the proper characteristics of hardness
and disintegration time, enabled the selection of two kinds of microcrystalline cellulose (Avicel®PH102
and Ceolus®KG802) as binders, in virtue of their high flowability and compressibility, and of Explotab®

(sodium starch glycolate) as super-disintegrant. The composition and properties of the examined
tablets are reported in Table 2. For each tablet formulation, the lowest compression force allowing to
obtain tablets with suitable hardness and tensile strength was used (Table 2). A conventional tablet
containing the drug as such was also prepared as a reference, by using the same excipients present in
liquisolid tablets, except the solvent, replaced by an equivalent quantity by weight of Avicel®PH102.
A GLY commercial tablet at the same drug dosage (Gliboral®) was also used as a further reference.

Table 2. Composition and properties of glyburide (GLY) liquisolid tablets.

Tablet
Code

Ingredients (mg) Properties

GLY 2pyr DMA Neusilin Aeroperl Avicel Ceolus Explotab Mg
st

Compr.
Force
(kN)

Crush.
Force
(N)

Tens
str

(MPa)

Disin.
Time

(s)

LS1 5 55 – 55 – 44 20 10 0.5 3.4 62 1.42 50
LS2 5 55 – – 55 44 20 10 0.5 15 50 1.28 90
LS3 5 – 47 47 – 44 20 10 0.5 3.4 32 0.85 60
LS4 5 – 47 – 47 44 20 10 0.5 15 29 0.79 85

All tablets complied with the USP friability test (weight loss in all cases less than 0.2%) and weight
uniformity and showed short disintegration times, always less than 2 min.

Dissolution test was performed under the same experimental conditions (900 mL of pH 7.4
buffer solution) used in our previous studies aimed at the development of GLY fast-dissolving
tablets [12,15,16,20], in order to obtain comparable results. Moreover, these conditions of medium
volume and pH are those indicated by FDA and USP (test 5, Revision Bulletin 2010, 1st Supplement
USP 34-NF 29) for the dissolution test of GLY (micronized) tablets. The dissolution profiles of GLY
from liquisolid-tablets are shown in Figure 7, in comparison with those from the conventional reference
and the marketed tablets, while their dissolution parameters, in terms of percentage drug dissolved
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and Dissolution Efficiency (DE) at 10 min and 60 min, indicative, respectively, of the rate and of the
totality of the process, are collected in Table 3.
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Figure 7. Dissolution profiles of glyburide (GLY) from liquisolid tablets (LS 1–4) and from the
commercial tablet (Gliboral®) and the reference conventional tablet (CT).

Table 3. Dissolution parameters of glyburide from liquisolid (LS) and conventional (CT) tablets in
terms of percent dissolved (PD) and dissolution efficiency (D.E.) at 10 and 60 min.

Tablet Code * PD10 PD60 DE10 DE60

LS1 91.8 98.1 58.1 90.4
LS2 88.6 96.3 55.9 88.1
LS3 81.3 92.1 47.1 82.7
LS4 79.6 91.4 46.8 81.5
CT 27.5 40.7 15.1 33.4

* For the composition of tablet batches, see Table 2.

As is evident, all liquisolid tablets exhibited a marked enhancement of the GLY dissolution
performance, with respect to both the reference tablet containing the plain drug and the commercial
tablet. In fact, the percentage of drug dissolved at 60 min from the conventional reference and
from the commercial tablets reached only 40% and 50%, respectively, while it exceeded 90% for all
liquisolid systems. The observed improvement in dissolution rate can be attributed to the increased
wetting properties and to the larger surface area of drug particles exposed to the dissolution medium,
in virtue of its almost molecular dispersion within the liquisolid matrix [26–28]. However, interestingly,
tablets with liquisolid systems containing 2-PYR as solvent showed a slightly better dissolution
profile, particularly in terms of percentage dissolved at 10 min (p < 0.05), than those containing DMA,
despite the slightly higher solubility of GLY in DMA than in 2-PYR (see Figure 1). Nevertheless,
this result may be somehow connected to the tablet formulation and/or compression process. In fact,
dissolution experiments performed directly on the plain liquisolid systems as powders, exhibited an
inverted behavior, with a slight, even not significant, better performance of those containing DMA as
solvent (see Figure 6).

On the other hand, no significant differences (p > 0.05) in the drug dissolution behavior were
instead observed between systems with Neusilin®US2 or Aeroperl®300. However, as can be seen in

103



Pharmaceutics 2020, 12, 503

Table 2, when comparing liquisolid formulations containing the same solvent (LS1 vs. LS2, or LS3 vs.
LS4), Neusilin®US2 allowed to obtain tablets with similar or even better hardness, than those with
Aeroperl®300, but using lower compression force. This is considered a desirable property, since tablets
of suitable hardness, necessary to avoid breakage problems, should be ideally obtained without
applying excessive compression force, in order to can be easily disintegrated when in contact with
the dissolution medium. In fact, tablets prepared under large compression force will have a reduced
porosity and will require more time for water penetration into the compact, thus resulting in prolonged
disintegration times [27].

A comparison between the drug dissolution properties from the new liquisolid tablets and
those from the previously developed GLY fast-dissolving tablets based on other different formulation
approaches, showed that the new technology was actually more effective in enhancing the GLY
dissolution properties than the formation of binary or ternary solid dispersions [15,16], cyclodextrin
complexation [12] or simple adsorption on mesoporous silicas [46]. The performance of the
new GLY liquisolid tablets resulted comparable only to that of fast-dissolving tablets based on
solid-self-microemulsifying systems (SMEDDS) [20]. However, the new liquisolid-tablets presented
the strong advantage of a simpler and faster formulation development and of a lower production cost.
In fact, they did not require the time-consuming construction of pseudo-ternary phase diagrams to
select the best surfactant and co-surfactant and to define the zone of microemulsion existence, which are
instead necessary for the SMEDDS development. On the contrary, their very basic preparation
procedure should assure an easy and economic industrial scale-up feasibility.

Finally, ESEM analyses were performed on final liquisolid tablets (Figure 8). The results further
confirmed the better technological performance of tablets containing Neusilin®US2, whose whole
surface appeared highly porous but perfectly homogeneous (Figure 8A); on the contrary, some horizontal
fracture lines and thin fissures were observed on the surface of tablets containing Aeroperl®300,
indicative of not optimal technological properties of the formulation and of a potential tablet
delamination process (Figure 8B).

 

Figure 8. ESEM images of the surface of glyburide liquisolid tablets LS1 (A) and LS2 (B).

4. Conclusions

New liquisolid-tablet formulations of GLY, based on the use of a mesoporous clay (Neusilin®US2)
or silica (Aeroperl®300), were successfully developed.

Both the selected mesoporous clay and silica, in virtue of their very marked adsorbent power joined
to excellent flow and compactability properties, allowed to replace the use of combinations of carrier
and coating materials, which are instead commonly employed for the preparation of conventional
liquisolid systems.
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The use of 2-PYR and DMA as very powerful solvents towards GLY (never employed before,
to the best of our knowledge, in liquisolid formulations), enabled to strongly reduce the solvent volume
necessary (0.05 mL) to completely dissolve the drug therapeutic dose (5 mg). Moreover, the selected
highly-porous clay (Neusilin®US2) and silica (Aeroperl®300) enabled a high liquid load factor (1.1),
because of their small amount necessary to convert drug solutions into well-flowable powders.

All the obtained liquisolid-tablets exhibited satisfying technological properties and exhibited a
marked improvement of GLY dissolution properties, allowing in all cases to overcome 90% of dissolved
drug after 60 min, with respect to only 40% obtained with the reference formulation containing the
plain drug. However, the mesoporous clay Neusilin®US2 showed a superior performance with
respect to the mesoporous silica Aeroperl®300 since it allowed to obtain tablets with more suitable
technological properties.

The improved GLY dissolution behavior was attributed to its increased wetting properties and
surface area, in virtue of its solubilization or almost molecular dispersion within the liquisolid matrix,
as confirmed by DSC and PXRD studies.

In conclusion, the proposed strategy offers the benefits not only of simplifying the liquisolid
formulation development, reducing the number of components, but also, and above all, of considerably
increasing the liquid loading capacity, thus strongly reducing the amount of adsorbent material
necessary to obtain dry-looking, freely-flowing powders, and ultimately decreasing the final tablet
weight. Finally, simplicity, ease of handling, high cost-effectiveness of the proposed approach, make it
particularly advisable for a possible industrial scale-up.
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Abstract: Background: hydrogels prepared with natural inorganic excipients and spring waters are
commonly used in medical hydrology. Design of these clay-based formulations continues to be a
field scarcely addressed. Safety and wound healing properties of different fibrous nanoclay/spring
water hydrogels were addressed. Methods: in vitro biocompatibility, by means of MTT assay,
and wound healing properties were studied. Confocal Laser Scanning Microscopy was used to
study the morphology of fibroblasts during the wound healing process. Results: all the ingredients
demonstrated to be biocompatible towards fibroblasts. Particularly, the formulation of nanoclays
as hydrogels improved biocompatibility with respect to powder samples at the same concentration.
Spring waters and hydrogels were even able to promote in vitro fibroblasts motility and, therefore,
accelerate wound healing with respect to the control. Conclusion: fibrous nanoclay/spring water
hydrogels proved to be skin-biocompatible and to possess a high potential as wound healing
formulations. Moreover, these results open new prospects for these ingredients to be used in new
therapeutic or cosmetic formulations.

Keywords: sepiolite; palygorskite; spring water; hydrogel; fibroblast; biocompatibility;
wound healing

1. Introduction

Chronic wounds are a current health problem with devastating consequences for patients
and contribute to major costs to healthcare systems and societies. This type of wound results
from an impaired wound healing process and is usually characterized by prolonged or excessive
inflammation, persistent infections and inability of the dermal and/or epidermal cells to respond to
repair stimuli [1–3]. The USA total Medicare spending for all wound types has been estimated to
range from $28.1 to $96.8 billion. Diabetic foot ulcers (one of the main chronic wounds) accounted
for $6.1 to $18.7 billion [2], the main cost burden attributed to amputations [1]. The development
and implementation of new wound healing management strategies and healthcare products is,
therefore, imperative. In recent years, different technological strategies have been proposed, including
clays, metals, polymers and lipid-based systems among others, as reviewed by Bernal-Chávez et al.
and García-Villén et al. [4,5]. Particularly, clay-based dressings have been proven to be useful
in wound healing [5–7]. Among the different clay-based formulations, those composed of a clay
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suspended in mineral medicinal water, known as therapeutic muds, are widely used in clinical medical
hydrology [8–10]. The solid phase of these systems is frequently incorporated into spring water
to obtain a semisolid formulation known as “artificial thermal mud” [11–14]. Thermal muds have
demonstrated their clinical effectiveness against dermatological affections such as psoriasis [15–18],
atopic dermatitis, vitiligo [19,20], seborrheic dermatitis, fungal infections, eczema [18,21–23] and
acne [24]. These clinical effects have been traditionally associated with the liquid phase. Avène and
La Roche-Posay spring waters increase the fluidity of plasma membranes on cultured human skin
fibroblasts [25–28] and have been useful in the management of chronic inflammatory skin diseases.
La Roche-Posay spring water protected cultured human skin fibroblasts against lipid peroxidation
induced by ultraviolet A and B radiation [29]. Boron and manganese-rich thermal waters are used for
the treatment of ulcers and chronic wounds [30–34].

The influence of the thermal mud’s solid phase in the resulting clinical efficacy has not been studied
in depth. The inorganic solid phase of thermal muds is mainly composed of clay minerals [8,10,35–37].
The clay mineral presence in wound healing formulations is supported by their already demonstrated
biocompatibility with different types of skin cells [38–40]. The combination of clay minerals with
other ingredients, such as polymers, allows the formation of scaffolding materials. In these occasions,
clay minerals not only improved the mechanical strength and functionality of the polymers, but they
also acted as synergistic ingredients for wound healing [41–44]. Biocompatibility of clay minerals such
as halloysite, montmorillonite, palygorskite, sepiolite and imogolite have been widely studied [45–55].
Sasaki et al. reported that Mg2+ and Si4+ ions released by a synthetic Mg-rich smectite clay mineral
can promote collagen formation and angiogenesis on skin wounds [56].

Moreover, palygorskite (“attapulgite”) has been used as scaffolding material when included
in poly(lactic-co-glycolic acid) nanofibers, being crucial for mesenchymal cell adhesion and
proliferation [57]. Sepiolite and palygorksite inhibit lipid peroxidation and possess anti-inflammatory
properties by reducing neutrophil migration and edema [58,59]. Pharmaceutical grade palygorskite
(Pharmasorb® colloidal) did not only demonstrate to be biocompatible but also to protect fibroblasts
from carvacrol cytotoxicity [6].

As discussed, both spring waters and clay minerals have been separately studied as potential
wound healing ingredients. Synergistic effects would be expectable when both ingredients are
formulated as spring-water/clay hydrogels. The role of these systems in wound healing studies has
been scarcely addressed. The existing studies include a clinical study of diabetic gangrenous wounds
treated with volcanic deposits muds [60], black-mud Dead Sea effects in wounded mice [61] and
wound healing activity of emulsions prepared with a Brazilian clay [62].

With these premises, spring water hydrogels have been recently formulated and characterized,
including mineralogical and chemical composition as well as textural and thermal properties, as a first
step in the design of pharmaceutical-grade systems [63]. The second step would involve the study and
evaluation of their biocompatibility. In this regard, the simplest starting point would include in vitro
biocompatibility studies over skin cells like fibroblasts and in vitro wound healing studies.

Particularly, the in vitro biocompatibility and cell gap motility (wound healing) properties of
two selected Spanish medicinal waters (obtained from Graena and Alicún de las Torres thermal
stations), two clay minerals (palygorskite and sepiolite) and their corresponding hydrogels were
studied. Additionally, particle size distribution and zeta potential measures as well as cation exchange
capacities of the solid phases were carried out. In vitro wound healing tests were also evaluated by
analyzing fibroblast F-actin microfilament organization by means of phalloidin staining. To the best of
the authors’ knowledge, this is the first time that nanoclay/spring water mineral medicinal hydrogels
have been evaluated in terms of in vitro cytotoxicity and wound healing.
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2. Materials and Methods

2.1. Materials

Two pharmaceutical grade clays granted by TOLSA company (Madrid, Spain)—magnesium
aluminum silicate (PS9) and attapulgite (G30)—with mineralogical identification previously evaluated
(Table 1) were used [63].

Table 1. Fibrous clay (PS9 and G30) mineralogical composition (modified from [63]).

PS9 G30

Mineralogical Composition

Sepiolite 92% Palygorskite 58%
Muscovite 8% Quartz 26%

Fluorapatite 7%
Smectites and sepiolite 6%

Calcite/dolomite 3%

Two medicinal waters from Graena (GR) and Alicún De Las Torres (ALI) thermal stations were used.
Both spring sources are located in Granada (Andalusia, Spain) and are classified as hypothermal (ALI)
and hyperthermal (GR), both of them having a strong mineralization [64,65]. Their pH, conductivity
and elemental compositions have been determined in a previous study, and results are summarized in
Table 2.

Table 2. Medicinal water characteristics and elemental composition determined by means of ICP-OES
and ICP-MS (modified from [63]).

ALI GR

pH ± s.d. 7.90 ± 0.0472 8.02 ± 0.0823
Conductivity (μS/cm) ± s.d. 2251.5 ± 6.74537 2465.5 ± 8.89482

E
le

m
e

n
ta

l
C

o
m

p
o

si
ti

o
n

Ca (mg/L) 348.00 460.00
Mg (mg/L) 109.0 88.00
Na (mg/L) 57.00 27.40
K (mg/L) 4.60 6.80
B (μg/L) 25.00 12.00

Ba (μg/L) 18.80 13.00
Cr (μg/L) 4.3 1
Zn (μg/L) 464.99 301.08
Mn (μg/L) <1 108.66
Li (μg/L) 244.2 65.00
Ni (μg/L) 9.4 5.20
Fe (μg/L) 6.00 21.00
Se (μg/L) 2.3 1.00

According to previous studies and characterizations [63], hydrogels were prepared mixing 10%
w/w of each clay mineral with the corresponding spring water, by means of a turbine high-speed
agitator (Silverson LT, Chesham, UK) at 8000 rpm for 10 min. The obtained hydrogels are summarized
in Table 3.

Table 3. Thermal muds tested, identification codes and composition.

Identification Code Composition

PS9ALI 10% w/w PS9, 90% w/w ALI
PS9GR 10% w/w PS9, 90% w/w GR
G30ALI 10% w/w G30, 90% w/w ALI
G30GR 10% w/w G30, 90% w/w GR
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2.2. Characterization of Inorganic Ingredients

2.2.1. Particle Size

Particle size distribution was determined by a Malvern Mastersizer 2000 LF granulometer (Malvern
InstrumentsTM). Measurements were performed in purified water after dispersing the solids by midst
sonication for 30 s. The amount of sample added in each experiment was determined by the real-time
laser obscuration degree indicated by “Mastersizer 2000” software. The optimal laser obscuration was
delimited between 10–20%. Three replicates were performed for each sample, and statistical particle
diameters (d10, d50, d90) were calculated together with the SPAN factor as an index of the amplitude of
particle size distribution calculated according to Equation (1).

SPAN =
d90−d10

d50
(1)

2.2.2. Cation Exchange Capacity

Cation exchange capacity (CEC) of PS9 and G30 was determined by dispersing 1 g of dry powder
in 25 mL of tetramethyl ammonium bromide (TMAB) aqueous solution (1 M). The resultant dispersions
were shaken in a Roller Mixer for 24 h and subsequently centrifuged (8000 rpm, 30 min) and filtered
(0.45 μm pore size, HAWP-Millipore filter). Three replicates were performed for each sample together
with two blanks of pure TMAB (1 M). The CEC determination is based on the exchange between
bromine (in the TMAB solution) and cations present in the clay. The main exchangeable cations released
from the clay mineral, once the Br exchanged, are K+, Na+, Mg2+ and Ca2+. Cations released, present
in the resultant solution, were determined by ICP-OES (Optima 8300 ICP-OES Spectrometer, Perkin
Elmer, Waltham, MA, USA), and CEC was calculated as the sum of exchangeable cations, expressed in
mEq/100 g of clay mineral.

2.2.3. Zeta Potential

Zeta-potential (ζ-potential) measurements determine the electrical potential difference between
the stationary layer of fluid surrounding the solid particles and the bulk (electric double layer).
Zeta potentials of different concentrations of PS9 and G30, suspended in Dulbecco’s modified
Eagle medium, supplemented with 10% fetal bovine serum, 200 IU/mL penicillin and 0.2 mg/mL
streptomycin, were also measured. Afterwards, ζ-potentials of the aforementioned suspensions
were determined by using an electrophoretic light scattering (ELS) Zetasizer Naso-ZTM (Malvern
Instruments, Worcestershire, UK). Samples were placed inside a folded capillary zeta potential cell
(DTS1061, Malvern Instruments). Three replicates were obtained for each sample, and analyses were
done at 25 ± 0.5 ◦C. During the analyses, 20 points were collected for each replicate and results
expressed in mV.

2.3. In Vitro Tests of Inorganic Ingredients, Spring Waters and Hydrogels

2.3.1. Biocompatibility Tests

Normal human dermal fibroblasts (NHDFs) from juvenile foreskin (PromoCell GmbH, Heidelberg,
Germany) were used. All cells were between the 10th and 13th passages. NHDFs were grown in
Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich®-Merck, Milan, Italy), supplemented
with 10% fetal bovine serum (FBS, Euroclone, Milan, Italy), 200 IU/mL penicillin and 0.2 mg/mL
streptomycin (PBI International, I), kept at 37 ◦C in a 5% CO2 atmosphere with 95% relative humidity
(RH). Fibroblasts were seeded in 96-well plates (area 0.34 cm2/well) at a density of 105 cells/cm2. Cells
were grown 24 h to obtain sub-confluence. Then, cell substrates were washed with saline solution,
and the cell substrates were put in contact with the samples. Biocompatibility of all samples was
assessed after 24 h contact between samples and NHDF cultures. Powdered PS9 and G30 clay minerals
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were used in concentrations of 1000, 500, 50 and 5 μg/mL. ALI and GR medicinal waters were used
in concentrations 0.25, 2.5, 25 and 50% v/v. Regarding PS9ALI, PS9GR, G30ALI and G30GR, cell
contact concentrations were prepared in order to have equal amounts of clay mineral with respect to
powdery samples, bearing in mind that hydrogels were prepared with 10% w/w of the corresponding
clay. Since the final amount of clay fibroblasts was put in contact with the same as in the experiments
with pristine clays, the same concentration codes (1000, 500, 50 and 5 μg/mL) were used. Briefly,
clay and hydrogel samples were dispersed in sterile Hanks’ Balanced Salt Solution (Sigma-Aldrich)
and mixed with Ultra-Turrax® (S 25N, -18G, IKA, Staufen, Germany) for 5 min, 150,000 rpm. These
initial suspensions were subsequently diluted in order to obtain samples having a concentration in the
range previously mentioned. Eight replicates were assessed for all samples and for the control (NHDF
cultures in pure DMEM phenol red).

After the 24 h contact, growth medium and samples were withdrawn from each well, and MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test was performed. This test is
based on the activity of mitochondrial dehydrogenases of vital cells that convert MTT in formazan
crystals. DMEM phenol red-free and 50 μL of MTT dissolution were added in each well, the final
MTT concentration being 2.5 mg/mL. MTT-NHDF contact was maintained for 3 h before the whole
supernatant was withdrawn and substituted by 100 μL of dimethyl sulfoxide solution (DMSO,
Sigma-Aldrich®-Merck, Milan, Italy) to dissolve formazan purple salts. The absorbance was assayed
at 570 nm by means of an ELISA plate reader (Imark Absorbance Reader, Bio-rad, Hercules, CA, USA),
with a reference wavelength set at 655 nm. Cell viability was calculated as % ratio of the absorbance of
each sample and the absorbance of the cells kept in contact with the growth medium (control).

2.3.2. Cell Motility Assay for Wound Healing

The gap closure cell motility assay is based on the employment of a Petri μ-Dish35 mm, low (Ibidi,
Giardini, Italy) in which a silicone insert is enclosed. The insert comprises two chambers with a growth
area of 0.22 cm2 divided by a septum with a width of cell-free gap of 500 ± 50 μm. NHDFs were seeded
in each chamber at 105 cells/cm2 concentration and were grown until confluence in the same conditions
described in Section 2.3.1. After 24 h, fibroblasts reached confluence, and the silicone inserts were
subsequently removed with sterile tweezers, displaying two areas of cell substrates divided by the
500 μm (± 50) gap.

Cell substrates were washed with sterile phosphate buffer solution (PBS; 10% v/v) to eliminate
debris. Then, they were put in contact with a final volume of 700 μL of phenol red DMEM in which
samples were included at determined concentrations. These concentrations were selected according to
MTT results. Particularly, PS9, G30, PS9ALI, PS9GR, G30ALI and G30GR were used in concentration
B (50 μg/mL of clay mineral), and spring waters were used in 2.5% v/v concentrations. Cells kept in
contact with pure growth medium were used as control.

Microphotographs were taken at prefixed time intervals (0, 24, 48 h) to evaluate cell growth
inside the gap. Anoptical microscope (Leica, DMI3000-B model) equipped with LAS EZ software was
used (Leica microsystems, Wetzlar, Germany). In order to analyze results in a more objective way,
the full area of the wound healing space was photographed in all samples. Then, wound closure was
monitored by measuring the remaining gap with ImageJ software. The percentage of wound closure
was calculated according to Equation (2), where WS0 stands for “wound space at time 0” and WS24 is
“wound space after 24 h”, both of them measured as an area (μm2).

% Wound closed after 24 h = 100 −
WS24

(
μm2
)
·100

WS0(μm2)
(2)

2.4. Confocal Laser Scanning Microscopy

An additional sequence of wound healing experiments was stopped at 24 h of growth in order
to study the morphology of fibroblasts during the wound closure procedure. NDHFs were washed
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three times with PBS (10% v/v) and fixed with glutaraldehyde solution in PBS (3% v/v, 800 μL;
Sigma-Aldrich®-Merck, Milan, Italy). Contact with glutaraldehyde was maintained for 2 h (4–8 ◦C),
and all samples were protected from light. Three PBS washes were once again performed prior to
fibroblast permeabilization. Permeabilization was performed by adding Triton X-10 (0.1% w/v) for
10 min at room temperature. Triple PBS wash was again performed. Fluorescein isothiocyanate (FITC,
λex = 495 nm; λem = 513 nm)-labeled phalloidin (Phalloidin-FITC, Sigma-Aldrich) was used to mark
polymerized F-actin in the cytoplasm of NHDF (50 μg/mL, darkness, 40 min at room temperature).
The procedure was defined according to fabricant indications. After several PBS washings aiming to
eliminate unbound phalloidin-FITC, fibroblast nuclei staining was done. Blue fluorescence nucleic
acid stain 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was used. This molecule binds to
double-stranded DNA, thus labelling nuclei (λex = 485 nm; λem = 552 nm). Contact between DAPI
and cells was maintained for 10 min at room temperature in darkness. Finally, samples were washed
and preserved in PBS (10% v/v) to avoid dryness. Confocal Laser Scanning Microscopy (CLSM)
microphotographs were obtained by a Leica TCS SP2 (Leica Microsystems, Milan, Italy). Images were
processed with ImageJ software.

2.5. Statistical Analysis

The statistical differences were determined by means of non-parametric Mann–Whitney (Wilcoxon)
W test. In all cases, SPSS Statistic software was used, and differences were considered significant at
p-values ≤ 0.05. Only significant differences are reported.

3. Results and Discussion

3.1. Caracterization of Inorganic Ingredients

3.1.1. Particle Size

The granulometric distribution of PS9 and G30 is plotted in Figure 1. Both samples were unimodal
and, therefore, homogeneous. PS9 showed to be finer than G30 (Table 4), the latter one slightly
asymmetric. Calculated SPAN factors showed that the amplitude of particle size distribution for both
samples had no significant difference (Table 4).

Table 4. Statistical particle diameters, SPAN factor (average ± s.d.; n = 3) and main modes of PS9 and
G30 clay minerals.

PS9 G30

d10 (μm) 4.0 ± 0.07 4.8 ± 0.03
d50 (μm) 9.9 ± 0.15 20.2 ± 0.03
d90 (μm) 23.9 ± 0.2 49.3 ± 0.10

SPAN Factor 2.0 ± 0.02 2.2 ± 0.01

Main Mode (μm) 8.9 28.3

In terms of hydrogels, the finer the particles of the solid phase, the higher the stability of the
resultant semisolid system (no phase separation) and the better the textural properties (smoothness).
Mineralogical composition of G30 (Table 1) included 26% w/w of quartz. The presence of this mineral
could influence rheology and textural properties of hydrogels. Particularly, it infers an abrasive texture
to the preparation if quartz particle sizes are big. Particle sizes higher than 150 μm could be abrasive,
particularly when they have remarkable hardness, such in the case of quartz [66]. Despite the presence
of 26% of quartz mineral in G30, its particles were smaller than 100 μm (Figure 1), which means that
resultant hydrogels possessed smooth textures, which are crucial for the acceptance of the patients [67].
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Figure 1. Particle size analysis of PS9 and G30. Differential analysis (up) and cumulative percentage of
particles (down).

3.1.2. Cation Exchange Capacity

The individual exchangeable elements and total CEC of PS9 and G30 are summarized in Table 5.
Total CEC values were inside the expected CEC limits for sepiolite (9.18 mEq/100 g) and palygorskite
(16.29 mEq/100 g) [68,69]. Sepiolite and palygorskite CEC are usually <25 mEq/100 g [70] with higher
values usually related to impurities [71–81]. The higher CEC showed by G30 with respect to PS9 could
be explained by the presence of 6% w/w of smectites and/or sepiolite in G30, as previously described.

Table 5. CEC results of PS9 and G30 (average mEq/100 g ± s.d.; n = 3).

mEq/100g PS9 G30

Na+ 0.70 ± 0.045 1.68 ± 0.071
K+ 0.33 ± 0.023 0.13 ± 0.032

Mg2+ 3.62 ± 0.341 7.61± 0.326
Ca2+ 4.53 ± 0.123 6.87± 0.186

Total 9.18 16.29

The main exchangeable cations for both clays were Mg2+ and Ca2+, which was in agreement with
the chemical composition of PS9 and G30 showed by X-ray fluorescence analysis [63], though Na+ and
K+ were also detected in small amounts. Na+, K+, Mg2+ and Ca2+ are essential elements since they are
widely found inside and outside human cells [82–84]. The presence of suitable levels of ions such as
calcium, magnesium, sodium and potassium in the wound bed are important to enhance the healing
process. They allow the activity of the enzymes involved in the healing process, leading to the cascade
of the repairing and regenerative processes. Specifically, calcium and magnesium levels should raise
during the first 5 d of wound healing in order to promote granulation tissue formation and epidermal
cell proliferation [85]. Moreover, during the restoration of the trans-epithelial potential of cells in the

115



Pharmaceutics 2020, 12, 467

damaged tissue, Na+, K+ and/or Ca2+ play a crucial role [86]. The bioavailability of these cations in the
wound site should promote the healing process and contribute to fasten the damaged area reparation.

Mg2+ cations, abundant in both ALI and GR, have demonstrated remarkable properties for
tissue regeneration and repair, particularly in the promotion of collagen formation and angiogenesis
on skin wounds [56,87]. For this reason, it is conceivable that ALI and GR should perform wound
healing effects, as previously remarked. The maximum exchangeable amount of Mg2+ from PS9
and G30 corresponded to 17.67 and 37.14 mg/L, respectively (Table 5). Magnesium concentration
due to the spring water was 5–12 mg/L, and this proved to be effective during wound healing by
Sasaki et al. [56]. Consequently, both PS9 and G30 were considered as potentially effective minerals
due to their exchangeable Mg2+ content.

Normal homeostasis of mammalian skin is also maintained by elements such as calcium,
modulating keratinocyte and fibroblast proliferation and differentiation [88]. Certain skin disorders,
such as psoriasis, have been related to Ca2+ disorders in keratinocytes [89,90]. Extracellular calcium
is a determinant factor in the differentiation and maturation of fibroblasts, and its effectiveness is
dose-dependent [89] Another recent study on wound healing demonstrated that calcium cations released
from a calcium alginate wound dressing promoted endothelial cell growth and proliferation [91].

Zinc is also important during wound healing steps [85,88], though it was not detected as an
exchangeable cation of PS9 nor G30 through the ICP-OES measurements performed. However, both
ALI and GR waters contained Zn (Table 2).

Potassium has also demonstrated to favor wound healing (fibroblast differentiation, re-epithelialization,
migration and proliferation of dermal cells), so its presence both in spring waters and hydrogels is considered
as a positive feature [92,93].

3.1.3. Zeta Potential

Zeta-potential results of PS9 and G30 at different concentrations are presented in Figure 2.
Regarding ζ potential of minerals in pH 7 buffer, PS9 and G30 results were in agreement with other
sepiolite and palygorskite samples previously studied [94–96]. In particular, the zeta potential of PS9
in aqueous pH 7 solution was more negative (higher) than that of G30.

 

Figure 2. Zeta potential variations of PS9 and G30 (mean values ± s.d.; n = 3) in pH 7 buffer and
complete DMEM culture medium at different concentrations.

It has been demonstrated that surface charge of nanoparticles has the potential to influence cell
viability [97]. The importance of clay particle zeta potentials during biocompatibility and wound
healing tests lies in the fact that cells possess a negative surface zeta potential. Negative zeta potential
is one of the most decisive factors of biocompatible materials, showing higher cell viability [98,99]. It is
known that particles with positive zeta potentials interact and/or penetrate cells easily due to their
opposite charge, thus being one of the main strategies to improve transfection efficiency [100,101].
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Negatively charged particles have also proved to interact with cells up to a certain extent and even
be able to enter by endocytosis-mediated mechanisms [102,103], although this happens with higher
difficulty for negative particles than for positive ones. The uncontrolled entrance of certain substances
into the cells could jeopardize their viability, thus inferring that positively charged materials are more
likely to put the cell viability at risk.

Another factor by which nanoparticle surface charge demonstrated to influence cell viability
is due to their agglomeration state [99]. Berg and co-workers revealed that hepatocytes showed
less viability when exposed to metal nanoparticles with zeta potentials close to their isoelectric
point [97]. This change in zeta potential was also strongly related to the agglomeration state of the
very same particles. That is, the more neutral the nanoparticles are, the more easily they aggregate
and, subsequently, the faster their precipitation over the cell tapestry and/or their interaction with the
negatively charged cell membranes.

Cell media, such as DMEM, have demonstrated to significantly modify zeta potential of different
suspended particles [104–106]. These changes are ascribed to the presence of a wide variety of charged
molecules such as amino acids and vitamins, among others. The interaction of clay particles with these
molecules changes the zeta potential of the former ones. In fact, PS9 and G30 suffered a significant
change of zeta potential when added to full DMEM culture medium (Figure 2). In this occasion,
no significant differences were found between PS9 and G30 values, thus confirming that the resultant
surface charges of the particles is governed by the culture medium. Therefore, during biocompatibility
and wound healing tests, clay particles should maintain a −10 mV zeta potential. The reduction of zeta
potential strength would reduce the stability of the clay suspensions, making them less flocculated and,
consequently, more prone to precipitation phenomena. Precipitation of clay particles could hinder cell
viability by cell suffocation. Nonetheless, the fact that they still showed a negative surface charge would
hinder the entrance of clay particles inside cells. These results will be confirmed by MTT analysis.

3.2. In Vitro Tests of Inorganic Ingredients, Spring Waters and Hydrogels

3.2.1. Biocompatibility Tests

Biocompatibility results on NHDF treated with medicinal ALI and GR waters for 24 h are plotted
in Figure 3. No significant differences were found, even when multiple comparisons were performed.
In fact, ALI and GR viability results were around 100% for all water dilutions. Therefore, mineral
medicinal waters studied in this work did not hinder dermal fibroblasts viability, thus determining
their biocompatibility. Internal comparisons between ALI and GR concentrations were also performed.
Mann–Whitney marked differences in ALI viability were between 50% vs. 0.25% and 25% vs. 0.25%
(Figure 3). Su et al. detected an optimal dilution of a concentrated underground mineral spring water
that made skin cells to grow better in comparison with other dilutions [107]. By the same token, ALI
concentrations higher than 25% (v/v) could allow slightly better NHDF growth performances with
respect to more diluted samples.

PS9 clay mineral and corresponding peloids PS9ALI and PS9GR are plotted in Figure 4 (left) as well
as G30 and its corresponding peloids G30ALI and G30GR Figure 4 (right). In a general view, the lower
the sample concentration (either clay or thermal mud), the higher the cell viability. None of the samples
nor their concentrations presented a cellular viability below 80%. This fact indicated the absence of
drastic cellular cytotoxicity within 24 h. With respect to PS9 and G30 clays, it was possible to observe a
slight reduction of the cellular viability (with respect to GM) as the clay concentration increased. In fact,
when the clay mineral concentration corresponded to 1 mg/mL, cellular viability was close to 80%
(for both pristine clays and thermal muds). Nonetheless, statistical analyses indicated no significant
differences between PS9 and G30 1000 μg/mL concentrations vs. GM, which confirmed that PS9 and
G30 were highly biocompatible against NHDF cells. G30 5 μg/mL concentration showed significant
differences vs. GM. Notably, the lower the concentration of the clay, the better the cellular proliferation.
It has been suggested by some studies that the precipitation of clay minerals could hinder cell viability
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by some sort of physical effect [50,103]. The biocompatibility of Veegum HS© (Bentonite clay) was
evaluated by Salcedo et al., finding that at 167 μg/mL of Veegum HS© concentration the viability of
Caco-2 cells reduced approximately to 50% [50]. This effect was ascribed to the precipitation of clay
particles, which blocked cell membrane channels. According to the authors, montmorillonite had a
particle size ranging from 45–75 μm [50], which is a particle size range very similar to that of PS9 and
G30. In these conditions, it was argued that if the precipitation of clay particles occurred, cell viability
could be compromised at concentrations ≥160 μg/mL. On the contrary, neither PS9 nor G30 showed
fibroblasts viabilities lower than 50% even at the highest concentration tested, thus demonstrating to
possess a remarkable biocompatibility.

Figure 3. Biocompatibility tests (contact time 24 h) of ALI and GR medicinal waters. Viability (%) vs.
medicinal water concentration (% v/v) toward NHDF. GM stands for “growth medium” and refers to
control test. Mean values ± s.d.; n = 8. Significant differences are marked as (•) ALI 50% (v/v) vs. ALI
0.25% (v/v); (�) ALI 25% (v/v) vs. ALI 0.25% (v/v). Mann–Whitney (Wilcoxon) W tests, p values ≤ 0.05.

Figure 4. Biocompatibility tests (contact time 24 h) of PS9, PS9ALI and PS9GR (left) and G30, G30ALI
and G30GR (right). Viability (%) vs. clay concentrations toward NHDF. GM stands for “growth
medium” and refers to control test. Mean values ± s.d.; n = 8. Significant differences were reported
within the figure (down) as “sig” which refers to “p-values”.
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Internal statistical studies for PS9 and G30 results detected significant differences in G30 1000μg/mL
vs. 50 μg/mL and 5 μg/mL. For PS9, concentrations of PS9 1000 and 500 μg/mL differed both between
them as well as with 50 and 5 μg/mL (see Figure 4). These findings mean that, for both clays,
smaller clay amounts in contact with fibroblasts were characterized by a higher degree of fibroblast
biocompatibility. The biocompatibility results obtained for both clays were in agreement with the
existing literature. Sepiolite clay mineral (Pangel S9) has been previously tested by Fukushima et al.
towards fibroblasts and osteoblasts [108]. In this case, authors combined 10% of sepiolite with
poly(butylene adipate-co-terephthalate) reporting no cytotoxicity. A Tolsa’s Group sepiolite clay
was also employed by Fernandes et al. [109]. In this case, they reported a reduction of HeLa cell
viability of 50% when sepiolite was present in 1000 μg/mL concentration. No such a reduction was
found in this work when PS9 was used at the same concentration. Nonetheless, these differences
could be ascribed to differences in the type of cell culture [110]. Apart from anti-inflammatory,
antibacterial and anti-oxidant properties of a natural Spanish palygorskite, its cytotoxicity against
murine macrophages has been reported to start from 300 μg/mL onwards [58,59]. Particularly, authors
reported a reduction of 20% viability at the aforementioned concentration. Once again, in the present
study, G30 showed higher biocompatibility (at least against fibroblasts) because, even at 500 μg/mL
concentration, fibroblasts did not show a viability reduction. In more recent studies, pharmaceutical
grade palygorskite (Pharmasorb® colloidal) was able to protect human dermal fibroblasts against
carvacrol cytotoxicity at clay concentrations ranging from 8 to 12 μg/mL [6].

Neither PS9ALI nor PS9GR showed significant differences between GM and tested concentrations,
thus demonstrating the total biocompatibility of these hydrogels. Statistically, PS9ALI and PS9GR
thermal mud showed similar significant differences between concentrations, following the same trend
previously described for PS9. In fact, 50 and 5 μg/mL clay concentrations apparently favored cellular
viability (Figure 4, left). The agreement among PS9ALI, PS9GR and PS9 biocompatibility results
allowed the confirmation of their reproducibility. Both PS9ALI and PS9GR, as well as PS9, shared
significant differences of concentration 50 μg/mL due to the higher viability results obtained at this
concentration (Figure 4, left).

Regarding G30ALI and G30GR peloids, Mann–Whitney statistical analysis pointed out significant
discrepancy in activity between G30ALI GM and 1000 μg/mL concentration vs. 5 μg/mL and between
G30GR 1000 μg/mL vs. 50 μg/mL (as specified in Figure 4, right). Since the same trend has been
reported for G30 samples, once again it was possible to confirm the reproducibility of the results.

Despite the complexity generated by the statistical analysis, all solid samples (Figure 4) showed a
better result for 50 μg/mL concentration, always with cellular viabilities higher than 100%. According
to these findings, 50 μg/mL clay concentration was the safest/most ideal one for fibroblast cultures,
regardless of the type (PS9 or G30) or the origin of the clay (powder or thermal mud). It is also important
not to forget the fact that all the tested concentrations were biocompatible for fibroblasts within 24 h
of contact. Due to the conclusions reached with the MTT test, 50 μg/mL was the clay concentration
selected for further studies including cell motility assay (wound healing) and proliferation CLSM tests.
For spring waters, 50% v/v concentration was used.

3.2.2. Cell Motility Assay for Wound Healing

Microscopy images of gap closure results are reported in Figures 5–7. ALI and GR samples
were tested at 50% (v/v) concentration, while PS9, G30, PS9ALI, PS9GR, G30ALI and G30GR were
tested at 50 μg/mL of clay mineral. The microphotographs taken at zero time (0 h) showed for all the
samples the presence of defined gaps mimicking wounds. Normal fibroblasts grown at confluence
were clearly visible in each side of the wound. The time 0 gaps were reported to measure approximately
500 μm, which was in agreement with the variability of the silicone inserts of the Petri μ-Dishes
used (500 ± 50 μm). Insoluble clay particles were visible in the cultures treated with PS9, G30 and
hydrogels PS9ALI, PS9GR, G30ALI and G30GR, unlike GM, ALI and GR. In all cases, after 24 h,
fibroblasts started to invade the gap and even established contact with the cells of the opposite side
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in certain points of some samples. NHDF cells also maintained their typical fusiform morphology
during the whole experiment. These facts confirmed that the presence of spring waters, clay or
hydrogels did not impair cell growth. This was in line with the biocompatibility results previously
discussed. In all cases, fibroblasts crossed the empty zone after 48 h, thus forming anastomosis.
In spring water ALI and GR samples, fibroblasts of both sides of the wound established contact within
24 h (Figure 5). In comparison with the control (GM), it was clear that the addition of ALI and GR
favored wound closure, since the contact points between fibroblasts were more numerous. According
to the measurements of the wounded area performed by image analysis, ALI and GR samples covered,
respectively, 62.9% and 59.1% of the initial wounded area, whereas GM covered about 31.8% of the
wound (Figure 8). After 48 h all the cell substrates reached confluence, and this further supports the
biocompatibility of the hydrogels and their components in vitro. Previous works have claimed that the
presence of elements such as B3+ and Mn+2 in keratinocyte culture mediums induced the migration
of these cells [30]. They tested boron and manganese at different concentrations (500–1000 μg/L and
100–1500 μg/L, respectively). In fact, keratinocytes in contact with these elements were able to cover
the artificial gap (scratch-assay method) with 20% more efficiency with respect to the control group
(without B3+ and Mn+2) in 24 h. ALI and GR chemical compositions have been previously reported by
Aguzzi et al. [111] and García-Villén et al. [63] (Table 3). The absence of significant differences between
GR, ALI and GM groups further confirmed the biocompatibility of both mineral medicinal waters
since they did not hinder wound closure. The presence of B3+ and Mn+2 in both GR and ALI could
explain why they did not interfere with cell motility during wound healing in a significant manner.
Other elements such as As3+ and Fe2+ (both presents in ALI and GR waters) have also demonstrated to
improve wound healing, particularly of the nasal mucosa [112]. General skin regenerative properties of
spring waters have been reported in the literature [32–34,113]. The study of Liang et al. demonstrated
that skin regenerative properties of Nagano spring water were related to the spring water chemical
composition, with no influence of microorganisms [31]. Another beneficial effect that could be ascribed
to ALI and GR according to their chemical composition is the protective effect against oxidative stress
due to the presence of sulfur [114].

 
Figure 5. Optical microscopy of wound healing tests for control group (GM) and spring waters (ALI and
GR) at 50% (v/v) culture concentration.
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Figure 6. Optical microscopy of wound healing tests for control group (GM), PS9 clay mineral and
corresponding peloids PS9ALI and PS9GR, all of them with a clay concentration of 50 μg/mL.

 
Figure 7. Optical microscopy of wound healing tests for control group (GM), G30 clay mineral and
corresponding peloids G30ALI and G30GR, all of them with a clay concentration of 50 μg/mL.

121



Pharmaceutics 2020, 12, 467

 

Figure 8. Histogram of % wound reduction after 24 h, calculated according to Equation (2). Mean
values ± s.d. (n = 6). Significant differences between samples and GM are marked with *.

Regarding PS9 and G30 clay samples (Figures 6 and 7), it was not possible to find zones with
full fibroblast confluence after 48 h, though both sides of the wound were able to establish contact
at this time. Fibroblast contacts of PS9 and G30 samples in the culture medium were slower with
respect to GM. According to MTT results (Section 3.2.1), which were also performed for 24 h, pristine
clays did not hinder cell viability. However, their presence seemed to impede fibroblast mobility
during the wound healing assay, slowing down the total gap closure with respect to GM and studied
peloids. In fact, the uncovered gap width after 24 h was significantly higher for PS9 and G30 with
respect to the rest of the samples (Figure 8), thus indicating a slower coverage of the wounded
area. For these similar samples, the majority of insoluble particles visible within the cell substrate
were concentrated adjacent to or over/inside fibroblasts. It is well known that cell membranes are
negatively charged and can be penetrated by positive substances. Negatively charged particles can
also interact and even penetrate cells by endocytosis-mediated mechanisms [102,103,115]. According
to the zeta potential results previously reported (Figure 2), PS9 and G30 had a negative net charge
in the major part of the pH range tested. These clay particles could interact between them (thus
forming bigger aggregates) and with cells by establishing interactions such as Van der Waals forces.
This hypothesis was the starting point of Abduljauwad and Ahmed, who proposed that the interaction
between clay minerals and cells would hinder cell migration [116]. They evaluated the roles of
montmorillonite, hectorite and palygorskite particles in cancer cell migration and demonstrated these
materials could prevent cellular metastasis. Results of scratch-induced wound healing assays reported
by these authors demonstrated that clay mineral particles significantly delayed the gap closure in
comparison with control experiments. For instance, while the control showed full gap closure within
24 h, palygorskite showed a mean gap closure of 59 ± 3% after 24 h. Polymeric composite films
containing montmorillonite were evaluated by Salcedo et al. [50] and Mishra et al. [117]. The scratch
assay showed, in both cases, that the presence of montmorillonite particles alone was able to alter cell
behavior (Caco-2 and fibroblasts, respectively for each study), slowing down the gap closure. Similar
results were reported by Vaiana et al. on montmorillonite and keratinocytes [118]. These results were
in agreement with PS9 and G30 performances during wound healing: though clays were not cytotoxic,
more time would be necessary to obtain complete cell confluence within the artificial wound (gap) in
their presence. The biocompatibility and safety of natural clay minerals such as palygorskite during
wound healing was also supported by in vivo studies. A natural Brazilian palygorskite was tested for
in vivo wound healing of rats [119]. In comparison with functionalized clay minerals, the natural one
provided more advanced and safer wound healing, since histological cuts demonstrated the presence
of dermal papilla and hair follicles after 14 d of treatment [119].
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The presence of hydrogels promoted in vitro fibroblast mobility during wound healing processes.
In fact, coverage of the artificial gap was faster for PS9ALI, PS9GR, G30ALI and G30GR with respect
to GM and pristine clays (Figure 8). It is worth to note that all therapeutic muds were used in
concentrations equal to the powdered clay samples. That is, the amount of peloid within the culture
medium was higher in order to compensate for them only possessing a 10% w/w of clay mineral.
Whatsoever the nature of the interaction between clay particles and fibroblasts, responsible for the gap
closure deceleration (observed in PS9 and G30 tests), it was reduced to a minimum when it came to
thermal mud formulations. In fact, significant differences were found between gap closures of peloids
vs. GM, demonstrating that the evaluated hydrogels induced a positive effect during wound healing.

These results are supported by previous studies in which clay minerals have reported to
exert neutral or positive wound healing effects when combined with other substances [44,120].
For instance, no significant changes have been found during in vitro wound healing studies of
montmorillonite–chitosan–silver sulfadiazine nanocomposites with respect to the control. That is,
the presence of the clay mineral did not hinder the gap closure procedure and did not affect fibroblast
phenotypes [54]. On the other hand, better skin re-epithelialization and reorganization have been
found when halloysite and chitosan were combined to form a nanocomposite with respect to the use
of both materials independently [47]. In vivo infected wound treatment with silver nanoparticles
was improved by the use of montmorillonite as a carrier, which reduced the drug cytotoxicity [121].
Montmorillonite also demonstrated to exert a wound healing effect when combined with chitosan
and polyvinylpyrrolidone polymers [48]. The nanocomposite films containing bentonite increased the
in vivo wound healing processes in mice when compared with the formulations without the clay. For
instance, wound closure after 16 d was 92–93% for samples without clay and 95–97% for those with
montomorillonite, and all of them were higher than the negative control at the same time (84%) [48].

Despite the scarce literature regarding the use of therapeutic muds in skin regenerative properties,
the existing studies were also in agreement with the present observations. Thermal mud treatments
with volcanic deposits of Azerbaijan facilitated the healing of chronic gangrenous wounds of diabetic
patients [60]. The major part of the patients subjected to pelotherapy reached total wound recovery by
the end of the treatment. Two natural Dead Sea black mud samples were evaluated by Abu-al-Basal
for their in vivo wound healing properties [61]. One of them was used in its pristine state, while the
other was formulated in form of a facial mask by adding plant extracts and vitamin E. Both samples
accelerated the wound healing process by enhancing granulation, wound contraction, epithelialization,
angiogenesis and collagen deposition. Another in vivo wound healing study was performed by
Dário et al. [62]. They evaluated a natural peloid extracted from Ocara Lake (northeast of Brazil),
which was sieved, solid-state characterized and sterilized. The solid fraction was mainly composed of
quartz, illite and kaolinite, and it was formulated as an emulsion. The emulsion was put in contact
with injured Wistar rats. The formulation including the Ocara Lake solid fraction induced histological
changes in the deep dermis that allowed an effective healing with respect to control groups. On the other
hand, there is evidence in literature about the anti-inflammatory properties of peloids [122]. Moreover, a
recent study focusing on fibrous clays suggests that sepiolite and palygorskite, the main components of
PS9 and G30, respectively, did not influence the in vitro NO (inflammation signal) production of murine
macrophages (RAW 264.7). Furthermore, both clays decreased the leucocyte infiltration shortly after
exposure in vivo on mouse ear edema (12-O-tetradecanoylphorbol-13-acetate (TPA) as inflammatory
agent). In particular, sepiolite and palygorskite caused decreases on the number of infiltrated
cells per field [59]. Analogously, other clay minerals, as halloysite and montmorillonite, proved
macrophage cytocompatibility and negligible secretion of TNFa, as proinflammatory cytokines [123].
The anti-inflammatory properties of clays could control the inflammatory phase in the healing process,
shortening healing time and avoiding wound chronicity.
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3.3. Confocal Laser Scanning Microscopy

CLSM microphotograph results (Figure 9) showed fluorescence of fibroblast nuclei and cytoplasm.
Green fluorescence is due to the binding of phalloidin specifically with F-actin, and the blue one is
due to 4’,6-diamidino-2-phenylindole (DAPI) bounded to DNA. Morphology of fibroblasts during
wound healing is very important, since it gives information about migration and adhesion of cells.
F-actin filaments facilitate cell–cell interaction and tissue regeneration [124]. In all samples, regardless
of the type of sample with which fibroblasts were put in contact with, NHDF showed typical fusiform
morphology. Moreover, fibroblasts located in the wounded area possessed typical morphology of
migrating cells. Therefore, it was possible to identify retraction/protrusion parts of fibroblasts due to
the position of F-actin. Typical actin filament structures were detectable in all samples: lamellipodia,
filopodia and stress fibers (dorsal stress fibers and transverse arcs). Moreover, fibroblasts in mitosis
were also visible in some points.

Regarding the speed of wound closure, the CLSM results were in agreement with those obtained
by optical microscopy. GM control after 24 h demonstrated that NHDFs were able to make contact
and started to close the gap, though yet some empty zones were clearly visible. The number of cells
inside the wound gap in ALI and GR samples was higher than that in GM. PS9 and G30 showed
the worst result in terms of “gap closure”, which confirmed the previous results. Once again, it was
possible to observe that the “slowing down” effect of PS9 and G30 did not happen when both clays
were formulated in form of nanoclay/spring water hydrogels. Particularly, hydrogels G30ALI, G30GR,
PS9ALI and PS9GR induced a faster wound healing with respect to the rest of the samples.

Figure 9. Cont.
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Figure 9. CLSM microphotographs during wound healing. NHDMs were stained with phalloidin-FITC
(green, F-actin filaments) and DAPI (blue, nucleus). Green arrows indicate the migration direction;
different F-actin structures have been identified by L (lamellipodia), F (filopodia), SF (stress fibers) and
DSF (dorsal stress fibers). Additionally, M stands for (mitosis) and CP stands for (clay particles).

4. Conclusions

Fibroblast biocompatibility and wound healing efficacy of inorganic hydrogels formulated with
two nanoclays in two natural spring waters have been studied. Both spring waters were fully
biocompatible and favored wound healing, inducing faster gap closure with respect to control.
The studied nanoclays did not interfere with cell viability to a great extent (≥80% of cell viability), thus
not being cytotoxic at the studied concentrations. Nonetheless, they interfered with the in vitro wound
healing processes, slightly delaying gap closure when used as powders. This effect could be ascribed
to the presence of non-flocculated nanoclay particles in the culture medium. Hydrogels formulated
with the aforementioned ingredients did not hindered gap closure and reported a higher percentage of
wound closure after 24 h with respect to the control.

In conclusion, this study has demonstrated the usefulness and potential of PS9 and G30
clay minerals as excipients in the preparation of hydrogels intended for wound healing and other
therapeutic uses. Maximum in vitro wound healing effects were achieved by using PS9 in the
formulation of the hydrogels. These promising results encourage the use of clay minerals as wound
healing ingredients. Thermal center treatments are mostly focused on the physical effects of thermal
muds, which are very effective against musculoskeletal disorders. Nonetheless, the findings of this
study have opened new perspectives, since the addressed nanoclay/spring water hydrogels could also
be used to treat chronic wounds.
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Abstract: Infections in nonhealing wounds remain one of the major challenges. Recently, nanomedicine
approach seems a valid option to overcome the antibiotic resistance mechanisms. The aim of this
study was the development of three types of polysaccharide-based scaffolds (chitosan-based (CH),
chitosan/chondroitin sulfate-based (CH/CS), chitosan/hyaluronic acid-based (CH/HA)), as dermal
substitutes, to be loaded with norfloxacin, intended for the treatment of infected wounds. The scaffolds
have been loaded with norfloxacin as a free drug (N scaffolds) or in montmorillonite nanocomposite
(H—hybrid-scaffolds). Chitosan/glycosaminoglycan (chondroitin sulfate or hyaluronic acid) scaffolds
were prepared by means of electrospinning with a simple, one-step process. The scaffolds were
characterized by 500 nm diameter fibers with homogeneous structures when norfloxacin was loaded
as a free drug. On the contrary, the presence of nanocomposite caused a certain degree of surface
roughness, with fibers having 1000 nm diameters. The presence of norfloxacin–montmorillonite
nanocomposite (1%) caused higher deformability (90–120%) and lower elasticity (5–10 mN/cm2),
decreasing the mechanical resistance of the systems. All the scaffolds were proven to be degraded
via lysozyme (this should ensure scaffold resorption) and this sustained the drug release (from 50%
to 100% in 3 days, depending on system composition), especially when the drug was loaded in
the scaffolds as a nanocomposite. Moreover, the scaffolds were able to decrease the bioburden at
least 100-fold, proving that drug loading in the scaffolds did not impair the antimicrobial activity of
norfloxacin. Chondroitin sulfate and montmorillonite in the scaffolds are proven to possess a synergic
performance, enhancing the fibroblast proliferation without impairing norfloxacin’s antimicrobial
properties. The scaffold based on chondroitin sulfate, containing 1% norfloxacin in the nanocomposite,
demonstrated adequate stiffness to sustain fibroblast proliferation and the capability to sustain
antimicrobial properties to prevent/treat nonhealing wound infection during the healing process.

Keywords: electrospinning; chitosan; glycosaminoglycans; scaffolds; fibroblasts proliferation;
antimicrobial properties

1. Introduction

The skin is the major protective barrier against the environment and the loss its integrity, as a
result of injury or illness, may lead to morbidity or even death.

Wound healing is a complex event, based on overlapping but well-orchestrated cellular and
molecular processes, to repair damaged tissue and restore skin function [1,2]. The process of healing
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proceeds through different phases (hemostasis, inflammatory, proliferative and remodeling) and
involves extracellular matrix (ECM) molecules, soluble mediators, as cytokines and growth factors,
various resident cells, and infiltrating leucocytes. In nonhealing wounds, the healing process stops at
the inflammatory state, and chronic wounds, such as venous leg ulcers, arterial ulcers, diabetic ulcers,
and pressure ulcers, i.e., bed sores, fail to proceed through an orderly and timely process to restore
skin anatomical and functional integrity [1,2]. Moreover, all of these wounds are contaminated by
proliferating bacteria from the surrounding skin, the local environment, and the endogenous patient
sources, resulting in wound colonization [3,4]. This could enhance or impair wound healing, depending
on the bacterial load. In the absence of an effective immune response, impeded by underlying morbidity,
as venous and arterial insufficiency, diabetes, or ageing, bacterial colonization becomes critical and
an unavoidable transition towards infection occurs [3,4]. In fact, the exposed subcutaneous tissue
provides a favorable substrate for the microbial growth of a wide variety of microorganisms. Moreover,
a longer healing time could dramatically increase the possible occurrence of infection and biofilm
formation [4,5].

Infections in nonhealing wounds remain one of the major challenges. Although appropriate
systemic antibiotics are considered essential for the treatment of clinically infected wounds, topical
antibiotics are not recommended since they could promote bacterial resistance. Recently, a nanomedicine
approach, creating antimicrobial nanotherapeutics, has appeared to be a valid option to eliminate
bacterial infections, since nanomaterials can overcome antibiotic resistance mechanisms, owing to
their unique and advantageous physico-chemical properties [6,7]. In fact, several studies report
that nanosystems interact with microorganisms upon multiple mechanisms, including electrostatic
attraction, hydrophobic and Van der Waals forces through surface interactions, and this makes them
promising candidates to achieve enhanced therapeutic efficacy against multidrug resistant (MDR)
infections [6,7]. Considering this evidence, in this work, a norfloxacin–montmorillonite nanocomposite
(VHS-N), previously prepared by an intercalation solution procedure, was encapsulated in nanofibrous
scaffolds, since it proved to increase drug potency against both Pseudomonas aeruginosa and Staphylococcus
aureus (probably due to the high surface area to volume ratio, which increases the contact area with
target organisms), maintaining cytocompatibility towards fibroblasts in vitro [8].

Given this premise, the aim of this study was the loading of montmorillonite norfloxacin
nanocomposite (VHS-N) in three types of biopolymer–polysaccharide-based scaffolds (chitosan-based
(CH), chitosan/chondroitin sulfate-based (CH/CS), chitosan/hyaluronic acid-based (CH/HA) (H hybrid
scaffolds) to obtain dermal substitutes, intended for the treatment of wounds prone to infection, such as
chronic ulcers (diabetic foot, venous leg ulcers) and burns.

The hybrid scaffolds were compared with scaffolds with the same compositions in polysaccharides,
but loaded with norfloxacin as a free drug (N scaffolds).

The unloaded scaffolds were previously designed and developed [9,10]. Briefly, chitosan and
chitosan/glycosaminoglycan electrospun scaffolds were manufactured using electrospinning by means
of a simple/single-step process. Polymeric blends in water/acetic acid mixture were electrospun and the
resulting random scaffolds were crosslinked by heating to obtain water resistant systems. The scaffolds
proved their effectiveness in enhancing cell growth in vitro (fibroblasts and endothelial cells) and
wound healing in vivo in a murine, burn/excisional model [9]. Moreover, lysozyme, normally secreted
by macrophages and polymorphonuclear neutrophilis during the inflammatory phase of the healing
process, proved to degrade the scaffolds in vitro [10].

Chitosan, glycosaminoglycans and pullulan were selected since they are polysaccharide
biopolymers (organic molecules synthesized by the living organisms [11]), and biopolymers are
recognized as the most promising materials in wound healing since they are characterized by having
many advantages over synthetic materials because of their biocompatibility, biodegradability, lower
antigenicity and renewability [11]. Therefore, although there are some examples in the literature
focused on the enhancement of wound healing using antimicrobial loaded electrospun scaffolds/
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dressings [12–15], those were in large part based on synthetic polymers, as polycaprolactone [12–14] or
polyethylene glycol [15], and produced using critical solvents such as formic acid [12], or chloroform [15].

Furthermore, biomaterial-based complex nanostructures developed by electrospinning could lead
to great advancements in the drug delivery and bioengineering/biomedical panorama [16]. In fact,
electrospinning is a robust and on-demand process with high-throughput capable of making available
broadly used drugs, such as antibiotics/chemotherapeutics, and enhancing their activities thanks
to the nanostructure. Moreover, the electrospun materials are characterized by high mimicry and
mechanical properties capable of modulating biological processes and determining cell fate, as the case
of biochemical signals [17].

2. Materials and Methods

2.1. Materials

Chitosan (CH) (β-(1-4)-linked D-glucosamine and N-acetyl-d-glucosamine) with a low molecular
weight of 251 kDa, deacetylation degree 98%, (ChitoClear, Giusto Faravelli, Milan, Italy); chondroitin
sodium sulfate (CS) (β-1,4-linked d-glucuronic acid and β-1,3-linked N-acetyl galactosamine) bovine
100 EP, with a low molecular weight of 14 kDa, mixture of chondroitin A (chondroitin 4 sulfate) and
chondroitin C (chondroitin 6 sulfate) (Bioiberica, Barcellona, Spain); hyaluronic acid (HA) (based on
β -1,3-linked N-acetylglucosamine and β-(1,4)-d-glucuronic acid) with a low molecular weight of
212 kDa (Bioiberica, Barcellona, Spain); and pullulan (PUL) (based on maltotriose repeating units,
linear α 1-4 and α 1-6 glucan, produced by Aureobasidium pullulans) with a low molecular weight
of ~200–300 kDa (food grade, Hayashibara, Japan, Giusto Faravelli, Milan, Italy) were used for the
scaffold preparations. Citric acid (CA) (monohydrated citric acid, European Pharmacopeia grade,
Carlo Erba, Milan, Italy) was used as a crosslinking agent. Norfloxacin (N) (Sigma-Aldrich, Milan,
Italy) was used as an antimicrobial drug.

2.2. Methods

2.2.1. Preparation of the Polymer Blends

All the polymeric blends were based on: PUL, CH and CA; PUL, CH and CA containing CS or
HA. PUL solution was prepared in distilled water and CS or HA were added to PUL, thus preparing
three different solutions: PUL; PUL/CS and PUL/HA. N, as a free drug, or loaded in a hybrid system
(H) (nanocomposite based on VHS and N [8]), was mixed with PUL, PUL/CS or PUL/HA. Then,
CH was hydrated in acetic acid and CA was added. Three different polymeric blends were prepared
by mixing each PUL, PUL/CS, and PUL/HA with CH solution at 1:1 weight ratio and norfloxacin
concentration was 0.15% or 0.30% w/w, respectively, corresponding to 1% or 2% w/w in dry systems,
after electrospinning. The composition of the blends prepared is reported in Table 1.

Table 1. Quali-quantitative composition of polymeric blends.

% w/w PUL CH CA CS HA N VHS H2O/CH3COOH

CH-N1

10 2.5 2.5

– – 0.15 –

55/45

CH-N2 – – 0.30 –
CH-H1 – – 0.15 0.94
CH-H2 – – 0.30 1.88

CH/CS-N1 0.5 – 0.15 –
CH/CS-N2 0.5 – 0.30 –
CH/CS-H1 0.5 – 0.15 0.94
CH/CS-H2 0.5 – 0.30 1.88
CH/HA-N1 – 0.5 0.15 –
CH/HA-N2 – 0.5 0.30 –
CH/HA-H1 – 0.5 0.15 0.94
CH/HA-H2 – 0.5 0.30 1.88
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2.2.2. Electrospinning Process

The polymer blends were electrospun using an electrospinning apparatus (STKIT-40, Linari
Engineering, Pisa, Italy), equipped with a high voltage generator (5–40 kV), a glass syringe of 10 mL with
a stainless steel needle (0.8 mm), a volumetric pump (Razel R99-E) and a planar collector. The following
parameters were used to obtain N loaded scaffolds: DV (voltage) = 22 kV, needle-to-collector distance
= 24 cm, flow = 0.379 mL/h, to obtain H loaded scaffolds: DV (voltage) = 24 kV, needle-to-collector
distance = 22 cm, flow = 0.379 mL/h, relative humidity: 40%, environmental temperature: 25 ◦C. All the
scaffolds were then crosslinked by heating at 150 ◦C for 1 h in a tight container protected from light;
the process was also reported as being able to dry sterilize the products [18]. Preliminarily, N stability
in the heating process was assessed using a diode array detector (DAD) HPLC (see Section 2.2.5.1).
For this purpose, the active ingredient was subjected to the heating treatment in the same conditions as
the scaffolds (150 ◦C for 1 h) (in a tight container protected from light). Chromatograms and UV/visible
spectra (200–700 nm) at the maximum of the corresponding chromatographic peaks were compared.

2.2.3. Chemico-Physical Characterization

Scaffold morphology was analyzed using scanning electron microscopy (SEM, Tescan, Mira3XMU,
Brno, Czechia, CISRIC, University of Pavia, Pavia, Italy) after graphite sputtering in a vacuum.
Nanofiber diameters were measured (Image J, ICY, Institute Pasteur, Paris, France). The presence of
nanocomposite (VHS-Ns) loaded into the hybrid scaffolds was investigated by ultra-high-resolution
transmission electron microscope (HR-TEM, FEI Titan G2 60–300, Thermo Fisher, Barcellona, Spain),
coupled with analytical electron microscopy (AEM), with a SUPER-X silicon-drift windowless
energy-dispersive X-ray spectroscopy detector. X-ray chemical element maps were collected.
The samples were directly deposited onto copper grids (300 mesh coated by formvar/carbon film, Agar
Scientific, Rome, Italy).

X-ray powder diffraction (XRPD) analysis was carried out using a diffractometer (X-Pert Pro
model, Malven Panalytical, Monza, Italy) equipped with a solid-state detector (X-Celerator) and a
spinning sample holder. The diffractogram patterns were recorded using random oriented mounts
with CuKα radiation, operating at 45 kV and 40 mA, in the range 4◦–60◦ 2θ. The diffraction data were
analyzed using the XPOWDER® software (Version 2017).

Fourier transform infrared spectroscopy (FTIR) spectra of the samples were recorded using
spectrophotometer (Spectrum BX FTIR, PerkinElmer, Milan, Italy). All analyses were performed from
400 to 4000 cm−1 with a resolution of 0.25 cm−1. The results were processed with a software package
(Spectrum, Perkin Elmer, I). In the Supplementary Materials, the spectra of the pristine components
are reported (Figure S1).

2.2.4. Mechanical Properties

Mechanical properties were assessed using a texture analyzer (TA-XT plus, Stable Microsystems,
Enco, Spinea, Italy) equipped with a 1 kg load cell and A/TG tensile grips [19]. Rectangular portions
(3 × 1 cm) of each scaffold (thickness ~100 μm) were kept vertical by means of two grips, the lower
one fixed and the upper one movable at a constant rate of 0.5 mm/s. Dry or hydrated scaffolds were
stretched up to break and the force was recorded as a function of the movable grip displacement.

The force at break was recorded and elongation % was calculated as follows:

E% = 100 × (Lbreak − L0)/Lbreak, (1)

where Lbreak = the distance of the two grips at scaffold breaking and L0 = the initial distance of the
two grips.

Moreover, the Young’s modulus (mN/cm2) was calculated as the slope of the initial linear portion
of force vs. grip displacement.
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2.2.5. Norfloxacin Release Measurements

All the release measurements were performed in sink conditions to study drug liberation from
the systems independent of the concentration of the drug released during the test [20]. Two different
approaches were considered: in the first one, the drug release was studied using saline solution to
simulate the lesion exudates, while in the second one, the effect of lysozyme on drug release was
analyzed. Each scaffold was placed in 3 mL of dissolution medium to simulate the small number of
exudates generally present in the wound, and the scaffold was completely dipped in the dissolution
medium to simulate the implant of the system in the lesion bed. For this purpose, two different media
were considered: saline solution (NaCl 0.9% w/v) or phosphate buffer 0.05 M (pH 6.2) containing
3.3 mg/mL of lysozyme (120.530 IU/mg, Sigma-Aldrich, Milan, Italy). As for saline solution, at prefixed
times, 500 μL of dissolution medium was collected and replaced with fresh medium to keep the volume
constant. The samples were analyzed by means of the DAD–HPLC method (Section 2.2.5.1) [21].
When lysozyme was present, the dissolution medium was totally collected and completely substituted
with fresh medium every 24 h to avoid a loss of the enzyme activity over time. Each sample was
divided in two aliquots. One aliquot was assayed to quantify the norfloxacin released from each
scaffold (Section 2.2.5.1) and, for this purpose, each sample was pre-processed by diluting 1:1 with
1 N perchloric acid and by centrifugation (5000 rpm for 15 min), to precipitate the lysozyme in the
solution. The second aliquot was assayed to quantify the glucosamine release, as product of lysozyme
activity (Section 2.2.5.2). Moreover, the morphology of scaffolds subjected to lysozyme degradation
(after 10 days) was analyzed using SEM as previously described.

2.2.5.1. Norfloxacin Assay

Norfloxacin released from each scaffold was determined by DAD–HPLC (Series 200 system,
PerkinElmer, Milan, Italy). A Zorbax Eclipse XDB-C8 column (4.6 mm × 150 mm, silica particle
size 5 μm, Agilent, Milan, Italy) was used as the stationary phase. The mobile phase was based on
acetonitrile/methanol/citric acid 0.4 M, 7:15:78 (% v/v) at a flow rate of 1.0 mL/min, using 275 nm
wavelength detection [21,22]. The injection volume was 10 μL. Calibration curves were obtained using
norfloxacin standard solution in the mobile phase, in saline solution or processed as the samples
subjected to lysozyme degradation. In every case, the method was linear from 0.08 to 200 μg/mL with
an R2 value that was always higher than 0.995.

2.2.5.2. Glucosamine Assay

Glucosamine released due to the lysozyme degradation of the scaffolds was quantified by means
of ninhydrin assay [23].

All samples were diluted 1:1 ratio (v/v) with 400 μL of ninhydrin reagent (ninhydrin 2% w/v,
hydrindantin 6.8 mg/L in 3:1 v/v dimethylsulfoxide: lithium acetate buffer 4 M, pH 5.2; Sigma-Aldrich,
Milan, Italy) under a nitrogen blanket. Each sample was stirred at 100 ◦C for 8 min, and vortexed until
cooling, then the samples were diluted 1:10 (v/v) with a 1:1 ethanol:water mixture and quantified by a
colorimetric test at L = 570 nm using an ELISA Plate Reader (iMARK Microplate Absorbance Reader,
BioRad, Milan, Italy). The calibration curve (glucosamine in phosphate buffer 0.05 M at pH 6.2) was
linear in the range from 0.0125 to 0.1 μg/mL with a R2 > 0.995.

2.2.6. Biopharmaceutical Characterizations

Adhesion and proliferation assay was carried out using normal human dermal fibroblasts (NHDF)
from juvenile foreskin (PromoCell, VWR, Milan, Italy) [9,10]. Fibroblasts were grown in the presence
of 150 μL Dulbecco’s modified Eagle medium (DMEM, Sigma-Aldrich, Milan, Italy) supplemented
with 10% v/v fetal bovine serum (Euroclone, Milan, Italy), and with penicillin/streptomycin solution
(pen/strep, 100 UI/100 μg/mL, Sigma-Aldrich, Merck, Milan, Italy), at 37 ◦C in a 5% CO2 atmosphere
with 95% relative humidity. The 0.36 cm2 circular portion scaffolds were placed at the bottom of the
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wells in a 96-well plate (flat bottom, Cellstar©, Greiner bio-one, Frickenhausen, Germany). Fibroblasts
were seeded onto the scaffolds at a seeding density of 35,000 cells/well and grown for 3 or 6 days.
The cell growth without scaffolds (35,000 cells/well) was considered the standard growth (growth
medium (GM)). After 3 or 6 days, the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assays were performed. The fibroblasts that adhered and grew onto the scaffolds (growth for
6 days) were fixed for 2 h at 4 ◦C, using 3% w/v of glutaraldehyde in Dulbecco’s phosphate buffered
saline (PBS, Sigma-Aldrich, Milan, Italy) and analyzed by SEM and confocal laser scanning microscopy
(CLSM), as described in the following paragraphs.

MTT Assay

The biocompatibility was performed by MTT test (tetrazolium salt, [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]; Sigma-Aldrich, Milan, Italy). Briefly, MTT was solubilized at
2.5 mg/mL in PBS (phosphate buffer solution, Sigma-Aldrich, Milan, Italy). At prefixed days, the medium
in each well was removed and 50 μL of MTT solution plus 100 μL of PBS were added and subsequently
put in contact with the cell substrates at 37 ◦C for 3 h in the incubator. Then, MTT solution was removed
from each well and 100 μL of dimethylsulfoxide (DMSO, Sigma-Aldrich, Milan, Italy) was added.
The absorbance was read using an ELISA Plate Reader at L = 570 nm (with reference L = 690 nm).

SEM Analysis

The substrates were then washed three times with PBS and dehydrated with ethanol solutions
at increasing concentrations (50–75–100% v/v). The scaffolds were then removed from culture wells,
applied onto stubs, sputtered with graphite and analyzed by SEM, as previously described.

CLSM Analysis

The substrates were then washed three times with PBS. Then cell actin cytoskeleton was
stained with phalloidin FITC Atto 488 (50 μL at 20 μg/mL in PBS in each well, contact time 30 min)
(Sigma-Aldrich, Milan, Italy). Subsequently, after three PBS washes, the cell nuclei were stained with
Hoechst 33258 (100 μL of solution at 1:10,000 dilution in PBS per each well, contact time 10 min in the
dark) (Sigma-Aldrich, Milan, Italy), for 10 min. After three further PBS washes, the scaffolds were
mounted on glass slides, covered using coverslips and analyzed using CLSM (Leica TCS SP2, Leica
Microsystems, Milan, Italy) at λex = 346 nm and λem = 460 nm for Hoechst 33258 and λex = 501 nm and
λem = 523 nm for phalloidin FITC. The acquired images were processed by means of Leica software
(Leica Microsystem, Milan, Italy).

2.2.7. In Vitro Antimicrobial Assay

The antimicrobial activity of norfloxacin-loaded scaffolds, either as free drug, N, or in
nanocomposite, H, was evaluated against two bacteria strains—Staphylococcus aureus ATCC 6538
and Pseudomonas aeruginosa ATCC 15442. In particular, killing time was determined as the exposure
time required to kill a standardized microbial inoculum [8,10,23]. Bacteria used for killing time
evaluation were grown overnight in Tryptone Soya Broth (Oxoid, Basingstoke, Hampshire, UK) at
37 ◦C. The bacteria cultures were centrifuged at 2000 rpm for 20 min to separate the cells from the
broth and then suspended in phosphate buffer saline (PBS, pH 7.3). The suspension was diluted to
adjust the number of cells to 107–108 CFU/mL (CFU = colony forming unit).

For each microorganism strain, a suspension was prepared in PBS without scaffolds and used as
the control. Unloaded scaffolds were also tested for comparison. Bacterial suspensions were incubated
at 37 ◦C. Viable microbial counts were evaluated after contact for 0, 5, and 24 h with scaffolds and in
control suspensions; bacterial colonies were enumerated in Tryptone Soya Agar (Oxoid, Basingstoke,
Hampshire, UK) after incubation at 37 ◦C for 24 h. The microbiocidal effect (ME value) was calculated
for each test organism and contact times were calculated according to the following equation [10,23]:

138



Pharmaceutics 2020, 12, 325

ME = log Nc − log Nd, (2)

where Nc is the number of CFUs in the control microbial suspension and Nd is the number of CFUs in
the microbial suspension in the presence of the scaffold.

2.2.8. Statistical Analysis

Statistical differences were evaluated by means of a one-way ANOVA post-hoc Fisher’s Least
Significant Difference (LSD) or Mann–Whitney (Wilcoxon) W test (Statgraphics Centurion XV, Statistical
Graphics Corporation, Statgraphics Technologies, Inc., The Plains, Virginia, USA). Differences were
considered significant at p < 0.05.

3. Results and Discussion

3.1. Chemico-Physical Characterization

Preliminarily, to scaffold preparation and cross-linking by heating, the drug stability in the heating
process was assessed. For this purpose, the drug was subjected to a heating treatment in the same
conditions used for the scaffold cross-linking (1 h at 150 ◦C). The heating treatment did not cause the
drug degradation; in fact, after the process, the N content was 99.21% w/w (SD = 2.04) compared to the
active ingredient in standard storage conditions. Figure 1 reports the UV spectra of N, and N subjected
to the heating treatment at the maximum of the chromatographic peak (N retention time).
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Figure 1. UV spectra of N (red line) and N subjected to heat treatment (1 h at 150 ◦C) (black line)
obtained from the HPLC analysis at N peak maximum.

The complete overlapping of the spectra supported the stability of the drug in the heating treatment.
In a previous work [8], norfloxacin was loaded in montmorillonite, a phyllosilicate widely used

in pharmaceutical field, to obtain a nanocomposite. This was prepared by means of the adsorption
mechanism, as one single process, and the clay–drug adsorption isotherm was calculated. The solid-state
analysis (XRPD, FTIR, thermal analysis—differential scanning calorimetry/ thermogravimetric analysis
DSC/TGA, HRTEM) evidenced that protonated norfloxacin molecules interact with the active sites of
montmorillonite located at its edges and within its interlayer space, thus forming a drug monolayer onto
the clay mineral interlayer surface. Norfloxacin in the nanocomposite was proved in an amorphous
state, and its loading (16% w/w of total nanocomposite weight) is homogeneous and causes an expansion
of montmorillonite interlayer spaces. Moreover, the nanocomposite causes a prolonged norfloxacin
release over time. Moreover, the nanocomposite was characterized by good biocompatibility in vitro
toward fibroblasts, and it was able to increase the antimicrobial potency of the free drug against P.
aeruginosa and S. aureus, Gram-negative and Gram-positive bacteria, respectively, both of which are
often concurrent causes of wound chronicization, leading to the possible impairment of the healing
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path and, finally, to nonhealing wounds. Montmorillonite norfloxacin nanocomposite was loaded into
scaffolds and their performance was compared to those loaded with the free drug scaffolds.

Figure 2 reports SEM microphotographs of CH, CH/CS or CH/HA scaffolds loaded with 1% or 2%
norfloxacin, as a free drug (1% N or 2% N), or loaded with VHS-N nanocomposite (1% H or 2% H).
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Figure 2. SEM microphotographs of chitosan-based (CH), chitosan/chondroitin sulfate-based (CH/CS)
and chitosan/hyaluronic acid-based (CH/HA) scaffolds loaded with 1% or 2% norfloxacin, as a free drug
(1% N or 2% N), or in VHS-N nanocomposite. In each image, the nanofiber diameters (nm, mean values
± SD; n = 30) and Si content for hybrid scaffolds are reported. Statistics: Mann–Whitney (Wilcoxon) W
test p < 0.05: CH2H vs. CH/CS2H; CH/CS2H vs. CH/HA2H; CH/HA1H vs. CH/HA2H; CH/HA2H vs.
CH/HA2N (scale bar 5 μm).

The N scaffolds, loaded with N as a free drug, were characterized by a regular structure with a
smooth surface where no ribbon could be detected, independent of drug concentration. The H scaffolds,
loaded with N in nanocomposite, presented nanofiber portions with a regular, smooth surface spaced
out in broadened parts, with knots and a scattered structure. These conceivably could be related to the
montmorillonite–norfloxacin (VHS-N) nanocomposite. Moreover, the presence of glycosaminoglycans
(CS or HA) in the scaffolds caused a certain degree of surface roughness (probably due to chitosan and
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glycosaminoglycan interaction [9]) and this was more evident due to the increasing drug concentration
in the fibers.

Nanofiber diameters were generally smaller when norfloxacin was loaded as a free drug (around
500 nm), independent of the drug concentration, although the differences were not statistically
significant. On the contrary, H scaffolds were characterized by nanofibers with higher diameters
(around 500 nm for 1% scaffold and around 1000 nm for 2% scaffolds) compared to those containing
1% of the drug, although this was significant only for the CH/HA scaffold; in this case, HA’s high
molecular weight was ten folds greater than that of CS and could cause the formation of fibers with
greater diameters. On the contrary, H scaffold containing chondroitin sulfate and loaded with 2% of
the drug showed similar nanofiber diameters to those loaded with the free drug. The content of Si,
an element characteristic of montmorillonite, was consistent with the nanocomposite concentration in
each scaffold [23].

The analysis of system viscosity previously performed on the blank systems [9], stated that
chondroitin sulfate (negatively charged) conceivably interacted with chitosan (positively charged) and
this could be due to the high charge density of sulfate groups greater than those of the carboxylic moieties
of hyaluronic acid. However, the presence of particles in suspension, as was the case in nanocomposite,
could cause unbalanced particle charge density that generally increases the conductivity, influencing
fiber diameter during electrospinning [24]. Moreover, the acid environment of the polymer blends,
due to the 45% v/v acetic acid in the medium, conceivably prevented the interactions between the
various moieties and drug precipitation [25,26].

Figure 3 reports the HR-TEM microphotographs and EDX spectra obtained for CH (A–C), CH/CS
(G–I) and CH/HA (D–F) H scaffolds, loaded with N in the nanocomposite at 2%.

 

Figure 3. Transmission electron microscope (TEM) microphotographs and EDX spectra for CH, CH/CS
and CH/HA scaffolds loaded with 2% norfloxacin in nanocomposite CH (A–C), CH/CS (G–I) and
CH/HA (D–F).
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The EDX analysis performed in the marked zone (red square) confirms that there was the presence
of C, O and N (typical of organic elements) and characteristic elements of montmorillonite (Si, Al, Mg)
in the broad, interwoven knots. This was observed for all the scaffolds, independent of their polymeric
composition. At a higher magnification (Figure 3C,F,I), it was possible to identify the typical lamellar
structure of montmorillonite (red arrows).

Figure 4 reports FTIR spectra evaluated for norfloxacin-loaded scaffolds (CH-N2, CH/CS-N2,
CH/HA-N2) and VHS-N loaded scaffolds (CH-H2, CH/CS-H2, CH/HA-H2), both types containing 2%
w/w norfloxacin.
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Figure 4. Fourier transform infrared spectroscopy (FTIR) spectra evaluated for norfloxacin-loaded
scaffolds (CH-N2, CH/CS-N2, CH/HA-N2) and VHS-N loaded scaffolds (CH-H2, CH/CS-H2,
CH/HA-H2), both types containing 2% w/w norfloxacin in norfloxacin–montmorillonite nanocomposite
(VHS-N).
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Independent of the polysaccharide composition and loading type, either with N (free drug,
norfloxacin) or H (VHS-N nanocomposite), the typical polysaccharide signals (hydrogen bonds
of –OH and –NH2 groups) (pullulan: 3331 cm−1 and chitosan: 3355 cm−1) hid the drug and
nanocomposite-related peaks [27]. In fact, the VHS spectrum should present a band around 1017 cm−1

due to the vibrational band of the silicates.
Figure 5 reports the XRPD patters of the scaffolds loaded with VHS-N nanocomposite containing

norfloxacin at 2% compared to VHS-N, the nanocomposite and the unloaded CH scaffold.

 

Figure 5. X-ray powder diffraction (XRPD) diffractograms of the scaffolds loaded with VHS-N at 2%
norfloxacin (CH-H2, CH/CS-H2, CH/HA-H2) compared to unloaded CH scaffolds (CH) and VHS-N.

All the unloaded scaffolds were characterized by amorphous behavior (CH pattern is reported
in Figure 5 as example) and no paracrystallinity could be detected. This was probably related to
the electrospinning process. For all the scaffolds, the diffractograms were characterized by a hump
between 20◦ and 29◦ 2θ, which was probably due to the presence of the polysaccharides. The reflection
peak centered at 6◦ 2θ, which was probably due to the nanocomposite (VHS-NF) since it coincided
with the d001 of montmorillonite once NF located in the interlayer space (5.94◦ 2θ). Similar XRD
results were obtained by Rabbani et al. (2016) [28]. Moreover, there was an absence of other intense
peaks that could be attributable to the nanocomposite (VHS-N), probably due to the nanocomposite
concentration in the scaffolds, which was too low.

3.2. Mechanical Properties

Figure 6 reports the mechanical properties (force at break mN, a–b; elongation %, c–d; Young’s
modulus mN·cm2, e–f) of scaffolds loaded with 1% or 2% of norfloxacin as a free drug (N) or as a
nanocomposite (H), in dry (a, c, e) or wet (b, d, f) conditions.

In a dry state, the increase in N concentration in the scaffolds caused an increase in the force
at break, except for the scaffold containing hyaluronic acid (Figure 3a). This was less evident when
norfloxacin was loaded as a nanocomposite: it is conceivable that the effect of montmorillonite, which
altered the entanglement of polymer chains in the scaffolds, causing lower resistance to break, prevailed
over the effect attributable to the free drug, which seems to reinforce the structure. In this condition,
the N scaffolds were less deformable than H scaffolds and the N concentration at 1% in H scaffolds
was responsible for a higher deformability (Figure 3c). Moreover, the free drug seems to increase
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scaffold elasticity, especially for scaffolds containing chondroitin sulfate (Figure 3e). The hydration of
the scaffolds, which simulates the application/implant in the lesion, dramatically changed the scaffold
mechanical properties. N scaffolds, loaded with N as a free drug, were characterized by slightly higher
resistance to break with respect to H scaffolds, confirming the behavior of the dry state (Figure 3b),
while the scaffolds were simultaneously characterized by a higher degree of deformability (Figure 3d),
which could be advantageous for wound bed application, and low elasticity (Figure 3f). The hydration
caused a remarkable decrease in resistance to break, an increase in deformability and a loss of elasticity.
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Figure 6. Mechanical properties (force at break mN, a-b; elongation %, c-d; Young’s modulus mN.cm2,
e-f) for dry (a,c,e) and wet (b,d,f) scaffolds loaded with 1% (a) or 2% (b) of norfloxacin as a free drug
(N) or as nanocomposite (H) (mean values ± SD; n = 3). Statistics: * =Mann–Whitney (Wilcoxon) W
test p < 0.05.

The presence of montmorillonite in the hybrid scaffolds seems to weaken the scaffold structure,
and this was probably due to the presence of particles embedded into the polymeric matrix that could
disrupt the polymer chain entanglements, causing a significant decrease in the scaffold elasticity,
and mechanical resistance, and a directly related increase in the deformability: this was more evident
when 2% of drug in the nanocomposite was loaded in the scaffolds compared to scaffolds loaded with
the free drug.

The mechanical properties are key features for the success of scaffold implants and their integration
with the surrounding tissue. In fact, the native skin is characterized by tensile strength values
approximately between 5.0 and 30.0 MPa (5000–30,000 mN/mm2), the Young’s modulus in the range
of 4.6–20.0 MPa (46–200 mN/cm2) and the elongation at break of about 35.0–115.0% [29]. Clearly,
the ranges of the reference values are wide since the mechanical properties of the skin are strictly
related to age and body lines (static lines, as described by Langer, Kraissl’s lines or Borge’s lines) [30].
In particular, force at break (mechanical strength) is related to the scaffold’s capability to maintain
its integrity during implantation, which should occur in the dry state, while the elongation and the
Young’s modulus are mainly related to the scaffold performance upon implantation. The scaffolds
developed in the present work were characterized by force at break in the dry state close to the skin,
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especially for CH and CH/CS scaffolds, when loaded with norfloxacin at 2% as a free drug. Moreover,
upon hydration, all the scaffolds were characterized by elongation superimposable to that of native skin.
Furthermore, as for the Young’s modulus, the scaffolds were characterized by the stiffness/elasticity
closest to that of the skin, both in dry and hydrated states. Moreover, there is evidence in the literature
that correlates the fibroblast adhesion and proliferation to substrate stiffness [31]; stiffmatrices with
a 2 MPa Young’s modulus enhanced fibroblast proliferation much more than an elastic substrate
(0,042 MPa). In fact, in the literature, there is evidence that the fibroblasts of granulation tissue are
proliferative and motile, while those of the dermis are in a quiescent and stationary state [32]. Moreover,
stiff substrates were demonstrated to sustain cell spreading and to facilitate guiding the pro-angiogenic
signaling of fibroblasts [33].

3.3. Norfloxacin Release Properties

Figure 7 reports the release profiles of norfloxacin in saline solution. As for H scaffolds (N loaded
as nanocomposite), independent of the drug loading, the profiles reached plateau values at 20% of the
drug released after 3 h.
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Figure 7. Release profiles (%) of norfloxacin from the N or H scaffolds loaded with 1% (a) or 2% (b) as a
free drug (N) or as nanocomposite (H), in saline solution (mean values ± SD; n = 3).

As for N scaffolds (N loaded as a free drug), independent of the drug loading, the release profiles
reached plateau values after 5 h; CH/CS scaffolds were characterized by their higher profile (50%
and 57% for 1% and 2% N loading, respectively) followed by CH/HA scaffolds (about 40% and
50% for 1% and 2% N loading, respectively) and finally by CH scaffolds (33% and 50% for 1% and
2% N loading, respectively). When norfloxacin was loaded in the scaffolds as a nanocomposite (H
scaffolds), the release was lower than when the scaffolds contained the free drug, and this seems to be
independent of scaffold polymer composition. On the contrary, when norfloxacin was loaded as a
free drug (N scaffolds), the presence of glycosaminoglycans markedly influenced norfloxacin release.
This could be due to an interaction between anionic glycosaminoglycans and cationic chitosan forming
a polyelectrolyte complex, which could make the fibrous structure less entangled and, therefore, more
available to interact with the dissolution medium and to allow drug diffusion through the polymer
matrix and, consequently, its release. In fact, scaffolds containing chondroitin sulfate, characterized by a
charge density greater than hyaluronic acid, were characterized by a higher release profile. Chondroitin
sulfate is characterized by the sulfate groups having an acid behavior greater than the carboxylic
groups of hyaluronic acid. Consequently, the interaction between chondroitin sulfate and chitosan
could cause a coiled structure less prone to polymer chain entanglements [34].
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In any case, in the scaffolds loaded with higher concentrations of the drug, this difference was less
evident with respect to those with lower drug loadings.

Figure 8 reports the norfloxacin release profiles (a and b) and glucosamine release profiles (c and
d) of scaffolds subjected to lysozyme degradation.
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Figure 8. Norfloxacin released (%) in lysozyme from the scaffolds loaded with 1% (a) or 2% (b) of
norfloxacin as a free drug (N) or as nanocomposite (H) and glucosamine released (%) from the scaffolds
loaded with 1% (c) or 2% (d) of norfloxacin as a free drug (N) or as nanocomposite (H) subjected to
lysozyme activity (mean values ± SD; n = 3)

Independent of norfloxacin concentration in the N scaffolds (free drug loading), the activity
of lysozyme markedly increased the drug release: CH scaffolds containing chitosan, without
glycosaminoglycans, showed higher release profiles, reaching, in almost 24 h, 100% of the drug
being released; scaffolds based on CH/HA showed 80% of the drug being released in 48 h, while CH/CS
scaffolds were characterized by a lower release close to 40–50% of the drug being released in 72 h,
for 1% or 2% norfloxacin loading, and these profiles were similar to those obtained in saline solution.
These behaviors could be explained considering that the activity of lysozyme on the scaffold matrices:
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CH scaffolds completely lost their nanofibrous structure in contact with lysozyme (Figure 9). On the
contrary, after 10 days of lysozyme activity, the CH/CS scaffold and, mainly, the CH/HA scaffold
showed a residual of nanofibrous structure, submerged in a non-structured material. It is conceivable
that the interaction of chitosan amino groups (positively charged) with either sulfate groups of
chondroitin sulfate or the carboxylic ones of hyaluronic acid (both negatively charged) conferred
a higher resistance against enzyme degradation, probably hindering interaction with the substrate.
Moreover, chitosan/glycosaminoglycan interactions could partially prevent the loss of the system
morphology, decreasing drug release.

 CH CH/CS CH/HA 

N1 

   

H1 

   

N2 

   

H2 

   

Figure 9. SEM microphotographs of the scaffolds loaded with 1% or 2% of norfloxacin as a free drug
(N) or as nanocomposite (H) subjected to lysozyme activity for 10 days (scale bar: 5 μm).

In hybrid H scaffolds, loaded with norfloxacin in the montmorillonite nanocomposite, the profiles
of norfloxacin released in the presence of the lysozyme were higher than those obtained in saline
solution, although no difference could be evidenced, considering both the scaffold composition and
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the percentage of drug loaded, and all the scaffolds were characterized by release profiles reaching
drug loading of 50% in 72 h.

However, in all cases, the glucosamine release profiles suggest that the enzymatic degradation of
chitosan occurred, independent of system composition and percentage of drug loaded. CH scaffolds
were characterized by their higher profiles, followed by H/HA scaffolds and CH/CS ones. Generally,
the presence of norfloxacin–montmorillonite nanocomposite seems to decrease the lysozyme activity
and the profiles of glucosamine (degradation product) were consistent with the norfloxacin release
ones. Furthermore, the drug loading seems to have a negative impact on enzymatic activity and the
glucosamine release profiles were higher in 1% loaded systems than in 2% ones. It is reported in
the literature that lysozyme interacts with quinolones and this supports that there is a competition
between norfloxacin and chitosan, as enzyme substrates, decreasing the enzymatic activity towards
chitosan degradation when norfloxacin is at higher concentrations [35]. Moreover, the presence of
montmorillonite in the scaffolds could impair lysozyme activity, probably due to a certain degree of
interaction between montmorillonite and chitosan, which could prevent chitosan interaction with the
enzyme. Furthermore, the interaction between chitosan and either chondroitin sulfate or hyaluronic
acid could render chitosan, as lysozyme substrate, less prone to interaction with lysozyme, resulting in
less efficient degradation activity towards chitosan [36].

Similar norfloxacin release profiles were observed by Dua et al. [37] for semisolid systems loaded
with 1% norfloxacin. Dependent of the type of system, drug release ranged from 70% to 41% in 7 h.
The highest drug release was observed for Carbopol-based gel (about 70%) followed by polyethylene
glycol-based formulation (66%), HPMC-based gel (45%) and, finally, the slowest release was evidenced
in the case of an ointment. Analogous behavior was observed by Denkbaş et al. [38] and Mahmoud
and Salama [21] for chitosan and chitosan collagen sponge-like dressings loaded with norfloxacin.
In those cases, the norfloxacin release was mainly related to system swelling that controlled the drug
diffusion for an extended time of up to 4 days.

However comparing the features of the nanofibrous scaffolds presented in this work with those of
the systems in the literature, the capability of the scaffolds based on chitosan or glycosaminoglycan
(either chondroitin sulfate or hyaluronic acid) associated with chitosan (CH, CH/CS and CH/HA) to
possess minimal swelling (as shown by SEM images after 6 days of hydration in aqueous environment)
and controlled norfloxacin release, tuned up by both the hydration and the activity of lysozyme
(secreted during the inflammatory phase of wound healing), confer the ideal properties of these
systems. Indeed, as soon as the systems can be implanted, norfloxacin release should occur due
to the hydration of exudate from the lesions; subsequently, the inflammatory phase, preceding the
proliferative one, should lead to a further release of the drug to support the whole healing process.

Figure 9 reports SEM microphotographs of all the scaffolds subjected to 10 days of enzymatic
degradation by lysozyme. These images are in agreement with the glucosamine release profiles
(Figure 8c,d). In fact, the higher degree of scaffold degradation (loss of nanofibrous structure) was
associated with a higher glucosamine release profile. Independent of drug concentrations in CH
scaffolds containing chitosan, without glycosaminoglycans, and loaded with norfloxacin as a free
drug, the nanofibrous structure was no longer visible, while CH scaffolds loaded with norfloxacin in
nanocomposite were characterized by a nanofibrous structure, partially covered by spherical particles,
reported in the literature as lysozyme molecules attached to the biopolymer matrix [36]. The presence
of glycosaminoglycans in the scaffolds determined a higher resistance against enzymatic activity.
In some cases, as for the CH/CS-N2 scaffold, nanofibers were partially broken, swollen, and partially
fused. Long-lasting scaffold degradation could be advantageous, especially in deep/cavity wounds,
since this should allow the gradual replacement of the scaffold matrix with native tissue, due to the
production of the extracellular matrix by fibroblasts.
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3.4. Cytocompatibility: Fibroblast Adhesion and Proliferation

Figure 10 reports the cytocompatibility (optical density (OD)) of the scaffolds towards fibroblasts
after 3 or 6 days of growth. Fibroblast adhesion and proliferation onto the scaffolds were compared to
those of the control (GM and cell growth in standard conditions).
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Figure 10. Cytocompatibility (optical density (OD)) of fibroblasts grown for 3 days (a) and 6 days
(b) onto CH (blue), CH/CS (red), CH/HA (green) loaded with norfloxacin at 1% (plain color) and 2%
(oblique lines), and with norfloxacin–montmorillonite nanocomposite (N-VHS) at 1% (horizontal lines)
and 2% (dots) in norfloxacin. N norfloxacin as a free drug and H (N-VHS nanocomposite) at the same
concentrations of the scaffolds are evaluated (mean values ± SD; n = 8). Statistics: * =Mann–Whitney
(Wilcoxon) W test p < 0.05.

The cytocompatibility of the scaffolds loaded either with norfloxacin as a free drug or with the
nanocomposite VHS-N at 1% or 2% were evaluated and N or H at the same concentrations as in the
scaffolds were considered for comparison. After 6 days of growth, all the samples were characterized by
higher OD than those after 3 days of growth, suggesting that the cells were in proliferation. Considering
the scaffolds loaded with N as a free drug, the increase in drug concentration caused a significant
decrease in cell viability with respect to the control. These results were similar to those obtained for N.
This indicates that the decrease in cytocompatibility could be completely attributed to the drug and
not to the scaffolds.

On the contrary, for the scaffolds loaded with the nanocomposite, the drug loading increased the
cytocompatibility, suggesting that the nanocomposite in the scaffolds was able to prevent the negative
effect of norfloxacin towards the fibroblasts (this was also evident considering the cytocompatibility of
the nanocomposite, which was higher for the 1% solution than the 2% solution). Such an increase in
cytocompatibility could be due to montmorillonite, which was able to control the drug release and
could enhance fibroblast proliferation [39].

Figures 11 and 12 report CLSM and SEM microphotographs of fibroblasts grown for 6 days onto
CH, CH/CS, CH/HA loaded with norfloxacin at 1% or 2%, either as a free drug or in the nanocomposite.
The complementary information from the SEM and CLSM analyses suggests that in the scaffolds loaded
with N as a free drug, the fibroblasts were not homogeneously distributed on the scaffolds and mainly
formed aggregates as cell clusters. This behavior was dramatically influenced by drug concentration,
in agreement with the cytocompatibility. However, both the scaffolds containing glycosaminoglycans
allowed the fibroblasts to maintain their fusiform structure and cytoskeletons based on aligned and
elongated filaments. However, norfloxacin concentration did not alter nuclei morphology. In the
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hybrid scaffolds, loaded with norfloxacin nanocomposite, fibroblasts were spread out all over the
scaffolds and, in some areas, confluence could be reached and, although all the scaffolds were effective
to allow cell adhesion and proliferation, the scaffolds containing chondroitin sulfate were characterized
by their better performance.

 CH CH/CS CH/HA 

N1 

  

N2 

  

H1 

 

H2 

  

Figure 11. Confocal laser scanning microscopy (CLSM) microphotographs of fibroblasts grown for 6
days onto CH, CH/CS, CH/HA loaded with norfloxacin as a free drug (N) or norfloxacin–montmorillonite
nanocomposite (H, N-VHS) at 1% or 2% (in blue: nuclei; in green: cytoskeleton) (scale bar: 50 μm).
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Figure 12. SEM microphotographs of fibroblasts grown for 6 days onto CH, CH/CS, CH/HA loaded
with norfloxacin as a free drug (N) or norfloxacin–montmorillonite nanocomposite (H, N-VHS) at 1%
or 2% (scale bar: 50 μm).

These results are in agreement with others in the literature stating the biocompatibility and the
proliferation enhancement properties of montmorillonite and halloysite, both phyllosilicates with a
planar and rolled structure, respectively [40–42]. Moreover, the polymer matrix of the scaffolds had a
synergic effect with montmorillonite, leading to effectiveness in enhancing cell growth in the presence
of norfloxacin [43].

Moreover, the mechanical properties combined with norfloxacin release could better support
fibroblast adhesion, proliferation and spreading all over the scaffold when the norfloxacin is loaded in
the scaffolds as a nanocomposite, at 1% concentration, and chondroitin sulfate or hyaluronic acid are
present in the composition.
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3.5. Antimicrobial Properties

Figure 13 reports the microbicidal effect vs. time profiles evaluated for CH, CH/CS and CH/HA
scaffolds loaded with norfloxacin as a free drug (a, c) and (b, d) as nanocomposite at 1% against
Pseudomonas aeruginosa and Staphylococcus aureus.
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Figure 13. Microbicidal effect evaluated for 1% norfloxacin as a free drug (a,c) and (b,d) as nanocomposite
loaded into CH, CH/CS and CH/HA scaffolds against Pseudomonas aeruginosa (a and b) and
Staphylococcus aureus (c and d), in comparison to norfloxacin as a free drug and as nanocomposite,
with the same concentration as in the scaffolds (mean values ± SD; n = 3).

Pseudomonas aeruginosa is a facultative Gram-negative anaerobe bacterium. It is recognized as
a multidrug-resistant pathogen for its intrinsically advanced antibiotic resistance mechanisms since
it causes infections of considerable medical importance, among them hospital-acquired infections
such as sepsis syndromes. Staphylococcus aureus is facultative Gram-positive anaerobe bacterium. It is
part of the skin microbiota; however, as an opportunistic pathogen, it could cause skin infections.
Moreover, S. aureus could become resistant to antibiotics, and its methicillin-resistant strains are a
worldwide emergency in clinical medicine. N is reported in the literature as being effective against
both P. aeruginosa and S. aureus, having a MIC (minimal inhibitory concentration) of 2 μg/mL in both
cases [44].

Norfloxacin loaded in the scaffolds was characterized by a microbicidal effect slightly higher
against P. aeruginosa than against S. aureus and, moreover, scaffolds loaded with the free drug seem
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to have an antimicrobial activity higher than those loaded with norfloxacin in the nanocomposite.
These could be due to the slower drug release of hybrid scaffolds compared to those loaded with
norfloxacin as a free drug. However, the antimicrobial activity was sustained for 48 h.

Although a certain margin of error could be evidenced by the high variability of the results,
a significant antimicrobial effect was achieved since all the scaffolds were able to decrease the bioburden
by at least 100-fold (a two-log reduction). This suggests that upon implant, the scaffolds were effective
for controlling and decreasing bacteria proliferation.

4. Conclusions

Scaffolds entirely based on polysaccharides (pullulan and chitosan plus chondroitin sulfate or
hyaluronic acid) were manufactured by means of electrospinning and norfloxacin was loaded as a free
drug or as nanocomposite of montmorillonite. The scaffolds were characterized by their homogeneous
structures, with fibers of 500 nm diameter when norfloxacin was loaded as a free drug, independent
of drug concentration. On the contrary, the presence of nanocomposite caused a certain degree of
surface roughness of the fibers with 1000 nm diameters, dramatically influenced by drug concentration.
Moreover, this altered entanglement of polymer chains in the scaffolds and caused higher deformability
and lower elasticity, compared to the scaffolds loaded with norfloxacin as a free drug, and decreased
the mechanical resistance of the systems. The hydration of the scaffolds changed their mechanical
properties and the scaffolds were more prone to deformation. This is an advantageous feature,
considering their implantation in lesions. Moreover, scaffold degradation occurring via lysozyme
secreted during the inflammatory phase of the healing process should ensure scaffold resorption and,
simultaneously, drug release. All the scaffolds proved to be degraded via lysozyme and this sustained
the drug release (from 50% to 100% in 3 days, depending on system composition), especially when
the drug was loaded in the scaffolds as a nanocomposite at 1%. Moreover, the scaffolds were able to
decrease the bioburden by at least 100-fold, proving that drug loading in the scaffolds did not impair
the antimicrobial activity of norfloxacin. Chondroitin sulfate and montmorillonite in the scaffolds
proved to possess a synergic performance in enhancing the fibroblast proliferation without impairing
norfloxacin antimicrobial properties. The scaffold based on chondroitin sulfate and containing 1%
norfloxacin in nanocomposite was demonstrated to possess adequate stiffness to support fibroblast
proliferation and the capability to sustain antimicrobial properties to prevent/treat nonhealing wound
infection during the healing process.

5. Patents

Sandri, G., Bonferoni, M.C., Rossi, S., Ferrari, F., electrospun nanofibers and membranes, PCT/
IT2017/000160, 2017.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/325/s1,
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Abstract: The increase in life expectancy and the increasing prevalence of diabetic disease and venous
insufficiency lead to the increase of chronic wounds. The prevalence of ulcers ranges from 1% in
the adult population to 3–5% in the over 65 years population, with 3–5.5% of the total healthcare
expenditure, as recently estimated. The aim of this work was the design and the development
of electrospun scaffolds, entirely based on biopolymers, loaded with montmorillonite (MMT) or
halloysite (HNT) and intended for skin reparation and regeneration, as a 3D substrate mimicking the
dermal ECM. The scaffolds were manufactured by means of electrospinning and were characterized
for their chemico-physical and preclinical properties. The scaffolds proved to possess the capability
to enhance fibroblast cells attachment and proliferation with negligible proinflammatory activity.
The capability to facilitate the cell adhesion is probably due to their unique 3D structure which are
assisting cell homing and would facilitate wound healing in vivo.

Keywords: electrospinning; chitosan; chondroitin sulfate; scaffolds; montmorillonite; halloysite;
fibroblasts proliferation; immune response

1. Introduction

The skin is the largest organ of the body and plays a pivotal role in maintaining physiological
homeostasis against fluid imbalance, thermal dysregulation, and infections. It is formed by the epidermis,
consisting of keratinocytes, and by the dermis, mainly based on the extracellular matrix (ECM) (collagen,
elastin, glycosaminoglycans) and sparse fibroblasts. Damage or loss of integrity of the skin caused by a
wound, may impair skin functions, exposing the body to potentially challenging situations. Wound healing
is a complex event based on overlapping but well-orchestrated cellular and molecular processes to repair
damaged tissue and restore skin function. Healing is divided in different phases (hemostasis, inflammatory,
proliferative, and remodeling) and is accomplished by ECM molecules, soluble mediators, as cytokines
and growth factors, various resident cells, and infiltrating leucocytes [1].

Acute wounds are mainly traumatic or surgical and generally heal within few weeks without
any significant interventions, whereas in chronic wounds, the healing process remains frozen in the
inflammatory state. These, commonly defined as wounds that fail to proceed through an orderly
and timely process to restore skin anatomical and functional integrity. These include venous leg
ulcers, arterial ulcers, diabetic ulcers, and pressure ulcers, such as bed sores. The increase in life
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expectancy and the increasing prevalence of diabetic disease and venous insufficiency lead to an
increase in chronic wounds. Although assessing the prevalence of chronic wounds is problematic
because of the disparities in study design and their evaluation, they have become a major challenge to
healthcare systems worldwide. It is estimated that the prevalence of ulcers ranges from 1% in the adult
population to 3–5% in the over 65 years population; whereas globally it accounts for the 3–5.5% of the
total healthcare expenditure as recently estimated [2,3].

Recently, clay minerals have been proposed in the biomedical field in tissue engineering as
enhancers of cell attachment, proliferation and differentiation [4,5], and also as antimicrobials [6].
In particular, montmorillonite (MMT, Mx (Al2-yMgy) Si4O10 (OH)2 nH2O) and halloysite (HNT, Al2O3

2SiO2 2H2O) have been recently described as biocompatible and as proliferation enhancers [7].
Both MMT and HNT are phyllosilicates, having a planar and rolled structure, respectively.
Nanocomposites, based on these biomaterials, have been developed to tune cell adhesion and
their biocompatibility [8–11]. The cell interaction with clays remain unclear and not fully understood,
and only a few recent studies have attempted to shed light on this interaction [7,12].

However, there are many evidences in literature related to the combination of nanostructured
materials with nanoscale fabrication processes, to achieve high levels of morphological control,
surface and mechanical properties [13–15]. In light of these, layered silicates are characterized by a
high aspect ratio with the ability to confer high strength to 3D structures. Moreover, unlike most
inorganic fillers, layered silicates are hydrophilic, and capable to interact with the polymer matrix, by
changing surface tension, conductivity, and shear viscosity. Thus, the combination of clay minerals and
nanofibrous scaffolds should lead to 3D architectures which facilitate cell homing, but also enhance
the cell attachment and proliferation thanks to the enhancing properties provided by biopolymers.
In particular, chitosan and chondroitin sulfate are polysaccharides capable to aid cell proliferation,
and moreover, the latter is also providing protection against growth factor degradation by electrostatic
interaction [16]. Having previously assessed the scaffold composition in the basic biopolymers [16];
these made of pullulan, chitosan, and chondroitin sulfate; the manufacturing processing was then
addressed by means of electrospinning in a one-pot process to obtain a nanofibrous scaffold which
proved to enhance the mechanical properties of the scaffold.

Given the advances achieved on these materials and their manufacturing processes, the aim of
this work was the design, development and characterization of electrospun 3D scaffolds, entirely based
on biopolymers, loaded with MMT or HNT, as a dermal substitute for skin reparation and regeneration
tested in a preclinical model, leading to tissue reparation towards a complete skin restore.

2. Materials and Methods

2.1. Materials

The following polysaccharides were used: chitosan (CH) (β-(1-4)-linked d-glucosamine and
N-acetyl-d-glucosamine) low MW 251 kDa, deacetylation degree 98%, (ChitoClear, Iceland); chondroitin
sodium sulfate (CS) (β-1,4-linked d-glucuronic acid and β-1,3-linked N-acetyl galactosamine) bovine
100 EP, low MW 14 kDa, and a mixture of chondroitin A (chondroitin 4 sulfate) and chondroitin C
(chondroitin 6 sulfate) (Bioiberica, Italy); pullulan (P) (based on maltotriose repeating units, linear
α 1–4 and α 1–6 glucan, produced by Aureobasidium pullulans) low MW ~200–300 kDa (food grade,
Hayashibara, Giusto Faravelli, Italy). Citric Acid (CA) (monohydrated citric acid, EP grade, Carlo
Erba, I) was used as the crosslinking agent. Pharmaceutical grade clay minerals were considered:
montmorillonite (MMT) (particle size: 1352 nm (±17); polydispersity index: 0.696 (±0.184)) (Veegum®

HS, Vanderbilt, Nashville, TN, USA) or halloysite (particle size: 563 nm (±70); polydispersity index:
0.647 (±0.077); internal diameter = 28 ± 5.1 nm and external diameter = 70 ± 8.3 nm) (Halloysite
Nanotubes—HTNs) (Sigma-Aldrich, St. Louis, MO, USA).
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2.2. Methods

2.2.1. Preparation of Polymeric Blends

P and CS were solubilized in water while the CH solution was prepared in 90% v/v acetic acid
and CA was added. A polymeric blend was prepared by mixing P and CS with a CH solution at a 1:1
weight ratio. The preparation schematic is reported in Figure 1.

Figure 1. Schematic of the blend preparation.

The hybrid blends were then prepared by the addition of MMT or HNT to the polymeric blend,
prepared as previously described [16]. For this purpose, clay minerals were grounded in a mortar
and sieved with a 75 μm sieve. Either MMT or HNT were added to the P and CS blend at different
concentrations. All the blends prepared had the same composition in polysaccharides while they were
based on different concentrations of clay minerals. The composition of all the systems prepared is
reported in Table 1.

Table 1. Composition (% w/w) of the polymeric blends.

% w/w MMT HNT P CH CA CS H2O/CH3COOH

Blank - -

10 2.5 2.5 0.5 55/45

MMT1 1 -
MMT2 2 -
MMT5 5 -
HNT1 - 1
HNT2 - 2
HNT5 - 5

2.2.2. Characterization of Polymeric Blends

The surface tension of the blends was measured at T = 30 ◦C with a tensiometer (DY-300,
Kyowa, Japan) (measurement range 0–300 mN/m) equipped with a platinum plate of 2.5 cm × 1 cm.

The electrical conductivity was determined by a conductometer (FiveGoTM-Mettler Toledo, Italy)
equipped with the LE703-IP67 sensor.

The penetrometry was measured using the Texture Analyzer TA-XT plus (ENCO, Italy), equipped
with an A/TG measuring system and a 5 kg load cell. The analysis was performed employing a Perspex
20 mm cylinder probe (P/20P; Batch N◦ 11434). The measuring probe was lowered at a 0.50 mm/s speed up
to a 3 mm penetration distance. The penetration force was recorded as a function of probe displacement.
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2.2.3. Preparation of Electrospun Scaffolds

Scaffolds were obtained using an electrospinning apparatus (STKIT-40, Linari Engineering, Italy),
equipped with a high-voltage power supply (40 kV), a volumetric pump (Razel R99-E), a 10 mL syringe,
and a conductive static collector, covered by aluminum foil. The following parameters were used: ΔV
(voltage) = 22 kV, collector spinneret distance = 24 cm, polymeric solution flow = 0.4 mL/h, spinning
time = 1.30 h, temperature = 30 ◦C, relative humidity = 30%; and needle dimensions: 0.5 × 20 mm for
MMT and 0.4 × 20 mm for HNT. The obtained scaffolds were then crosslinked by heating at 150 ◦C for
1 h, to prevent their solubilization in aqueous media and to allow cell homing. The heating process is
also reported as able to dry sterilize the products [17].

2.2.4. Scaffold Characterizations

Chemico-Physical Characterization

Scaffold morphology was assessed by means of SEM (Tescan, Mira3XMU, CISRIC, University
of Pavia) after graphite sputtering. The scaffolds were analyzed before and after the crosslinking
procedure and after 6 days of hydration in distilled water. Nanofiber diameters and pores sizes were
measured by image analysis software (DiameterJ plugin, Image J, NIH).

X-ray powder diffraction (XRPD) analysis was carried out using a diffractometer (X-Pert Pro
model, Malven Panalytical, Italy) equipped with a solid-state detector (X-Celerator) and a spinning
sample holder. The diffractogram patterns were recorded using random oriented mounts with CuKα

radiation, operating at 45 kV and 40 mA, in the range 4–60◦ 2θ. The diffraction data were analyzed
using the XPOWDER® software (www.xpowder.com).

Fourier-transform infrared spectroscopy (FT-IR) spectra were recorded using spectrophotometer
(JASCO 6200) with a Ge ATR. All samples were analyzed from 400 to 4000 cm−1 with a resolution of
0.25 cm−1 and the results were processed with Spectra Manager v2 software.

Thermogravimetric analysis (TGA) (TGA-50H, Shimadzu, Kyoto, Japan) was performed using
a vertical oven and a precision of 0.001 mg. Approximately 40 mg of each sample were placed in
aluminum pans. The experiments were performed at the 30–950 ◦C range and using a 10 ◦C/min
heating rate. Additionally, differential scanning calorimetry (DSC) analyses were performed (Mettler
Toledo, Columbus, OH, USA) using aluminum crucibles, a 30–400 ◦C temperature range, at a heating
rate of 10 ◦C/min. All the analyses were performed in atmospheric air.

High-resolution Transmission Electron Microscopy (TEM) was performed by means of an
analytical electron microscope (AEM) (Titan G2 60–300, FEI Company, Thermo Fisher Scientific,
Waltham, MA, USA) with a SUPER-X silicon-drift windowless energy dispersive X-ray spectroscopy
detector. X-ray chemical element maps were also collected. The samples were directly deposited onto
copper grids (300 mesh coated by formvar/carbon film, Agar Scientific, Italy).

Mechanical Properties

Mechanical properties of nanofibrous scaffolds were measured using a TA-XT plus Texture Analyzer
(Stable Microsystems, ENCO, Italy) equipped with a 5.0 kg load cell. Before testing, nanofibrous scaffolds
were cut 30 × 10 mm and the strips (thickness ranging from 150 to 200 μm, thickness gauge apparatus,
Mitutoyo) were clamped between two tensile grips (A/TG probe) setting an initial distance between the
grips of 10.0 mm. Mechanical properties were evaluated in the dry and hydrated state. The hydration
was performed by dipping the scaffolds in water up to complete hydration (1 h). Then, the upper grip
was moved forward at a constant speed of 5.0 mm/s up to break. The force at break was recorded
(force at break) (TS, N/mm2) and the elongation (%) was calculated as follows:

E% = 100 × (Lbreak − L0)/Lbreak (1)
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where Lbreak is the distance of the two grips at scaffold breaking and L0 is the initial distance of the
two grips.

Moreover, Young’s Modulus (mN/cm2) was calculated as the slope of the initial linear portion of
force vs. grip displacement [10,18,19].

Fibroblasts Biocompatibility and Adhesion

NHDFs (normal human dermal fibroblasts from juvenile foreskin, Promocell WVR, Italy) were
grown with Dulbecco’s Modified Eagle Medium (Sigma, I) supplemented with 10% fetal bovine serum
(FBS, Sigma, Italy) and with 200 IU/mL penicillin/0.2 mg/mL streptomycin (Sigma-Aldrich, Italy), kept
at 37 ◦C in a 5% CO2 atmosphere with 95% relative humidity (RH).

Preliminarily, the cytocompatibility and proliferation in the presence of pure components were
assessed. Fibroblasts were seeded with a seeding density of 25 × 103 cells/well in 96-well plates. After
24 h of growth (at sub-confluence), the following samples (in growth medium, GM) were considered:
CS (0.08 mg/mL), P (1.5 mg/mL), CA (0.4 mg/mL), CH (0.4 mg/mL), MMT (MMT1: 0.2 mg/mL; MMT2:
0.8 mg/mL; MMT5: 1.2 mg/mL), and HNT (HNT1: 0.2 mg/mL; HNT 2: 0.8 mg/mL; HNT5: 1.2 mg/mL).
Valinomycin (Val, Fisher Scientific, Ireland) (final concentration 120 μM) was used as the cytotoxic
control and GM (growth medium) as the biocompatible control.

After 24 or 72 h of contact, the MTT test was performed. Briefly, the MTT test evaluates the
activity of mitochondrial dehydrogenase of vital cells that convert MTT into formazan salts. The MTT
was solubilized in PBS at a concentration of 5 mg/mL per well. A total of 50 μL of the MTT solution
and 100 μL of the DMEM (DMEM w/o phenol red, Sigma, Italy) were dispensed into each well
and subsequently the plates were placed in an incubator at 37 ◦C for 3 h. The reagent was then
removed from each well and the cells were washed with 150 μL of PBS to remove the samples and
the un-reacted MTT solution. After PBS removal, 100 μL of DMSO were added to each well and
the absorbance was detected with an ELISA plate reader (ELISA plate reader, Biorad, Italy; Epoch,
Microplate Spectrophotometer, BioTek, Ireland) at a wavelength of 570 nm with a wavelength of
reference of 690 nm.

Subsequently the scaffold cytocompatibility was assessed. For this purpose, scaffolds were cut to
have an area of 0.36 cm2 to cover the bottom of a well in a 96 well-plate and fibroblasts were seeded
onto each scaffold with 35 × 103 cells/well and grown for 3, 6, and 10 days. An MTT assay was
performed, as previously described. In addition, SEM and CLSM analysis were performed to visualize
the fibroblasts adhered and proliferated to each scaffold.

Fibroblasts grown onto the scaffolds were fixed with a 3% glutaraldehyde solution for 1 h at 4 ◦C
(glutaraldehyde 50%—Sigma Aldrich, Italy), and washed twice with PBS. As for SEM, scaffolds were
dehydrated in increasing concentrations of ethanol, placed onto stub and sputtered with graphite.
The images were acquired at a high voltage of 8 kV, in high vacuum, at room temperature and different
magnifications (5.00 kX; 10.00 kX; 20.00 kX) (SEM: Tescan, Mira3XMU, CISRIC, University of Pavia).

As for CLSM the fixed scaffolds were stained by dipping the scaffolds in contact with 50 μL of
phalloidin Atto 488 (50 μg/mL in PBS) (Sigma Aldrich, Italy) for 40 min. Cell nuclei were subsequently
stained by dipping the scaffolds in 100 μL of Hoechst 33258 solution (0.5 μg/mL in PBS) (Sigma Aldrich,
Italy) for 10 min. Subsequently, the samples were washed twice for 10 min with PBS and placed on
microscope slide and analyzed by using a CLSM (Leica TCS SP2, Leica Microsystems, Italy) using
λex = 346 nm and λem = 460 nm for Hoechst 33342 (Sigma, Italy) and λex = 501 nm and λem = 523 nm
for phalloidin Atto 488 (Sigma, Italy).

Cytocompatibility of Macrophages and Pro-Inflammatory Immune Response

Human monocytic cell line THP-1 (American Type Culture Collection, Manassas, VA, USA) was
cultured in RPMI-1640 medium (Gibco, Thermo Fisher, Ireland) supplemented with 10% fetal bovine
serum (FBS, Sigma, Ireland), and with 200 IU/mL penicillin/0.2 mg/mL streptomycin kept at 37 ◦C in a
5% CO2 atmosphere with 95% relative humidity (RH). A total of 1 × 105 cells/mL were treated with
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100 nM phorbol-12-myristate-13-acetate (PMA, Sigma Aldrich, Germany) for 48 h. After 48 h the cells
were differentiated into macrophages and let to rest for 24 h before being treated.

Preliminarily, the cytocompatibility of the pure components was assessed considering sample
concentrations as previously described in Section “Fibroblasts Biocompatibility and Adhesion”
paragraph. Valinomycin (Val, Fisher Scientific, Ireland) or cysplatinum (Cys, Sigma Aldrich, Ireland)
(final concentration 120 μM) was used as the cytotoxic control and GM (growth medium) as the
biocompatible control.

THP-1 was differentiated using PMA and 20 × 103 cells were seeded in each well of the 96-well
plates. After 24 h rest, the components were added to each well and the biocompatibility was assessed
after 24 or 72 h of contact time, using MTT test, as previously described.

Subsequently, the scaffold cytocompatibility was assessed. Scaffolds were cut to have an area of
7.65 cm2 (diameters of 1.5 cm) and placed on a cell crown (Sigma, Italy). THP-1 cells were differentiated
by seeding 200 × 103 cells on the bottom of each well of the 24-well plates. After 24 h rest, the scaffold
placed on the cell crown was inserted in the well. The cytocompatibility was assessed using an MTT
assay (Sigma Aldrich, Ireland) after 24 or 72 h of contact time, as previously described.

TNF-α, pro-inflammatory cytokine, was assayed to evaluate the pro-inflammatory immune
response using the commercially available ELISA kit (BioLegend, Medical Supply Co. Ltd., Ireland).
Supernatants were collected from the cultures at 24 or 72 h after the treatment with the components or
the scaffolds.

The cytokine secretion by macrophages was assayed at 450 nm with 570 nm as the reference
wavelength (Epoch microplate reader, Biotek, Mason Technologies, Ireland). The method was linear in
the concentration range from 7.8 to 500 pg/mL with the R2 always higher than 0.995. Lipopolysaccharide
(LPS, 100 ng/mL for 24 h) was used as the positive control.

2.2.5. Statistical Analysis

Statistical differences were evaluated using a non-parametric test: the Mann–Whitney (Wilcoxon)
W test, (Statgraphics Centurion XV, Statistical Graphics Corporation, MD, USA). Differences were
considered significant at p < 0.05.

3. Results and Discussion

3.1. Polymeric Blend Characterization

The characterization of the polymers in terms of conductivity (μS/cm), surface tension (N/m),
and consistency (mN ×mm) of all the polymeric blends is reported in Table 2.

The increase in clay mineral concentration caused an increase in conductivity, surface tension,
and consistency. In particular, MMT at concentrations higher than 1% increased conductivity, surface
tension, and consistency to values greater than those of the blank (blend without MMT). This behavior
was less evident when HNT was blended with the polymeric mixture, probably due to the different
particle sizes of the two clays. It is conceivable that the addition of HNT or MMT to the polymer blend
caused a partial immobilization of the polymer chains due to charge–charge or hydrophobic interaction.
In case of a lower amount of clay minerals added (1%), this determined a decrease in consistency and
conductivity, while higher amounts (2% or 5%) had the opposite behavior probably due to an excess of
charges from MMT or HNT not counterbalanced from the polymers in the solution [14].
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Table 2. Conductivity, surface tension, and consistency of the polymer blends (blank) and polymer
blends containing MMT or HNT at 1%, 2%, or 5% w/w (mean values ± SD; n = 3).

Sample Conductivity (μS/cm) Surface Tension (N/m) Consistency (mN ×mm)

Blank 1363 ± 11 36.6 ± 0.2 188 ± 2
HNT1s 1271 ± 3 37.7 ± 0.2 155 ± 3
HNT2s 1303 ± 4 38.1 ± 0.1 175 ± 2
HNT5s 1352 ± 9 38.6 ± 0.2 203 ± 5
MMT1s 1255 ± 23 38.7 ± 0.4 171 ± 2
MMT2s 1527 ± 17 40.8 ± 0.2 308 ± 8
MMT5s 1663 ± 9 41.3 ± 0.1 338 ± 4

3.2. Scaffold Characterizations

3.2.1. Chemico-Physical Characterization

Advanced images such as SEM microphotographs of MMT- or HNT-based scaffolds and a blank
scaffold in the dry or hydrated state are presented in Figure 2. The pore size evaluated for each scaffold
is reported in an inset. Furthermore, in each image, the fiber diameter is reported.

In the dry state, the blank scaffold was characterized by fibers with a smooth surface, and fiber
diameters with a coarse distribution around 1500 nm. HNT scaffolds were therefore characterized by the
nanofibers’ regular structure and smooth surface, where the addition of the clay minerals in the scaffolds
provided a significant decrease in the fiber dimensions. The scaffolds containing 2% and 5% HNT had
halved the diameter size compared to the blank scaffolds. Moreover, HNT determined a much more
regular structure compared to the blank scaffolds. This was probably due to the unique structure of HNT,
which are nanotubes with a high aspect ratio of 10 [9,20], thus capable of aligning along the fiber length and
providing increasing surface tension. This allowed to obtain a more regular polymer solution jet during the
electrospinning process. MMT scaffolds were characterized by nanofiber portions with a regular, smooth
surface spaced out in a broaden interwoven, resembling knots, and with a wider structure organisation.
These conceivably could be related to montmorillonite [9,21]. The increase of MMT concentration, especially
in the 5% MMT scaffold, caused an increase in the surface roughness of the fibers, while the fiber diameters
were significantly lower than those of the blank scaffold, although this was not influenced from the clay
concentration. It is reported that clay minerals could act as a compatibilizer and this could positively affect
the electrospinning of a polymer blend, containing positively and negatively charged polymers, as chitosan
and chondroitin sulfate. Therefore, MMT or HNT could conceivably reduce the interfacial tension in the
polymer blend, thus facilitating electrospinning, to obtain finer and more homogeneous nanofibers with
respect to the blank [22]. Moreover, it is reported that the conductivity of the solution, influenced by the
clay content, could increase the charge on the surface of the droplet to form a Taylor cone, and consequently
could cause the decrease in the fiber diameter [23].

The presence of HNT or MMT in the scaffolds increased the systems porosity, and although
there were not significant differences, the increase of clay mineral concentration increased the pore
dimensions: this seems inversely related to the decrease of fiber dimensions. Porosity and fiber
dimensions seem to have a crucial role for facilitating cell adhesion in the scaffold: The porosity could
convert the scaffold from a surface to a fiber network, which could act as a sieve to the home cells.

The hydration significantly increased the fiber dimension, however no solubilization of the scaffold
occurred thanks to the cross-linking by heating: The structural analysis (FTIR and SAXS) and the water
holding capacity suggested that no new chemical bond was formed upon heating treatment while a polymer
chain felting occurred when water was released due to thermal treatment, resulting in local physical
multi-entanglement between the fibers, which could not be released by simple hydration. When HNT
or MMT were at lower concentrations, up to 2%, the hydration did not alter the fibrous structure of
the scaffolds, while when HNT or MMT were at a 5% concentration, the fibers were fused although
the morphology was preserved. The higher content of hydrophilic clay minerals could weaken the
overall scaffold structure, since the polymer chains in the matrix loosened their tightness causing a higher
fiber swelling.
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XRPD of all the scaffolds developed is presented as comparison to the pristine HNT and MMT,
in Figure 3. A blank scaffold was characterized by an amorphous pattern and no crystalline or
paracrystalline behavior could be detected. Pristine HNT was characterized by a peak at 12.25◦ 2θ
corresponding to 7.24 Å, a typical height of the dehydrated HNT interlaminar spaces (Figure 3, peak
labelled as #). The peaks at 20.14◦ 2θ and at 25.03◦ 2θ confirmed the HNT tubular structure and its
phyllosilicate nature (Figure 3, peak labelled as ##) [24]. HNT-loaded scaffolds were characterized by
patterns more similar to that of the blank scaffold rather than those of pristine HNT: In these patterns,
only the peaks attributable to the phyllosilicate nature of HNT (peaks at 25.03◦ 2θ) were present and
there was a signal increase directly related to HNT concentration. Since the diffraction angle remained
constant in all the patterns and it was the same as in the pristine HNT, it could be argued that no
enlargement of the interlaminar space of the rolled structure occurred.

Figure 3. Comparison of XRPD patterns of all the scaffolds developed against pristine HNT and MMT.

The pattern of pristine MMT was characterized by a peak at 7◦ 2θ due to the distance of the d001
basal reflection, corresponding to 12.2 Å, characteristic of predominantly Na+ smectites (Figure 3 peak
labelled as +).

In the MMT scaffolds, the d001 basal reflection was shifted to approximately 6◦ 2θ.
This corresponded to a distance of 14.0 Å, suggesting that there was an enlargement of the interlayer
space (Figure 3, peak labelled as ++). This was associated with the intercalation of the biopolymer into
MMT layers, probably as monolayer between the silicate layers [10,25].

FTIR spectra of all the scaffolds developed is presented as comparison to the pristine HNT and
MMT in Figure 4. In the spectrum of the blank scaffold, the signals related to pullulan (P) and citric
acid (CA) are marked. These characteristic signals were present also in all the scaffolds containing
either MMT or HNT.

HNT spectrum was characterized by two signals at 3696 cm−1 and 3622 cm−1, due to OH inner
and outer stretching, respectively, while the MMT spectrum was characterized by a signal at 3624 cm−1

caused by the Al–OH stretching. The characteristic peaks of both the clay minerals were hidden by
a broad band due to a typical polysaccharide signal (hydrogen bonds of –OH and –NH2 groups).
(pullulan: 3331 cm−1 and chitosan: 3355 cm−1). Moreover, the vibrational band of NH3

+ groups of
chitosan could be identified at 1550 cm−1, as a shoulder [26,27].
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Figure 4. Comparison of the FTIR spectra of all the scaffolds developed against to the pristine HNT
and MMT. In the blank spectrum the signals related to P (pullulan) and CA (citric acid) are marked.

TGA (a,b) and DSC (c) profiles of all the scaffolds, compared to pristine HNT and MMT is reported
in Figure 5. Thermal analysis was performed to characterize the role of the clay minerals in the scaffold
structure. TGA and DCS profiles suggested than both HNT and MMT had high thermal stability.

TGA analysis suggested that all the scaffolds, independently of the clay mineral loaded and its
concentration, were subjected to a slight weight loss corresponding to the evaporation of hydration
water. This accounted for about 7% of the scaffolds weight (30–101 ◦C) (Figure 5a). DSC analysis
(Figure 5b,c) showed a slight endothermic event between 30 and 110 ◦C, confirming the TGA results.

Additionally, characterization showed that all the scaffolds reported a more prominent weight loss
(onset: about 230 ◦C; offset: about 400 ◦C) with greater mass loss to reach 26%, 12%, and 7% of residual
weight for the MMT 5, MMT2, and MMT1, respectively. These coincided with two endothermic events
in the DSC thermograms and these could be conceivably caused by the decomposition [28,29].

The clay minerals loaded into the scaffolds, independently from the types and concentrations used,
maintained their thermal stability and were able to slightly stabilize the scaffolds towards thermal
degradation, increasing the onset temperatures of each thermal event; this is particularly evident in the
TGA profiles (Figure 5a,b).

The residual mass was related to the clay mineral concentration in each scaffold: HNT: 5.56% for
1% loading; 11.40% for 2%, and 21.02% for 5%; MMT: 5.46% for 1% loading; 11.02% for 2%, and 22.36%
for 5%.

HRTEM microphotographs of the broadened parts of the fibers is presented in Figure 6, and Figure 7
reports their EDX spectra.

The HRTEM and EDX analysis evidenced that the broadened parts were based on clay mineral
particles: The tubular structure of HNT and laminar one of MMT could be identified. Moreover,
the elemental analysis showed the presence of Al and Si typical in the case of HNT and the presence
of Al, Si, and Mg in the case of MMT, but also of S and C, to indicate that the inorganic material was
embedded into the organic component.
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Figure 5. Comparison of TGA (a,b) and DSC (c) profiles of all the scaffolds against pristine HNT
and MMT.

Figure 6. HRTEM microphotographs of the broadened parts of the fibers.
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Figure 7. EDX spectra of the broadened parts of the fibers.

3.2.2. Mechanical Properties

The mechanical properties (force at break mN, a,b; elongation %, c,d; Young’s Modulus mN cm2, e,f)
of scaffolds loaded with HNT or MMT, in dry (a,c,e) or wet (b,d,f) conditions are presented in Figure 8.

In the dry state, the increase of HNT caused a decrease of force at break (Figure 8a) and of
system elasticity (Figure 8c), while MMT reinforced the scaffold structure increasing the resistance to
break (Figure 8a) and the system elasticity (Figure 8c) up to the 2% concentration; a further increase
weakened the scaffold. The scaffolds were characterized by moderate deformability higher than that of
the blank scaffolds (Figure 8b). The hydration caused a remarkable decrease in resistance to break,
an increase of deformability, and a loss of elasticity (Figure 8d–f). Clay minerals seem to reinforce the
scaffold structure; however, if their concentration exceeded a certain threshold, the presence of particles
embedded into the polymeric matrix could disrupt the polymer chain entanglements, weakening
the scaffolds.
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Figure 8. Mechanical properties (force at break mN, a–c; elongation %, b–e; Young’s Modulus mN/cm2,
c–f) for dry (a–c) and wet (d–f) scaffolds loaded with HNT or MMT at different concentrations (mean
values ± SD; n = 3). Statistics: * =Mann–Whitney (Wilcoxon) W test p < 0.05.

3.2.3. Fibroblasts Biocompatibility and Adhesion

Assessment for the cytocompatibility (OD, optical density) towards fibroblasts of (a) the scaffold
components after 3 and 6 days of growth, and (b) the scaffolds after 3, 6, and 10 days of growth
is summarized and presented in Figure 9. All the scaffold components (solubilized or dispersed
in growth medium, GM) were characterized by similar biocompatibility considering 3 or 6 days of
interaction, attachment and exposure with the fibroblasts (Figure 9a). Both HNT and MMT showed
good biocompatibility. Of note, the fibroblast cytocompatibility decreased with their concentrations: in
these conditions, clay minerals as powders (not soluble in GM) could negatively influence cell viability
due to their sedimentation.

Fibroblast cells showed to grow onto the scaffolds, and these were compared to those of the
control (GM, cell growth in standard conditions) (Figure 9b). After 3 days of cell growth onto the
scaffolds loaded with either 2% HNT or 2% MMT, these were able to proliferate similarly to that seen
when in simple substrate exposed to growth medium (as reference control). Conversely, all the other
compositions caused a significant decrease in cell viability, as shown in Figure 9a,b. After 6 days,
the blank scaffold and the scaffolds loaded with MMT (at all the concentrations) and HNT (at 2%
and 5%) enhanced cell proliferation similarly to control samples, and only the scaffolds loaded with
HNT at 1% was not able to show any proliferation as the control. After 10 days, the GM was unable to
progress into further cell growth due to the extensive cytotoxicity issues. Nonetheless, the scaffolds
loaded with both the clay minerals at 2% and 5% showed increased cell proliferation, and HNT
and MMT at 2% showed the best proliferative responses. A possible explanation could be due to
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the specific properties of halloysite and montmorillonite which showed the enhancing fibroblast
proliferation [9,10].

Figure 9. Cytocompatibility (OD, optical density) towards fibroblasts of (a) the scaffold components (GM:
growth medium; P: pullulan; CS: chondroitin sulfate; CA: citric acid; CH: chitosan; Val: valinomycin)
after 3 days (plain color) and 6 days (oblique line) of growth, and (b) of the scaffolds loaded with HNT
or MMT after 3 days (plain colors), 6 days (oblique lines), and 10 days (spotted) of growth (b) (mean
values ± SD; n = 8). Statistics: * =Mann–Whitney (Wilcoxon) W test p < 0.05.

These results are in agreement with the analysis carried out on the observed CLSM and the SEM
images (Figure 10). In particular, from the SEM and CLSM analysis it could be suggested that the
loading of clay minerals in the scaffolds allowed homogeneous fibroblast attachment, spreading and
growth all over the scaffolds. Interestingly, only the scaffold containing MMT at 5% caused cell growth
in clusters and this could be associated with the irregular surface and morphology of the scaffold fibers,
which prevented cell attachment and surface adhesion. However, the scaffolds loaded with HNT or
MMT at 2% allowed the fibroblasts to maintain their fusiform structure and aligned and elongated the
cytoskeleton filaments, enhancing cell confluency.

In a previous work [16], a blank scaffold was characterized for surface zeta potential by means
of the measurements of a streaming current and streaming potential. Such a scaffold possessed 2.9
isoelectric point with a zeta potential plateau above pH 5, at about −13.8 mV, and this was related to
the strong interaction between CS and the amino groups of CH. Moreover, the structural features at
the mesoscale were characterized by means of SAXS analysis [16]. These evidenced that nanofibers in
the scaffold were characterized by tubular structures and that the hydration caused polymer chains
protruding and stretching out from the fibers surface. The scaffold swelling was due to the dilatation
of the scaffold mesh rather than single fiber swelling [16]. In addition, the blank scaffold possessed a
certain degree of antibacterial activity against Staphylococcus aureus, and this was attributable to chitosan
that retained its antimicrobial properties although entangled in the scaffold structure. Furthermore,
the blank scaffold demonstrated to be resorbed in vivo in a preclinical (burn excisional murine) model
after the lesion healing [16]: the evaluation of the degradation pathway evidenced that lysozyme,
continuously secreted by white cells (macrophages and neutrophils) during the inflammatory phase of
wound healing, played a crucial role in scaffold degradation [30].
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Figure 10. CLSM (scale bar: 50 μm) and SEM (scale bar: 20 μm) representative images of fibroblasts
grown for 6 days onto the scaffolds loaded with HNT or MMT at 1%, 2%, and 5% (CLSM: in blue: nuclei;
in red: cytoskeleton). Cell proliferation pattern showed by the nuclear staining increased frequencies
in the HNT and MMT.
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3.2.4. Cytocompatibility of Macrophages and Pro-Inflammatory Immune Response

Cytocompatibility was carried out by means of MTT assessment, recorded as intensity profile,
analysed and presented on the macrophages in response to the scaffold components (a), the exposure
and interaction with scaffolds after 24 and 72 h time points (b), as shown in Figure 11a,b. Moreover,
TNFα concentrations (pg/mL), secreted by the macrophages after the contact with the components or
the scaffolds are reported, in parallel to the MTT intensity readouts, in response to the components
(Figure 11c); and the scaffolds (Figure 11d). From the collective results, it emerges that for all the
cell substrates exposed to the components of the scaffold prepared in solution and for the LPS,
at higher concentration (used as proinflammatory control) presented a full biocompatibility range when
considering the two time points 24 or 72 h of contact with the macrophages (Figure 11a). Both HNT and
MMT showed comparable biocompatibility although the macrophages’ cytocompatibility decreased
with MMT concentrations probably due to their different degradation profile up to 72 h.

Figure 11. Cytocompatibility of THP-1 macrophages of the scaffold components (a), and the scaffolds
after 24 (plain color) and 72 h (oblique lines) of exposure and contact (b). TNFα cytokine expression and
concentrations (pg/mL) for THP-1 cells exposed to components (c); and (d) scaffolds (mean values ± SD;
n = 8) (GM: growth medium; LPS: lipopolysaccharide; P = pullulan; CS: chondroitin sulfate; CA: citric acid;
CH: chitosan; HNT1: 1% w/w halloysite; HNT2: 2% w/w halloysite; HNT5: 5% w/w halloysite; MMT1: 1%
w/w montmorillonite; MMT2: 2% w/w montmorillonite; MMT: 5% w/w montmorillonite; blank: unloaded
scaffold; Val: valinomycin; Cys: cysplatinum) Statistics: * =Mann–Whitney (Wilcoxon) W test p < 0.05.
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The scaffold cytocompatibility towards fibroblasts and their proinflammatory response were
evaluated only in the case of 2% clay mineral loading. In fact, the results obtained from mechanical
properties and cell adhesion and proliferation capacity suggest that 2% clay mineral conferred to
the scaffolds suitable stiffness/elasticity combined with the capability to support cell homing. After
24 and 72 h of growth, the scaffolds loaded with either HNT or MMT at 2% allowed macrophage
viability similarly to that of their negative controls (GM, cell growth in standard conditions) (close to
75% of viability) (Figure 11b). However, the blank scaffold showed 50% cell viability with respect to
the GM. The increase in the exposure time at 72 h also shows a decreased viability of the macrophages,
when compared to their negative controls (GM).

Interestingly when looking at cytokine secretion, TNFα was secreted in significantly lower
amounts from the cells in exposed and in contact with scaffold components for 24 h, while after 72 h
of contact, the TNFα secretions were similar to the negative control, GM. The LPS positive controls
provided the evidence that the cells were responsive to stimuli (proinflammatory agent) (Figure 11c).
Considering 24 h exposure, the scaffolds caused a TNFα secretion similar to that of the GM. The scaffold
loaded with HNT induced the TNFα secretion similar to those obtained when LPS was at a lower
concentration but significantly lower than those observed for LPS at a higher concentration (Figure 11d).
After 72 h of exposure time, all the scaffolds were assessed in their TNFα secretions that were not
significantly different to the GM. This could be possibly also linked to the decrease in macrophage
viability after 72 h in standard growth conditions. These results showed that HNT and MMT scaffolds
did not show any significant proinflammatory activity compared to controls.

4. Conclusions

Halloysite or montmorillonite were loaded in an electrospun polysaccharidic scaffold in a one-pot
process. Halloysite scaffolds were characterized by a fiber regular structure and smooth surface, and did not
show any structural alterations when embedded in the polymeric matrix, probably due to the nanotubular
structure of this clay mineral. MMT scaffolds were characterized by nanofiber portions with a regular,
smooth surface, spaced out in broadened parts as knots with a scattered structure, possibly due to its
structure. Moreover, MMT inclusion in the polymeric matrix of the scaffold caused interlayer space
enlargement, causing the biopolymer intercalation into the MMT galleries, resulting in a deep interaction
between the scaffold matrix and clay mineral. HNT or MMT (2% concentration) in the scaffolds were
able to sustain homogeneous fibroblast spreading all over the scaffolds and their growth up to confluency,
maintaining a cell fusiform structure and aligned and elongated cytoskeleton filaments. HNT and MMT
(2% concentration) scaffolds. Due to their capability to support and enhance fibroblasts proliferation
with negligible proinflammatory activity, these scaffolds are promising for applications in wound healing:
Their capability to enable cell attachmnent and adhesion is probably due to their morphological 3D
structure-assisted cell homing, and this could facilitate wound healing in vivo.

5. Patents

Sandri: G.: Bonferoni, M.C.; Rossi, S.; Ferrari, F. Electrospun nanofibers and membranes,
PCT/IT2017/000160, 2017.
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Abstract: Hydrochlorothiazide (HCT), a Biopharmaceutical Classification System (BCS) class IV
drug, is characterized by low solubility and permeability, that negatively affect its oral bioavailability,
reducing its therapeutic efficacy. The combined use of cyclodextrins (CDs) and nanoclays (NCs)
recently proved to be a successful strategy in developing delivery systems able to merge the potential
benefits of both carriers. In this work, several binary systems of CDs or NCs with the drug were
obtained, using different drug:carrier ratios and preparation techniques, and characterized in solution
and in solid state, to properly select the most effective system and preparation method. Then,
the best CD (RAMEB) and NC (sepiolite), at the best drug:carrier ratio, was selected for preparation
of the ternary system by co-evaporation and emerged as the most effective preparation method.
The combined presence of RAMEB and sepiolite gave rise to a synergistic improvement of drug
dissolution properties, with a two-fold increase in the amount of drug dissolved as compared with
the corresponding HCT-RAMEB system, resulting in an approximately 12-fold increase in drug
solubility as compared with the drug alone. The ternary system that was co-evaporated was then
selected for a tablet formulation. The obtained tablets were fully characterized for technological
properties and clearly revealed a better drug dissolution performance than the commercial reference
tablet (Esidrex®).

Keywords: hydrochlorothiazide; cyclodextrins; sepiolite; nanoclay; dissolution rate; tablet

1. Introduction

Hydrochlorothiazide (HCT) is a thiazide diuretic drug widely used in the treatment of heart
failure, hypertension, hypovolemic shock, or edema [1]. HCT is a class IV drug, according to the
Biopharmaceutical Classification System (BCS), characterized by low aqueous solubility and low
permeability [2]. Due to these factors, this drug is poorly absorbed in the gastrointestinal tract, thus,
resulting in a variable and low bioavailability after oral administration [3]. Moreover, HCT can be
easily hydrolyzed in an aqueous environment, which also poses stability problems [4].

Cyclodextrins (CDs) are a family of cyclic oligosaccharides with a hydrophilic outer surface and a
lipophilic central cavity used as complexing agents to increase aqueous solubility of poorly soluble
drugs and to increase their bioavailability and stability. The natural CDs, named α−, β−, and γCD
consist of six, seven, or eight glucopyranose units and among them, βCD usually demonstrates the
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higher complexing ability toward drugs [5]. Cyclodextrins (CDs) have been successfully used as
carriers to improve the solubility and bioavailability of antihypertensive agents such as HCT [6].
CD complexation can provide additional advantages, including taste masking, increased drug stability,
and drug permeation, thus, leading to dose lowering and reduction of side effects [7]. Mendes et al.,
2016 showed the capacity of βCD to increase HCT solubility, protect the drug from hydrolysis and
enhance the in vivo effect [8]. Moreover, the effectiveness of βCD in increasing drug permeability
across the small intestine of rats was recently demonstrated by Altamimi et al., 2018 [9]. However,
βCD has relatively low solubility and often cannot be used at concentrations suitable for pharmaceutical
applications. For these reasons several modified βCDs have been prepared, and now its hydroxypropyl,
methyl, and sulfobutylether derivatives have been commercially used as new pharmaceutical excipients.

Clay minerals can be used as excipients in several medicinal products and can be effectively
used in the development of new formulations. Nanoclays (NCs) are fibrous inorganic matrices
that are able to entrap little molecules and release them in particular conditions and have aroused
particular interest as drug carriers due to their biocompatibility, high drug loading power, low cost,
and very poor toxicity [10,11]. Moreover, their ability to enhance the dissolution properties and, then,
the bioavailability of poorly soluble drugs has been reported [12,13].

Tablets are still the most used solid dosage form in the market due to their manufacturing efficiency,
good stability, and good patient acceptance [14]; and CD and fibrous clays used as excipients for
tablet formulation is well recognized and consolidated [13,15]. Recently, “drug-in-CD-in-NC” hybrid
systems have been developed and used to prepare tablets of oxaprozin, a poorly water-soluble NSAID,
with improved dissolution properties and enhanced therapeutic effect on rats [16,17]. Taking these
considerations into account, the aim of this work was to assess the effectiveness of such a particular
approach, based on the combined use of CDs and NCs as drug carriers, for the development of a
powerful tablet formulation for oral delivery of HCT. With this purpose, the solubilizing effect of
different CDs and NCs towards the drug was first investigated, in order to select the best carriers. In fact,
it is not possible to determine in advance which kind of CD or NC better improves the drug dissolution
properties, as well as it is not possible to predict the effect of drug-CD complexation on the nanoclay
interaction and entrapment. Moreover, in order to evaluate the influence of the preparation technique
in establishing effective drug-carrier interactions, binary and ternary combinations of the drug with
CDs and NCs were prepared by different methods and characterized for solid-state (by differential
scanning calorimetry and X-ray powder diffractometry) and dissolution properties. The best CD and
NC carriers and the most effective preparation method were then selected to obtain the hybrid ternary
system, which was used for the development of tablets. These were suitably evaluated for technological
properties and tested for dissolution behavior and compared with a marketed tablet formulation.

2. Materials and Methods

2.1. Materials

Hydrochlorothiazide (HCT) was a gift from Menarini (L’Aquila, Italy). β-Cyclodextrin
(βCD) and hydroxypropyl-β-cyclodextrin (Kleptose HP, HPβCd) were kindly donated by Roquette
(Lestrem, France). Amorphous randomly methylated-β-cyclodextrin (RAMEB, average MS 1.8) and
hydroxyethyl-β-cyclodextrin (HEβCD, average MS 1.0) were a gift from Wacker-Chemie GmbH
(Munchen, Germany). Sulfobutylether-β-cyclodextrin (SBEβCD) Dexolve® was gifted from CycloLab
(Budapest, Ungary). Sepiolite was from Vicalvaro (Spain) (SV); attapulgite (Pharmasorb colloidal, PHC)
was from BASF, and bentonite (or smectite) (VeegumHS, VHS) was kindly gifted by Vanderbilt Minerals
(USA). Magnesium stearate and polyvinylpyrrolidone (PVP K 30) were obtained from Sigma-Aldrich
Chemie GmbH (Steinhelm, Germany). Sodium starch glycolate (Explotab®) was from JRS Pharma
(Rosenberg, Germany). Tablets of HCT commercially available in Italy (Esidrex®) containing 25 mg of
drug were from Novartis Farma Spa (Varese, Italy). Other chemicals and solvents were of reagent
grade and used without further purification.
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2.2. Phase Solubility Studies

Phase-solubility studies of HCT with different cyclodextrins were performed by adding an
excess of drug to phosphate buffer solutions (pH 5.5) containing increasing concentrations of CD,
i.e., 0 to 12.5 mM for βCD and 0 to 25 mM for the other CD derivatives. The vials were sealed,
and the suspensions were electromagnetically stirred (500 rpm) at a constant temperature (25 ◦C)
until equilibrium (3 days). Then, an aliquot of solution was withdrawn with a filter-syringe (pore
size 0.45 μm), and the drug concentration was spectrometrically determined (UV/Vis 1601 Shimadzu,
Tokyo, Japan) at λmax 272.2 nm. The linearity was determined on five concentration levels (from 3 to
20 mg/L). The calibration curve was y = 0.0623x + 0.003, r2 = 0.999. LOQ = 1 mg/L and LOD = 0.33 mg/L.
The presence of CD did not interfere with the drug spectrophotometric assay. Each experiment was
performed in triplicate (C.V. < 2.5%). The apparent stability constants of the drug–CD complexes were
calculated from the slope of the linear portion of the phase-solubility diagrams and the drug solubility
(So) in the dissolution medium according to Equation (1) [18]:

Ks = slope/So*(1 − slope) (1)

The complexation efficiency (CE) was calculated from the slope of the phase-solubility diagrams
according to Equation (2) [19]:

CE = slope/(1 − slope) (2)

The solubilizing efficiency (SE) of CDs towards the drug was calculated as the ratio of drug solubility
in the presence of the maximum concentration of CD used with respect to that of the drug alone.

2.3. Preparation of Drug–CD and Drug–NC Binary Systems

Physical mixtures (PM) were prepared by mixing equimolar amounts of drug and CD with the
same granulometric size (75 to 150 μm). By submitting the PM to grinding, using a high-energy
vibrational micro-mill for 30 min at 24 Hz (Mixer Mill MM 200, Retsch GmbH, Dusseldorf, Germany),
co-ground binary systems were obtained. Kneaded products (KN) were prepared starting from the
corresponding PM. Briefly, the PM were placed in a mortar and 0.2 mL of a water/ethanol 50:50 v/v
solution were added until a dough was obtained. The mixture was then manually ground with a pestle
until a powder was obtained. A complete drying was achieved putting the powder in an oven at 40 ◦C
for 24 h.

HCT binary systems with NCs (PHC, VHS, and SV) were prepared at different w/w ratios (1:1;
1:2; 1:4) by physical mixing (i.e., PM), as described above for HCT-CD systems. Binary systems
with the selected NC (SV) at the selected w/w ratio (1:4 w/w) were prepared by different techniques.
Co-evaporated products (COE) were prepared by dissolving HCT in the minimum amount of ethanol
and suspending SV in water, mixing and removing the solvent by rotary evaporation; the solid product
was collected and left to dry in an oven for 24 h at 40 ◦C. Cofused products (COF) were realized by
heating the PM under magnetic stirring at 300 ◦C for 10 min. Co-ground systems (GR) were obtained
by ball-milling the PM in a high-energy vibrational micro-mill (Mixer Mill MM 200, Retsch GmbH,
Dusseldorf, Germany) at 24 Hz for 30 min [10,16]. Solvent-heated products (SH) were obtained by
adding 5 mL of ethanol to the PM under magnetic stirring for 5 min and heating at 300 ◦C for 5 min
until the solvent evaporation [20,21]. Solvent-sonicated products (SS) were prepared by a partial
modification of the method of Yendluri et al., 2017 [22,23]. Briefly, 20 mg of drug were dissolved
in 1 mL of ethanol to obtain a saturated solution where SV was added. The mixture was sonicated
with a Sonopuls HD2200 ultrasound homogenizer (Bandelin Electronic GmbH, Berlin, Germany)
equipped with a KE76 probe at 50% of power for 10 min and left to dry overnight to ensure maximum
loading. The day after, the sample was washed with fresh ethanol and filtered in order to remove
aggregates. The sample was dried in a vacuum desiccator overnight and powdered. The solvent
magnetic stirring technique (SMS) is a partial variation of the method used by Lun et al., 2014 [24].
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Briefly, the saturated solution of drug in ethanol containing SV was kept under stirring overnight; then,
the solid in suspension was separated by centrifugation, filtered and dried overnight at 60 ◦C.

2.4. Preparation of Drug-CD-Sepiolite (SV) Ternary Systems

Ternary physical mixtures (PM) were prepared by 15 min tumble mixing the drug with the selected
CD (HCT:RAMEB 1:1 mol/mol) and SV (HCT:SV 1:4 w/w ratio). Co-evaporated ternary products (COE)
were prepared by dissolving equimolar amounts of HCT and RAMEB in the minimum amount of
ethanol and water, respectively, mixing the solutions, suspending SV (HCT:SV 1:4 w/w ratio) under
mixing and removing the solvent by rotary evaporation; the solid product was collected and left to dry
in an oven for 24 h at 40 ◦C.

2.5. Solid-State Characterization

Thermal analysis of pure components, drug–CD and drug-SV binary systems obtained with the
different techniques was performed by a Mettler TA 4000 Stare system (Mettler Toledo, Greifensee,
Switzerland). About 5 to 10 mg of each sample were accurately weighed by a MX5 Microbalance
(Mettler-Toledo, Greifensee, Switzerland), placed in sealed aluminum pans with pierced lid, and scanned
at a heating rate of 10 ◦C min−1 under static air atmosphere, at a temperature in the range 30–300 ◦C.
The instrument was calibrated using Indium as a standard (99.98% purity, melting point 156.61 ◦C,
and fusion enthalpy 28.71 J/g).

The relative degree of drug crystallinity (RDC) in the samples was calculated according to
Equation (3) [17]:

RDC =
ΔHsample
ΔHdrug

× 100% (3)

where ΔH sample and ΔH drug are, respectively, the heat of fusion of the drug in the sample (normalized
to the drug content) and of the pure drug. Measurements were performed in triplicate and the relative
standard deviation of crystallinity data was about ±4% to 5%.

The X-ray powder diffraction analysis (XRPD) was conducted at room temperature (2θ = 5 to
30◦ and scan rate = 0.05◦/s) with Bruker D8-advance apparatus (Silberstreifen, Germany) at a 40 mV
voltage and 55 mA current using a Cu Kα radiation and a graphite monochromator.

2.6. Dissolution Rate Studies

Dissolution rate studies of HCT as such and from its different binary and ternary systems as well
as from the final tablets were performed according to the dispersed amount method.

Powder samples, containing a fixed amount of drug, were sieved and the selected granulometric
fraction (75 to 150 μm) was placed into a 150 mL beaker containing 75 mL of pH 5.5 phosphate buffer
solution. In the beaker, thermostated at 37 ± 0.5 ◦C, a three-blade paddle (1.5 cm radius) was centrally
placed and rotated at 100 rpm. Drug content was determined as described above (Section 2.1) in
samples (3 mL) periodically withdrawn and filtered with a syringe-filter (pore size 0.45 μm). Fresh
medium was added to replace the sampling and a correction was made for the cumulative dilution.

Each test was repeated four times (C.V. < 5%). All data were analyzed by ANOVA (one-way
analysis of variance) (GraphPad Prism version 4.0 program, Inc. San Diego, CA, USA). Differences
were considered statistically significant when p values were <0.05.

2.7. Tablet Formulation and Characterization

Flat tablets containing 25 mg of drug were prepared with the selected ternary system
(COE HCT-RAMEB-SV). In order to obtain mixtures with proper flowability, disintegration,
and compactability properties, 4% sodium starch glycolate (Explotab®) as superdisintegrant, 10% of
polyvinylpirrolidone (PVP K30) as binder, and 1% of Mg stearate as lubricant were combined to the
drug or drug-carrier systems. After a mixing of 15 min in a turbula mixer, the powders were compressed
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at 2.5 tons for 3 min using a hydraulic press. Uniformity of content, weight, diameter, thickness,
hardness, friability, and disintegration tests were performed according to European Pharmacopoeia
(Ph. Eur.) 9th Edition. In order to obtain results comparable with the powders, dissolution studies
were instead performed according to the method described above (Section 2.5).

The same test was also performed on Esidrex®, an HCT tablet formulation present on the market.

3. Results and Discussion

3.1. Phase Solubility Studies

The phase solubility studies evidenced a linear increase of drug solubility with increasing CDs
concentration (AL type), as reported in Figure 1. The results indicate, in all cases, the formation of soluble
complexes of probable 1:1 mol:mol stoichiometry [18]. The parameters, reported in Table 1, evidenced
the difference in the solubilizing and complexing power towards HCT among the different CDs.

Figure 1. Phase solubility diagrams of HCT with βCD(�), HPβCD (Δ), HEβCD (�), SBEβCD (X),
and RAMEB (�). Each value represents the mean of 9 measurements.

Table 1. Stability constant (K1:1), complexation efficiency (CE), and solubilizing efficiency (SE) of
complexes of the different examined cyclodextrins (CDs) with hydrochlorothiazide in pH 5.5 phosphate
buffer at 25 ◦C.

CD Type K1:1 M−1 ± s.d. CE SE a

βCD 131 ± 2 0.27 2.3
HPβCD 106 ± 3 0.28 3.1
HEβCD 114 ± 1 0.23 3.3
SBEβCD 213 ± 4 0.44 4.7
RAMEB 234 ± 2 0.48 4.8

a ratio between drug water solubility in presence of the highest CD concentration used (12.5 mM for βCD and
25 mM for other CDs) and alone.

Our results were in full agreement with those of Onnainty et al., 2013 [25], who reported the same
type of phase-solubility diagrams for HCT complexation with βCD. The highest values of complex
apparent stability constant (K1:1), complexation efficiency (CE), and solubilizing efficiency (SE) were
obtained with RAMEB and SBEβCD that gave rise to an approximately five-fold increase in drug
solubility as compared with the drug alone (Table 1). The better performance of these derivatives
can be attributed to the presence of methyl and sulfobutylether substituents which extended the CD
hydrophobic region and improved substrate binding via a hydrophobic effect, as just observed for
other lipophilic drugs [16,26].
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3.2. Characterization of the Drug–CD Binary Systems

DSC curves of pure HCT and CDs and of their binary systems obtained with the different
techniques were recorded in order to investigate the effect of the CD type and preparation technique
towards drug amorphization and complexation (Figure 2A). Thermograms of pure drug submitted to
the different treatments used for the preparation of the binary systems were also recorded, in order to
evidence any effect of the preparation technique on drug solid-state properties.
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Figure 2. DSC curves of pure HCT (A) untreated or submitted to kneading (KN), grinding (GR) or
dissolution-solvent evaporation (EV) and its binary systems with βCD (B), HPβCD (C), HEβCD (D),
SBEβCD (E), and RAMEB (F), obtained by physical mixing (i.e., PM), co-grinding (GR), kneading (KN),
and co-evaporation (COE).

The drug alone thermogram showed a sharp melting peak (Tpeak = 274.4 ◦C and ΔH = 152.8 J·g−1),
as expected for an anhydrous crystalline compound. The kneading does not seem to affect the thermal
behavior, causing just a slight decrease in Tpeak (272.2 ◦C) and RDC (98.96%).

The thermal curve of the drug submitted to the grinding process showed an exothermic
phenomenon at 134.5 ◦C which is attributed to the recrystallization of the drug fraction amorphized
during the grinding procedure; it was followed by the melting peak at 271.2 ◦C, whose reduced
intensity (ΔHfus128.1 Jg−1) indicated some loss of crystallinity (RDC 83.23%). In the evaporated
product, the drug melting peak at 274.1 ◦C was characterized by a sensible reduction of fusion enthalpy
(72.1 Jg−1). The calculated RDC of 46% suggested an appreciable drug amorphization, as a consequence
of its dissolution in the water-ethanol mixture and the following solvent evaporation.

In Figure 2B, the thermal profiles of HCT binary systems with βCD are reported. The DSC curve
of βCD in the examined temperature range was characterized by an intense and broad endothermic

182



Pharmaceutics 2020, 12, 104

effect that ranged between 50 to 130 ◦C, due to its dehydration. The PM showed the CD dehydration
band, followed at higher temperatures by an endothermic event characterized by the presence of two
peaks at 265 ◦C and 269 ◦C. These can be attributed to the partial superimposition of the drug melting
and the CD thermal decomposition, both shifted at lower temperature than the corresponding pure
components, due to their co-presence, as observed also by other authors [27,28]. In fact, CD alone
started to decompose usually over 300 ◦C [29]. A thermal behavior substantially similar to that of
PM was found for GR, KN, or COE products, suggesting poor host–guest interactions. A rather
similar behavior (Figure 2C) was observed for the series of products with SBEβCD. As previously
observed by Cirri et al., 2017, the thermal profile of this CD showed a broad endothermic effect
between 60 to 110 ◦C due to its dehydration, and another endothermic band between 250 and 280 ◦C,
due to degradation phenomena [30]. All binary systems prepared with the different techniques
showed the superimposition of HCT melting and CD decomposition phenomena, similar to that
observed in the simple PM. As for the thermal profiles of binary systems with HPβCD, HEβCD and
RAMEB (Figure 2D–F, respectively) after the initial broad endothermic effect, due to the amorphous
CD dehydration, the drug and CD endothermic decomposition phenomena in the range 250–260 ◦C
was still barely detectable only for the PM with HPβCD, while the drug melting peak completely
disappeared in all other systems, where only the CD decomposition band was observed.

In order to better elucidate the DSC findings and, in particular, to evidence any possible artifact
of the technique, due to a heating-induced interaction between the components as a consequence of
the thermal energy supplied to the sample during the DSC scans [31], XRPD analysis was conducted.
As shown in Figure 3A, the patterns of pure drug and βCD presented several sharp peaks, characteristic
of crystalline substances, whereas all βCD derivatives, as shown, as example, for HPβCD, presented an
almost flat pattern typical of amorphous substances. Representative drug peaks were clearly detectable
in the patterns of all PMs (Figure 3B), even if reduced in intensity, particularly, in combinations with
the amorphous partners, indicating that any solid-state interaction occurred during the simple mixing
of drug and CDs. However analogous results to those of PMs were also obtained for all binary systems
with βCD and different CD derivatives, with the only exception for COE products obtained with
RAMEB and SBEβCD (Figure S1, Supplementary Material). Thus, the disappearance of the drug
melting peak, observed in the other cases can be attributed to heating-induced interactions due to the
thermal energy supplied to the sample during the scan. However, the completely amorphous pattern
exhibited by the COE products with RAMEB and SBEβCD proved that the actual drug amorphization
and complexation was achieved only by this preparation technique with these CDs (Figure 3C).
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Figure 3. XRPD patterns of pure HCT and CDs (A) and of equimolar physical mixtures (PM) (B) with
all CDs and the co-ground (GR), kneaded (KN), and co-evaporated (COE) products with RAMEB (C).

The results of dissolution rate studies performed on pure drug, both untreated and submitted to
the different techniques and on the different binary systems with all the CDs, are presented in Figure 4.
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Figure 4. Dissolution profiles of pure HCT (A) untreated (� red line) or submitted to kneading (� blue
line), grinding (� green line), or dissolution-solvent evaporation (x violet line) and from its binary
systems with βCD (B), SBEβCD(C), and RAMEB (D), obtained by physical mixing (PM) (� red line),
kneading (KN) (� blue line), co-grinding (GR) (� green line), and co-evaporation (COE) (x violet line).
Each value represents the mean of 3 experiments.

As shown, HCT alone (Figure 4A) always reached a solubility of 1 mg/mL, even if the treatments,
especially the grinding one, initially allowed a more rapid release, probably due to a particle size
reduction of the powder. In binary systems with βCD (Figure 4B) a better profile was also observed for
the simple PM that reached a plateau level of 1.45 ± 0.5 mg/mL, due to the improved drug wettability
and possible in situ complexation phenomena. A little more favorable effect on the drug dissolution
rate, particularly in the first minutes, was observed for all treated products, in virtue of the more
intimate contact between the components brought about by the sample preparation method. Similar
results were obtained for drug systems with HEβCD and HPβCD (data not shown), regardless of the
sample preparation technique. Instead, significant differences were observed for the series of products
with SBEβCD and RAMEB (Figure 4C,D) especially for COE systems, which achieved plateau levels
around 5.5 ± 0.3 and 6.8 ± 0.2 mg/mL, respectively. It should be pointed out that the COE systems with
SBEβCD and RAMEB were the only ones actually containing the drug in an amorphous/complexed
status, as revealed by XRPD analysis. Moreover, the results were in accordance with phase solubility
studies, where SBEβCD and RAMEB showed the higher complexing and solubilizing efficiency
towards HCT.

Taking into account these results, co-evaporation was selected as the most effective preparation
technique and RAMEB as CD that lead to the best drug dissolution profile.

3.3. Characterization of Drug–NC Binary Systems

DSC analyses were then performed on HCT binary systems with three different nanoclays (SV,
PHC, and VHS) at three different drug:NC w/w ratios (1:1, 1:2, and 1:4) in order to find the nanoclay
that more strongly interacts with the drug and the most suitable weight ratio between the components.
The results, as summarized in Table 2, show evidence that no interaction occurred between HCT and
VHS, as indicated by the absence of variations in drug melting peak or enthalpy. Evidently, on the
one hand, the typical lamellar stratified structure of VHS, despite having proven to effectively entrap
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molecules by cation, exchange with the hydrated cations present in its interlayers [10] showed limited
interaction with a lipophilic molecule as HCT. On the other hand, the typical fibrous structure of SV
and PHC, consisting in hollow nanotubes, seemed to be more suitable to entrap lipophilic drugs. SV
proved to have a greater interaction ability towards HCT, raising to the highest reduction in drug
crystallinity at the 1:4 w/w ratio (RDC 37%) as a consequence of its better dispersion into the nanoclay
structure. The higher interaction ability of SV than PHC towards HCT probably could be related to
the different dimensions of their channels (0.37 × 1.06 nm for SV and 0.37 × 0.64 nm for PHC) [32].
Moreover, these findings were in accordance with those previously obtained with another lipophilic
drug, oxaprozin, where SV provided the best results in terms of NC–drug interactions [16].

Table 2. Thermal parameters and % residual drug crystallinity (% RDC) of hydrochlorothiazide (HCT)
alone or in the presence of the different examined nanoclays (NCs).

NC Type HCT:NC Ratio (w/w) HCT Melting Peak (◦C) HCT ΔHfus(J/g) % RDC

- - - - / 274.4 152.8 100.0

PHC 1:1 274.3 92.0 60.2

PHC 1:2 274.3 77.9 51.0

PHC 1:4 274.1 64.4 42.2

VHS 1:1 274.4 152.6 100.0

VHS 1:2 274.3 152.5 100.0

VHS 1:4 274.2 152.2 100.0

SV 1:1 274.4 84.2 55.1

SV 1:2 270.4 71.9 47.1

SV 1:4 269.2 56.5 37.0

SV was then selected in order to test the effect of different preparation methods and experimental
conditions (such as use of solvent, stirring rate, temperature, etc.) on the performance of drug-nanoclay
systems. Binary systems at 1:4 w/w drug:SV ratio were prepared by co-evaporation (COE), co-fusion
(COF), co-grinding (GR), solvent-heating (SH), solvent-sonication (SS), and solvent magnetic stirring
(SMS) techniques. The products obtained were submitted to DSC analyses and the results are
summarized in Table 3 in terms of drug melting temperature and enthalpy and percent of residual
drug crystallinity (RDC %).

Table 3. Thermal parameters and % residual drug crystallinity (% RDC) of hydrochlorothiazide
(HCT) alone or in the different 1:4 w/w systems with sepiolite prepared by physical mixing
(PM), solvent-sonication (SS), solvent magnetic stirring (SMS), co-grinding (GR), co-fusion (COF),
solvent-heating (SH), and co-evaporation (COE).

Batch Drug Melting Peak (◦C) Hfus (J/g) % RDC

HCT 274.4 152.8 100.0

PM 269.2 56.5 37.0

SS 263.9 28.3 18.5

SMS 262.8 28.2 18.3

GR 260.4 15.4 10.1

COF 274.1 9.9 6.5

SH 274.0 8.2 5.4

COE / / /
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Even if all the used techniques gave rise to a marked reduction of intensity of the drug melting
peak, with the trend PM < SS = SMS < GR < COF < SH, its complete disappearance was obtained just
with the COE.

The XRPD patterns of pure components, PM and COE product are reported in Figure 5. SV showed
a typical crystalline pattern clearly recognizable in the PM and still detectable in the COE product
with the drug. However, the crystallinity peaks of HCT were well visible in the PM and in the other
binary systems (data are reported just for PM as example) while they completely disappeared in the
COE product.

Figure 5. Patterns of HCT, SV, and their 1:4 w/w binary systems obtained by physical mixing (PM) and
co-evaporation (COE).

On the basis of these results, ternary systems were prepared by physical mixture and co-evaporation
with RAMEB (HCT-RAMEB 1:1 molar ratio) and SV (HCT-SV 1:4 w/w ratio) and compared with the
corresponding binary systems. X-ray diffractograms, performed on ternary PM and COE products
confirmed the complete drug amorphization in the COE product, thus, confirming the DSC results.

3.4. Dissolution Rate Studies

The dissolution profiles of binary and ternary PM and COE products with RAMEB and SV are
shown in Figure 6.
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Figure 6. Dissolution profiles of HCT alone (o) and from its binary and ternary systems with RAMEB
and SV: Physical mixtures (PM) (blue lines) with RAMEB (�), SV (♦), and both (� dotted line) and
co-evaporated (COE) products (violet lines) with RAMEB (�), SV (Δ), and both (� dotted line).
Each value represents the mean of 3 experiments.

Binary HCT-SV systems obtained by co-evaporation revealed an increase in drug dissolution
rate with respect to pure drug, more evident as compared with the simple PM, probably, due to the
complete drug amorphization and its closer dispersion within the NC matrix. However, the dissolution
performance of drug-SV systems was considerably worse than the corresponding binary systems with
RAMEB, indicating that drug complexation with RAMEB was far more effective than NC entrapment.
The simultaneous presence of both carriers in the ternary systems gave rise to a synergistic effect in
improving HCT dissolution properties. This was particularly evident in the ternary COE product,
which showed about a two-fold increase of the dissolved drug amount after 5 min, with respect to the
binary HCT-RAMEB COE system and reached a plateau level of 12.3 ± 0.9 mg/mL. Analogous results
have been previously obtained for oxaprozin [16]. However, it is necessary to evidence that, in the case
of oxaprozin, the grinding technique with CDs and the cofusion technique with nanoclay resulted
in the best technique to improve the drug solubility, whereas in the case of HCT, the best results
were obtained with co-evaporation. These findings confirm that the combined use of cyclodextrins
and nanoclays, joined with the most appropriate sample preparation technique, can be a successful
strategy to strengthen the benefits related to their potential to enhane solubility and dissolution rate of
lipophilic drugs. Nevertheless, it is evident that preformulation studies are important in order to find
the most appropriate preparation technique.

On the basis of these findings, the HCT-SV-RAMEB COE product was selected for the development
of a new tablet formulation.

3.5. Tablet Formulation and Characterization

Compatibility studies performed by DSC analysis demonstrated the complete compatibility
between the drug and the selected tablet excipients, as shown in Figure S2 of Supplementary
materials. Preliminary studies conducted on the excipients allowed the obtainment of the selected
tablet composition. Particularly, it was necessary to bring the binder percentage up to 10% because
tablets prepared with a lower content did not pass the friability test. Tablets prepared with COE
HCT SV RAMEB were fully characterized according to Ph. Eur. 9th Edition and compared with the
marketed product, Esidrex®and the tablet properties in terms of hardness, friability, and disintegration
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time are summarized in Table 4. The batches demonstrated a good uniformity passing the tests
of content (RDS < 1%), diameter (RSD < 0.3%), thickness (RSD < 1%) and weight (RSD < 3%),
and uniformity. As reported, the new tablets showed higher hardness and higher disintegration time
than the commercial ones, but they were within the limits of the values imposed by the Ph. Eur. 9th
Edition for uncoated tablets (15 min). The SV presence was fundamental to the improvement of the
powder compactability and the obtainment of tablets with acceptable hardness and low friability
properties, thus, demonstrating its suitability for direct compression.

Table 4. Technological properties of the new tablet formulation and of the commercial reference tablet.

Tablet
Drug

Content (%)
Diameter

(cm)
Thickness

(cm)
Weight

(mg)
Hardness

(N)
Friability

(%)
Disintegration

Time (min)

Esidrex® 98.5 ± 0.5 0.7 ± 0.0 0.25 ± 0.02 139.3 ± 1.9 4.0 ± 0.2 0.00 ± 0.00 6.0 ± 0.1

New tablet 99.2 ± 0.8 1.3 ± 0.0 0.20 ± 0.01 384.6 ± 0.5 6.6 ± 0.3 0.63 ± 0.01 13.0 ± 0.5

Dissolution studies were performed using the dispersed amount method with an excess drug
amount in order to evidence the effectiveness of our formulation. As shown in Figure 7, the results
clearly demonstrated the better dissolution profile of the new tablet that reached the 100% of dissolved
drug within 60 min vs. about the 40% obtained with the commercial tablet.

 
Figure 7. Dissolution profiles of HCT from the new tablet formulation and from the marketed tablet.
The results proved the maintenance of the synergistic effect of NC and CD in improving the dissolution
behavior also in the tablet formulation. Each value represents the mean of 3 measurements.

An improved drug bioavailability can be reasonably expected as a consequence of the increased
drug solubility and dissolution rate. Moreover, the permeation enhancer properties of cyclodextrins,
included methyl βCD derivatives, are well documented [33–35]. In particular, other authors observed
an increased HCT permeability in the presence of βCD, by performing experiments on non-everted
intestinal sac model [9]. Further in vivo studies have been planned in order to demonstrate the actual
improvement of therapeutic efficacy of the new tablet formulation.

4. Conclusions

An exhaustive study of the interactions between HCT and several kinds of cyclodextrins,
in combination with different preparation methods for binary systems resulted in the selection of the
COE product with RAMEB as the most appropriate to improve drug dissolution properties, as a result
of the best complexing-solubilizing ability of such CD and the complete drug amorphization achieved
by co-evaporation in its presence. Solid-state studies of HCT in mixtures with three types of NCs at
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different w/w ratios led to the choice of SV at the 1:4 w/w ratio as the best for establishing effective
interactions with the drug. Among the different techniques used for HCT:SV binary systems preparation,
the co-evaporation showed the greater ability to improve drug amorphization and dissolution.

Ternary systems prepared by co-evaporation with both selected carriers, evidenced a synergistic
effect of CD and NC in enhancing drug dissolution properties, giving a two-fold and a 12-fold
increase in drug solubility as compared with the binary HCT-RAMEB COE product and the pure drug,
respectively, thus confirming the great potential of such a combined approach.

Tablets prepared with the selected ternary systems clearly showed a better dissolution profile
as compared with a marketed formulation, with an approximate 60% increase of the drug amount
dissolved at 60 min. Therefore, the new tablets give proof of their ability to strongly improve the HCT
dissolution properties, thus, increasing the amount of drug available for oral absorption.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/2/104/s1,
Figure S1: XRPD patterns of COE products with SBEβCD (yellow line), HPβCD (grey line) and HEβCD (orange
line); Figure S2: Compatibility studies for tablet formulation.
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