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Abstract: For decades, jarosites have been precipitated by controlling Fe in hydrometallurgical
circuits. In addition, their synthesis, characterization, precious metals incorporation, decomposition
and leaching have led to important results in this field. Nowadays, new topics related to the
synthesis of these compounds have directed studies for applications such as lithium-ion batteries (as
cathodes or/and anodes). Additionally, in this work, the evaluation of these kinds of compounds
as biomaterials to be used in bone tissue engineering is shown, which is a novel application of
these jarosite type-compounds. The method used for the synthesis of these compounds has been
improved, decreasing the temperature (from 95 to 70 ◦C) and synthesis time (from 24 to only 3 h),
which allows the doping of the potassium jarosite with calcium, strontium and magnesium (JKCa,
JKCa2 and JKAll). The powders obtained this way were characterized confirming the incorporation
of these elements into the structure, and the biological assays allowing the cell proliferation at 10 days
conclude that these compounds are viable as a biomaterial, due to their non-toxic property. On the
other hand, these jarosites show osteoinduction when added to the swine dental pulp stem cells and
can be used for orthodontic purpouses.

Keywords: potassium jarosite; synthesis; biomaterial; bone tissue engineering; cells proliferation;
osteoinduction

1. Introduction

The jarosite-type compounds, represented by MFe3(SO4)2(OH)6 where M can be
Na, K, Rb, Ag or NH4, have had a wide application in metallurgical and mineralogical
processes [1–5]. Figure 1 shows a natural jarosite crystal [6] contrasted with the crystals
obtained using the synthesis conditions similar to those shown in this paper [7]. They are
often associated with acid-mine drainage, weathering of sulfide ore deposits, hydrothermal
alterations, oxidation of pyrite or weathering in acid soils [8]. They even occur in naturally
acidic saline sediments under oxidizing conditions and low values of pH [9], which can
occur in two types of settings: the first type is the volcanic one, where gases including H2S
and SO2 are dissolved and oxidized in caldera lakes or hot springs [10]; while the second
type is present in areas where iron sulfide minerals are oxidized [11].
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[10]; while the second type is present in areas where iron sulfide minerals are oxidized 
[11]. 

 
Figure 1. (A). A natural crystal of jarosite-type compound [6], and (B). Crystals of potassium jaro-
site obtained with the synthetic method described in this work [7]. 

The potassium jarosite with formula KFe3(SO4)2(OH)6 and whose mineral name is 
simply jarosite [1,12], has been employed in the zinc industry process to precipitate non-
desired iron and other elements to facilitate the filtering stage [7,13]. Additionally, the 
recovery of valuable metals from jarosite residues has been addressed [14–16]. However, 
some investigations have mentioned the use of this type of compound as anodes and/or 
cathodes in lithium-ion batteries, through the synthesis of a two-dimensional material 
composed by KFe3(SO4)2(OH)6/rGO using graphene oxide sheets through an oxidation 
process in the solution phase at an elevated temperature [7,17]. Recent studies have 
proven that there may be an electrochemical ion exchange in jarosite, with structurally 
stable mixed phases existing [18]. Therefore, by doping this kind of material with some 
elements such as calcium sulfate [19], it could be a promising strategy to overcome the 
shortage of grafts suitable for bone healing in tissue regeneration, due to its properties 
and good compatibility [20]. 

All the studies related to jarosite-type compounds have found interesting and ad-
vanced innovation, either modifying parameters and synthesis methods, or obtaining 
appropriate morphologies and particle sizes to evaluate new properties that place them 
as a material with possible applications in new fields such as that of bone tissue engi-
neering. 

The above is based mainly on three fundamental components: cells, scaffolds (bio-
materials) and biomolecules, or inducers of growth factors [21]. Ideally, the combination 
of these three elements creates a surgically transplantable product that promotes bone 
tissue regeneration and restores the intrinsic biological function of bone tissue [22]. Most 
of the biomaterials used as scaffolds in the creation of an extracellular matrix (ECM) are 
made with calcium silicate ceramics [23], calcium phosphate [24] or strontium-based bi-
oactive ceramics [25], whose evidence indicates that they promote enhanced bone repair 
and radiopacity for easy imaging. In addition, another researcher [26] reported the ef-
fects and mechanisms of strontium-promoted osteogenic differentiation of the mesen-
chymal stem cell. The fields of tissue engineering and regenerative medicine continue to 
face grueling challenges because of the difficulty of recreating the inherent complexity of 
the regenerative milieu [27]. 

Therefore, this work demonstrates improvements in the synthesis method of the 
doped potassium jarosite, such as a low operating temperature (70 °C), doping with cal-
cium, short synthesis time (3 h) and changes in pH. Therefore, this modified method [7] 
makes the synthesis of these kind of compounds economical and environmentally 
friendly. In this manner, the addition of other elements into the jarosite structure and the 

Figure 1. (A). A natural crystal of jarosite-type compound [6], and (B). Crystals of potassium jarosite
obtained with the synthetic method described in this work [7].

The potassium jarosite with formula KFe3(SO4)2(OH)6 and whose mineral name is
simply jarosite [1,12], has been employed in the zinc industry process to precipitate non-
desired iron and other elements to facilitate the filtering stage [7,13]. Additionally, the
recovery of valuable metals from jarosite residues has been addressed [14–16]. However,
some investigations have mentioned the use of this type of compound as anodes and/or
cathodes in lithium-ion batteries, through the synthesis of a two-dimensional material
composed by KFe3(SO4)2(OH)6/rGO using graphene oxide sheets through an oxidation
process in the solution phase at an elevated temperature [7,17]. Recent studies have proven
that there may be an electrochemical ion exchange in jarosite, with structurally stable
mixed phases existing [18]. Therefore, by doping this kind of material with some elements
such as calcium sulfate [19], it could be a promising strategy to overcome the shortage
of grafts suitable for bone healing in tissue regeneration, due to its properties and good
compatibility [20].

All the studies related to jarosite-type compounds have found interesting and ad-
vanced innovation, either modifying parameters and synthesis methods, or obtaining
appropriate morphologies and particle sizes to evaluate new properties that place them as
a material with possible applications in new fields such as that of bone tissue engineering.

The above is based mainly on three fundamental components: cells, scaffolds (bioma-
terials) and biomolecules, or inducers of growth factors [21]. Ideally, the combination of
these three elements creates a surgically transplantable product that promotes bone tissue
regeneration and restores the intrinsic biological function of bone tissue [22]. Most of the
biomaterials used as scaffolds in the creation of an extracellular matrix (ECM) are made
with calcium silicate ceramics [23], calcium phosphate [24] or strontium-based bioactive
ceramics [25], whose evidence indicates that they promote enhanced bone repair and ra-
diopacity for easy imaging. In addition, another researcher [26] reported the effects and
mechanisms of strontium-promoted osteogenic differentiation of the mesenchymal stem
cell. The fields of tissue engineering and regenerative medicine continue to face grueling
challenges because of the difficulty of recreating the inherent complexity of the regenerative
milieu [27].

Therefore, this work demonstrates improvements in the synthesis method of the doped
potassium jarosite, such as a low operating temperature (70 ◦C), doping with calcium, short
synthesis time (3 h) and changes in pH. Therefore, this modified method [7] makes the
synthesis of these kind of compounds economical and environmentally friendly. In this
manner, the addition of other elements into the jarosite structure and the changes proposed
in the synthesis pH values have contributed significantly to the final morphology and the
size of particles of potassium jarosite obtained.

The osteoinductive property of jarosite without adding an osteoinductor differentiation
medium, signaling to produce bone proteins, due to its intrinsic characteristics is acting
as an inductor. Finally, the obtained product could be an ideal novel material to be
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used for bone tissue engineering, according to its good osteoinductive properties and
biocompatibility, which will be proven with the corresponding cytotoxic analysis.

2. Materials and Methods
2.1. Synthesis of the Doped Potassium Jarosite

In the present work, the synthesis method used was the same as that published by
other researchers [7], which is a modified version of that reported by other authors years
before [1,12,15]. The used method, here, reduces significantly the reaction time from 24
to only 3 h, the working temperature from 97 to 70 ◦C and variations in the pH and the
concentrations of the precursors. The synthesis of the jarosite-type compounds used in
this work was carried out under the following conditions: 0.15 M of Fe2(SO4)3

•nH2O (J.T.
Baker, Phillipsburg, NJ, USA), 0.15 M of K2SO4 (J.T. Baker, Phillipsburg, NJ, USA) and
0.03 M of the corresponding element that doped the jarosite, in sulfate form (CaSO4

•nH2O
(Técnica Química S.A., Mexico City), SrSO4 (Aldrich Chemical Company, Inc. Milwaukee,
WI, USA) or MgSO47H2O (Meyer, Mexico City)). The aqueous solution was prepared in a
1.0 L three-neck flask with deionized water, and equipped with a pH measurement system,
with the temperature maintained at 70 ◦C and mechanical stirring. Figure 2 shows the
experimental array described. Additionally, all chemicals described and also the sodium
hydroxide (NaOH) and sulfuric acid (H2SO4) used for adjusting pH, were purchased from
Sigma-Aldrich (St. Louis, MO, USA) with high purity (>99%).
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Figure 2. Experimental setup for the synthesis of doped jarosite-type compounds, pH 1.7, 70 ◦C, 500 rpm.

Finally, once the synthesis reaction finished, the solution remained at rest for a preset
time to avoid particles coalescence, and then the solid product was leached with abundant
hot deionized water (>60 ◦C) to eliminate residual sulfates. After this, the product was
filtered, dried and characterized.

2.2. Chemical and Mineralogical Characterization of Synthesis Product

Regarding the protocols used for the analytical techniques used for the characterization
of solids, samples were prepared by sieving to reach particle sizes lower than 75 µm, and
then were dried at 100 ◦C during 6 h in a lab oven with digital control. The analysis
method used for the characterization was the following: X-ray diffraction using an INEL
Diffractometer model Equinox 2000 located at the Autonomous University of the State
of Hidalgo (AUSH), Mexico and manufactured by INEL at Artenary, Centre Val de Loire,
France. The sweep time was 0.5 min for each sample, and the indexing of the obtained
diffractograms was carried out with the MATCH version 1.1 software (developed by Crystal
Impact, Bonn, Germany).

On the other hand, the morphological study conducted on samples was executed
using a JEOL Scanning Electron Microscope JSM-IT300, manufactured by JEOL Tokyo,
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Japan (located at the AUSH), using an operating voltage of 30 keV and equipped with an
Oxford energy dispersive spectrometry (EDS).

Finally, to complete and confirm the presence of the doped elements into the jarosite
structure, a total reflectance Fourier transform infrared (ATR-IFTR) examination was exe-
cuted. It was completed using a Perkin Elmer Frontier FTIR spectrometer (Watham, MA,
USA), and 10 mg of the powdered sample was carefully placed on the crystal surface
and each obtained spectrum was recorded as absorbance under 75%. Each spectrum was
scanned between 4000 and 400 cm−1 wavelengths.

2.3. MTT Assay

The 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) colorimet-
ric cellular metabolic assay was used to measure the possible cytotoxic effect of doped
potassium jarosite on swine dental pulp stem cells (SDPSCs), based on the conversion of
MTT into formazan crystals by living cells(which are primary cell cultures taken directly
from the animal in the laboratory), which determines mitochondrial activity [28]. The cells
were seeded in 96-well plates at a density of 4000 cells/well, and cultured in the medium.
Jarosite samples were added after 24 h with a volume of 7 mm3 per well. In all cases,
and cultured in low-glucose DMEM (Bio-west, Mexico City), 10% of Fetal Bovine Serum
(FBS) (Bio-west, Mexico City) and 1% penicillin-streptomycin (Sigma Aldrich, St. Louis,
MO, USA), incubated at 24 h at 37 ◦C, 5%CO2, after 24 h jarosite were added (cell seeded
alone in the well, as a control group). The experiment was completed in triplicate, and the
well-plates were incubated at different times: 3, 7 and 10 days at 37 ◦C, 5% CO2. Then at
each time, the cells were incubated with a solution of 10% MTT for 4 h at 37 ◦C protected
from light. Finally, isopropanol was added to solubilize the formazan salts. Metabolic
activity was measured by an Elisa plate reader (Biotek Elx808, USA) equipped with a
562–630 nm filter.

2.4. Osteogenic Differentiation and Calcium Deposits Evaluated by Alizarin Red Staining

Cells were seeded at a density of 5000 cell of DPSCs on 24 well-plates and culti-
vated with low-glucose DMEM (Bio-west, Mexico City), supplemented with 10% Fetal
Bovine Serum (FBS) (Bio-west, Mexico City) and 1% penicillin-streptomycin (Sigma Aldrich,
St. Louis, MO, USA), and incubated at 37 ◦C, 5% CO2 under humidification for 24 h. After
that time, they were evaluated in three groups as explained below: cells in the well alone
cultured with low-glucose DMEM (Bio-west, Mexico City), supplemented with 10% Fetal
Bovine Serum (FBS) (Bio-west, Mexico) and 1% penicillin-streptomycin (Sigma Aldrich,
St. Louis, MO, USA) (group A); cells and jarosite (10 mm3/well) and low-glucose DMEM
(Bio-west, Mexico City), supplemented with 10% Fetal Bovine Serum (FBS) (Bio-west, Mex-
ico City) and 1% penicillin-streptomycin (Sigma Aldrich, St. Louis, MO, USA) (group B);
and cells, jarosite and MesenCultTM Osteogenic Differentiation Medium (consisting of
basal medium, 15 µL dexamethasone, 250 µL ascorbic acid, 175 µL β-glycerophosphate
and 7.5 mL MesenCultTM Osteogenic Stimulating Supplement (Stem Cells Technologies,
Cambridge, MA, USA) (group C). All plates were incubated at 37 ◦C, 5% CO2 under hu-
midification and the culture medium was changed once a week for 28 days. After these
days, the evaluation of the osteogenic differentiation of the DPSCs mediated by the jarosite
was carried out, with the Alizarin red staining (ARS) (Sigma Aldrich, St. Louis, MO, USA)
colored calcium deposits selectively, and it has been used for decades to evaluate calcium-
rich deposits in cell culture [29]. The culture medium was removed from the well-plate,
and then the cells were fixed 20 min with 3.74% neutral formalin (Sigma Aldrich, St. Louis,
MO, USA) for 5 min. Furthermore, they were washed three times with phosphate buffered
saline (Bio-west, Mexico City), and further washed with distilled water in order to remove
any salt residues. A solution of 2% wt/v ARS, with adjusted pH 4.2 was added, so that it
covered the entire surface of the jarosite. After 60 min of incubation at room temperature,
the ARS excess was washed with water. The ARS staining was imaged using a Leica DM
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IL LED inverted light-field phase contrast optical microscope. All the experiments were
performed in triplicate.

3. Results
3.1. Synthesis of the Doped Potassium Jarosite

Three jarosite samples were obtained, named JKCa for the calcium doped jarosite,
JKCa2 for the calcium doped jarosite twice the calcium, and JKAll for the jarosite doped
with calcium, strontium and magnesium, and are shown in Figure 3. Once synthesized, the
corresponding pH was measured using a pH meter (Dual Star PH/ISE with electrode and
probe ATC brand Thermo Orion, manufactured by ThermoFisher Scientific, Waltham, MA,
USA), obtaining values of 3, 3.5 and 3.2, respectively. According to these results, samples
were washed using deionized water at a boiling temperature under mechanical stirring and
adding to the rest of the solution during 2 to 3 min, and finally filtered to get the samples to
be dried. The washing process was completed twice, and again pH was measured until
values of 6.9 for JKCa, 7.2 for JKCa2 and 7.4 for JKAll were obtained, which are acceptable
to be used in cell assays [30].
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3.2. Characterization of Synthesized Jarosites

Scanning electron microscopy (SEM) in conjunction with the energy dispersive spec-
trometry of X-ray (EDS) were used to evaluate the morphological and compositional
properties of the doped jarosite powders obtained, in order to interpret their relationship
with the structural properties and corroborate the adequate incorporation of doped ele-
ments into the corresponding structure. Figure 4a shows the SEM-SE image for the JKCa
where the spherical agglomerate particles corresponding to the potassium jarosite can be
seen, which are quite similar to those obtained in a previous work [7], with particle sizes
varying from 1 to 10 µm. Some groups of agglomerated particles show a linear growing
pattern on a calcium cylinder such as that observed in Figure 4a,b, which corresponds to
the JKCa2 sample. Similarly, the element distribution involved in these samples can be
appreciated in Figure 5a,b.

For the case of the JKAll sample, it can be observed (Figure 4c) that there are small
particles (~1 µm) and agglomerates of sizes up to 15 µm, having an average size of 7 µm. In
addition, it can be noticed that the presence of great particles containing Sr, Mg and Ca in a
not rounded morphology could represent a new phase, along with jarosite particles giving
a mixture of two solid solutions. In the same way, in this image the presence of calcium,
strontium and magnesium distributed in such particles as is shown in Figure 5c, could be
observed.



Metals 2022, 12, 1052 6 of 13Metals 2022, 12, x FOR PEER REVIEW 6 of 13 
 

 
Figure 4. SEM (SE) images of doped jarosite-type compounds: (a) JKCa; (b) JKCa2; and (c) JKAll. 

 
Figure 5. EDS (SEM) spectra showing the semi-quantitative chemical composition for the doped 
jarosite-type compounds: (a) JKCa; (b) JKCa2; and (c) JKAll. 

For the case of the JKAll sample, it can be observed (Figure 4c) that there are small 
particles (~1μm) and agglomerates of sizes up to 15 μm, having an average size of 7 μm. 
In addition, it can be noticed that the presence of great particles containing Sr, Mg and 
Ca in a not rounded morphology could represent a new phase, along with jarosite parti-
cles giving a mixture of two solid solutions. In the same way, in this image the presence 
of calcium, strontium and magnesium distributed in such particles as is shown in Figure 
5c, could be observed.. 

Figure 4b shows the JKCa2, where the change of structure of jarosite observing 
shapes that are no longer so rounded, but elongated with some bright spots that corre-
spond to the calcium in the structure (Table 1) can be appreciated. The above can also be 
observed in Figure 5b. 

  

Figure 4. SEM (SE) images of doped jarosite-type compounds: (a) JKCa; (b) JKCa2; and (c) JKAll.

Metals 2022, 12, x FOR PEER REVIEW 6 of 13 
 

 
Figure 4. SEM (SE) images of doped jarosite-type compounds: (a) JKCa; (b) JKCa2; and (c) JKAll. 

 
Figure 5. EDS (SEM) spectra showing the semi-quantitative chemical composition for the doped 
jarosite-type compounds: (a) JKCa; (b) JKCa2; and (c) JKAll. 

For the case of the JKAll sample, it can be observed (Figure 4c) that there are small 
particles (~1μm) and agglomerates of sizes up to 15 μm, having an average size of 7 μm. 
In addition, it can be noticed that the presence of great particles containing Sr, Mg and 
Ca in a not rounded morphology could represent a new phase, along with jarosite parti-
cles giving a mixture of two solid solutions. In the same way, in this image the presence 
of calcium, strontium and magnesium distributed in such particles as is shown in Figure 
5c, could be observed.. 

Figure 4b shows the JKCa2, where the change of structure of jarosite observing 
shapes that are no longer so rounded, but elongated with some bright spots that corre-
spond to the calcium in the structure (Table 1) can be appreciated. The above can also be 
observed in Figure 5b. 
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Figure 4b shows the JKCa2, where the change of structure of jarosite observing shapes
that are no longer so rounded, but elongated with some bright spots that correspond to the
calcium in the structure (Table 1) can be appreciated. The above can also be observed in
Figure 5b.

Table 1. Semi-quantitative chemical composition by energy dispersive spectrometry analysis in
jarosite samples (weight percentage, % wt).

Jarosite\Element O S K Fe Ca Sr Mg Total

JKCa 48.85 12.67 5.96 35.10 0.43 - - 100
JKCa2 64.45 24.00 0.79 6.08 4.67 - - 100
JKAll 51.09 13.08 3.65 15.76 0.17 16.19 0.06 100
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In the case of JKAll, it can be observed (Figure 4c) that there is a change in the
morphology which could be due to a change in the crystalline structure. In this figure,
smaller particles (~1 µm) can also be observed and crowds bigger than 10 µm, with an
average particle size of 7 µm. Similarly, in the image it can be observed that bright spots
which could be due to the presence of calcium, strontium and magnesium, are incorporated
into the jarosite structure as shown in Figure 5c.

According to the obtained results executed by ATR-FTIR, more information was
obtained related to the chemical composition of samples regarding the incorporation
or not of the doped elements. Shifts in the frequency of absorption bands and relative
band intensities, indicate changes in the structure or changes in the surroundings of the
samples [31]. Through the electromagnetic radiation, the IR region spreads from 10 to
13,000 cm−1 and only the mid-IR region (400–4000 cm−1) is utilized in the conventional IR
analysis, because fundamental vibration or functional groups which are subject to analysis,
belong to this region [32].

Figure 6 depicts IR spectra of three samples and a potassium jarosite control. It can be
observed that the IR spectra of JKCa and JKCA2 are very similar to the potassium jarosite.
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According to the above, for the case of JKCa and JKCa2, both exhibit absorption bands
having comparable shapes and positions, and only a few peaks of calcium sulfate appear
near 590, 660 and 1600 cm−1 [33]. On the other hand, JKAll shows a typical spectrum
of the strontium sulfate [34]. Figure 7a shows just one band, which is primarily due to
the structural OH stretching mode and includes water modes, especially for the synthetic
samples. Reflectance spectra in this region are nearly saturated for these sulfates [35].

The spectral features seen in the three jarosites arise from the S-O bond oscillations
of the sulfate anion at approximately 1100–1200 cm−1 [36] due to asymmetric stretch-
ing (Figure 7b). In addition, the 680 and 600 cm−1 features are both components of the
normal mode of vibration [37] (Figure 7d), and the symmetric bending motions near to
450 cm−1 [38] (Figure 7d). Furthermore, in the same figure, two peaks near 900 cm−1

probably belong to magnesium sulfate [39]. Finally, in Figure 6c, two characteristic bands
of calcium sulfate [33] can be observed, approximately 1600–1700 cm−1, mainly in JKCa2
and JKAll. In JKCa, there is one broad band (1630 cm−1) characteristic of potassium jarosite,
such as that showed in control spectra, supplemented so the results obtained in SEM
(Figure 4a), where the growth of jarosite particles along the calcium sulfate can be observed.
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3.3. Mineralogical Characterization

Figure 8 shows the XRD results obtained for the doped jarosite-type compounds
synthesized. It can be observed that for the sample of JKCa (Figure 8a), the typical pattern
obtained is of the potassium jarosite but with a slight displacement to the left, which could
be due to the expansion of the cell for the presence of calcium atoms into the jarosite
structure (trigonal crystal system), confirming the doping with Ca.
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On the other hand, the sample JKCa2 shows a different spectrum (Figure 8b) from that
to a potassium jarosite, showing a characteristic pattern of orthorhombic cell trigonal cells.
Finally, a potassium jarosite phase in conjunction with another of calcium sulfate is found,
as well as some peaks of calcium phases with sulfur overlapping and in the previously
formed jarosite. Taking this into account, it could be considered that the addition of higher
amounts of calcium (higher than stoichiometric) during synthesis can modify the crystal
structure of jarosite.

For the case of JKAll (Figure 8c), it shows the X-ray diffraction spectrum where a
similar spectrum to that shown in Figure 8b can be observed. In this case, the celestite
phase of strontium sulfate can be identified as the corresponding phases for strontium
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sulfate (celestite) and some peaks corresponding to the potassium jarosite. In this case, the
XRD shows a change in the crystal structure from trigonal to orthorhombic, possibly due to
the higher addition of doping elements during synthesis.

3.4. MTT Assay

Cell cytotoxicity results by MTT assays are shown in Figure 9. Cell viability increased
significantly over time in both the control and jarosite groups. On day 3, the highest
absorbance unit of metabolic activity was in cells in contact with JKAll (23.63% +/− 1.27%)
and JKCa2 (17.83% +/− 2.17%). The lowest absorbance unit of metabolic activity was in
cells in contact with JKCa (16.23% +/− 2.44%). On day 7, the highest metabolic activity
was that of cells in contact with JKAll (38.03% +/− 4.38%), followed by cells in contact
with JKCa2 (36.27% +/− 5.37%). Again, the lowest absorbance unit of metabolic activity
was in cells in contact with JKCa (29.60% +/− 2.84%). Finally, on day 10, the metabolic
activities did not increase much, being less than 50 absorbance units in the three jarosite
samples compared to the control group (72.53 +/− 3.57), JKa2 (45.03% +/− 5.1%), JKAll
(40.53% +/− 6.81%) and JKCa (35.57% +/− 7.1%).
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Figure 9. Cytotoxicity assay (MTT) of swine pulp cells seeded (4000 cell/well) with jarosite powders
after 3, 7 and 10 days. Results are expressed as the mean and standard deviation of the cell viability.

3.5. Osteogenic Differentiation

Alizarin red staining can be used as an indicator of osteogenic differentiation [30].
After seeding the swine dental pulp stem cells in a 24-well plate, 10 mm3 of jarosite powder
(group b, c and e) was added. Figure 10b shows a few depositions of calcium that can be
observed in the cells seeded in the JKCa2 + low-glucose DMEM (Bio-west, Mexico City),
supplemented with 10% Fetal Bovine Serum (FBS) (Bio-west, Mexico City) and 1% penicillin-
streptomycin (Sigma Aldrich, St. Louis, MO, USA). More evidence of the deposition of
calcium can be observed in the cells seeded in the well of JKCa2 + MesenCultTM osteogenic
differentiation (Figure 10c); a lot of deposition of calcium can be observed in the cells seeded
in the well of JKAll + low-glucose DMEM (Bio-west, Mexico City), supplemented with
10% Fetal Bovine Serum (FBS) (Bio-west, Mexico) and 1% penicillin-streptomycin (Sigma
Aldrich, St. Louis, MO, USA) (Figure 10d); but a deep red of deposition of calcium can be
observed in the cells seeded in the well of JKAll + MesenCultTM osteogenic differentiation
(Figure 10d); and finally, no evidence of deposition of calcium is observed in the control
group (Figure 10a).
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Figure 10. Representative images of the mineral deposition in swine dental pulp stem cells on day
21 by ARS, with their respective micrographs: (a) control (cells and DMEM); (b) cells, JKCa2 and
DMEM; (c) cells, JKCa2 and osteogenic differentiation kit; (d) cells, JKAll and DMEM; (e) cells, JKAll
and osteogenic differentiation kit.

4. Discussion
4.1. Chemical and Mineralogical Characterization

In Figure 11a, the crystalline structure of potassium jarosite (without doping) is shown,
where there can be seen trigonal unit cells forming close-packed hexagonal structures. On
the other hand, Figure 11b is a Ca doped potassium jarosite, where it is suggested that
the migration of alkaline ions in the structures of JKCa is possible at high temperatures
or is accompanied by a structural reorganization [18]. The above is consistent with the
occurrence of the crystalline-amorphous transformation when an alkaline ion is inserted
into the structure. It can also be seen that the intercalation of Ca ions during the first
discharge occurs through a two-phase mechanism with the formation of the corresponding
phase [40], obtaining a solid solution of JKCa modifying the unit cell and obtaining a
combination between tetragonal and orthorhombic phases.
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Figure 11. Representation of the crystalline structure of (a) the potassium jarosite, and (b) Ca doped
potassium jarosite.

4.2. Cell Viability and Proliferation by MTT Assay

Previously, it was showed (Figure 9) the changes in relative cytotoxicity between swine
dental pulp stem cells grown with JKCa, JKCa2, JKAll and on the control group (no jarosite
present). After day 3, JKCa had a cell viability and proliferation below JKCa2 and JKAll in
the three times evaluated, but when comparing JKCa2 and JKAll, both had a very similar
behavior on days 7 and 10, showing viable cells and increased cell proliferation as shown
(Figure 9) by the cells’ metabolism, according to ISO 10993-Part 5 [41]. It is possible that if
we had evaluated at longer times the JKCa and JKAll powders, for example, at 14 or 21 days,
it would exceed 50% of viability and proliferation, since it is expressed in almost double
the percentage increased from day 3 to day 10 in JKCa2, and JKAll, as it was determined
in other studies where the presence of Sr could improve the cell viability, osteogenic and
angiogenic differentiation [42], and excellent bioactivity for bone regeneration besides an
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excellent corrosion resistance [43]. Another explanation that can be visualized is to add
less (7 mm3 per well) powder quantity over the cells to allow a better stability of the cell
culture, and they could migrate to the bottom of the plate allowing so more cells to live, and
greater proliferation as shown in the control group without jarosite powder. This study is
unique in that one exclusively investigated the single dose-dependent effects [44] of jarosite
powder placed on swine dental pulp stem cells, looking specifically at cellular viability and
proliferation.

To evaluate the osteoinductive property of the jarosite powders, we have chosen the
ones that showed the best (JKCa2, JKAll) viability and proliferation with the MTT assay. In
that sense, JKCa2 composition allowed osteoinduction when added to the swine dental
pulp stem cells. Little coloration was observed on day 21, except for the JKAll composition
shown and increased in deep red covering of almost the entire surface of the well, which
shows that the composition of JKAll shows not only cells proliferation, for example, when
they were cultured only with DMEM, which is evidenced by the presence of calcium,
strontium and magnesium to demonstrate good osteoinductive properties.

5. Conclusions

The main target of this paper is related to the use of jarosite type-compounds as a
biomaterial, but in this case this compound was doped with Ca, Sr and Mg to improve
its cell viability and the osteogenic behavior. Doped potassium jarosite is viable for its
use as a biomaterial, which is non-toxic, also allowing the proliferation of the cells at
day 10 (Figure 9). Similarly, this compound is a possible osteoinductive material in the
differentiation to the osteogenic lineage of swine pulp cells, given the results observed
in Figure 10, having the presence of calcium deposits shown by Alizarin red staining at
28 days in the sample without inducing the medium. Its effectiveness could be improved by
optimizing the amounts of powder used in the tests, as well as variations in its stoichiometry
when synthesizing it.

Finally, it is important to point out that it is of special interest in the field of new
technological discoveries applied to tissue engineering. Doped potassium jarosites with
calcium, strontium and magnesium (JKCa, JKCa2 and JKAll) are promoted as cellulariza-
tion, having also an important impact over cell differentiation, and osteogenesis of swine
mesenchymal stem cells. It is feasible that these minerals joined with polymeric materials
can be functionalized to produce scaffolds with osteoinductive properties and with the
possibility of substituting culture media with cell differentiation properties.
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