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Abstract: Background/Objectives: Interest in drug delivery systems (DDS) based on inorganic
substrates has increased in parallel with the increase in the number of poorly water-soluble drugs.
Hydroxyapatite is one of the ideal matrices for DDS due to its biocompatibility, low cost, and ease
of preparation. Methods: We propose two doped hydroxyapatites, one with Ba on Ca sites another
with Si on P sites, with the aim of improving the dissolution rate of piretanide, a diuretic, poorly
water-soluble drug. The hybrids were characterized by different physical–chemical techniques, and
their formation was demonstrated by infrared spectroscopy, thermal analysis, and electron micro-
analysis, as well as by comparing the results with those obtained on physical mixtures of HAPs and
properly prepared piretanide. Results: Both the hybrids improved the piretanide dissolution rate
compared with the physical mixtures and the drug alone. The dose was completely solubilized from
the Si-doped hybrid in about 5 min in the three fluids considered. This remarkable improvement can
be explained by an increase in the wettability and solubility of the drug loaded in the drug-carrier
systems. Conclusions: Different experimental techniques, in particular spectroscopy and electronic
microanalysis, proved the successful loading of piretanide onto doped HAP. Pharmaceutical measure-
ments demonstrated rapid drug release in different fluids simulating gastrointestinal conditions after
oral administration. These hybrid systems could be a very promising platform for drug delivery.

Keywords: hydroxyapatite; piretanide; doping; drug delivery; dissolution rate; wettability

1. Introduction

In recent years, hybrid systems, comprising host inorganic matrices and drug guests,
have represented a promising strategy for the pharmaceutical industry to develop new drug
alternatives [1,2]. In particular, the hydroxyapatite (HAP) Ca10(PO4)6(OH)2, which is the
main constituent of biological tissues, such as bones and teeth, is considered an appealing
matrix due to its many advantages, the main one being high biocompatibility [3–5]. Other
intriguing features of HAP are represented by its biodegradability, osteogenesis, osteocon-
ductivity, and bioactivity; in addition, HAP can form direct bonds with living tissues [6,7].
Tissue engineering, nanomedicine, industrial catalysis, and orthopedic implant coating [8,9]
represent some of the application fields of HAP powders with different external forms.
No toxicity toward other organs was observed when drug delivery was performed using
hydroxyapatite, and hybrids can avoid repeated drug dosing. HAP can also easily bond
with different molecules by adsorption and its use has been proposed for the release of
many different molecules like antibiotics, anti-inflammatories, hormones, and anticancer
drugs [10–12]. It is very important to obtain HAP particles with customized properties
that can find applications in both bone-tissue engineering and drug delivery fields. It was
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demonstrated that bone regeneration and growth could be improved by proper tailoring of
the physical–chemical, morphological, and biological properties of HAP. In addition, it has
been observed that the morphology and possible porous structure of HAP nanoparticles
have a direct effect on the amount of loading and release profiles of a specific drug [3]. The
structure of HAP can host many kinds of ions and, in fact, the doping/substitution of HAP
with different elements (e.g., Mg, Si, Sr, Eu, Zn, Ce) has been suggested to improve drug
loading compared with HAP alone [13,14]. In addition, substituents, which can be also
intended as micronutrients for the body, can produce additional effects.

Piretanide (4-phenoxy-3-(pyrrolidine-1-yl)-5-sulfamoyl benzoic acid) is a loop diuretic
useful in cases of heart failure, hypertension, and edematous states that can occur in
patients with renal and hepatic diseases [15]. Piretanide has a structure that is similar to
that of furosemide and bumetanide, but it has the advantage of a low therapeutic dose
(6 mg instead of 40 mg). Piretanide can be classified as a poorly soluble drug [16,17]
(pKa = 3.85) [18] (its % ionization as a function of the pH is reported in Figure S1); in this
regard, the improvement of its release rate represents a challenge. As far as we know,
there has been only one paper reporting on the use of piretanide–LDH (layered double
hydroxide) hybrids to increase the solubility and dissolution rate [19].

We aimed to prepare doped hydroxyapatite-based drug delivery systems to improve
the pharmaceutical features of piretanide. We chose two substituent ions not often reported
in the literature, substituting calcium or phosphorous. In particular, we used barium
ions on calcium sites [20] and silicon as a substitute for phosphorous. It is reported that
silicon is an important element for the structural integrity of nails, hair, and skin; for
bone mineralization and bone health; and for reducing metal accumulation in Alzheimer’s
disease and the risk of atherosclerosis [14,21].

A combined use of different techniques was useful to characterize the obtained hybrids,
whose formation was demonstrated by scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) microanalysis. X-ray powder diffraction
(XRPD), differential scanning calorimetry (DSC), and infrared spectroscopy (FT-IR) were
particularly useful in proving the presence of the drug. The measurement of contact angles
and solubility and the in vitro dissolution tests, performed in different media simulating
the gastric environment in fed and fasted conditions, demonstrated that the hybrids were
effective in improving piretanide’s wettability and dissolution rate.

2. Materials and Methods
2.1. Materials

Calcium nitrate tetrahydrate Ca(NO3)2 4 H2O (puriss.), barium nitrate Ba(NO3)2
(99+%), tetraethyl ortho silicate (TEOS), potassium phosphate monobasic KH2PO4, dibasic
ammonium phosphate (NH4)2HPO4 (≥99%), ammonium hydroxide, sodium hydroxide,
and HCl 36% were purchased from Sigma-Adrich, St. Louis, MO, USA. Piretanide (Pir)
(Scheme 1) was generously donated by Olon, Casaletto Lodigiano (LO), Italy.
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2.2. Syntheses
2.2.1. Synthesis of Hydroxyapatites

Ba-doped hydroxyapatite (Ca9.5Ba0.5(PO4)6(OH)2) was synthesized by means of the co-
precipitation method. Ca(NO3)2 4 H2O and Ba(NO3)2 (9.5:0.5 molar ratio) were dissolved
in 30 mL of distilled water (solution A), while (NH4)2HPO4 was dissolved in another 30 mL
of water (solution B). NH4OH was added until pH~10 was reached in both solutions. After
stirring until the reagents had dissolved, solution B was poured drop by drop into solution
A, after which the pH was checked and, if necessary, adjusted to about 10 with ammonium
hydroxide. After 30 min of stirring, the temperature was raised to 80 ◦C and maintained
for 1 h. After cooling to room temperature, the solution was centrifuged, and the collected
powder was washed three times with deionized water and then transferred to an oven at
100 ◦C for 22 h. This sample is named HAP-Ba.

Si-doped hydroxyapatite (Ca10(PO4)5.6(SiO4)0.4(OH)2 was also synthesized by co-
precipitation. The source of silicon was tetra ethyl orthosilicate (TEOS). Ca(NO3)2 4 H2O
was dissolved in 30 mL of distilled water, the temperature was increased to 80 ◦C, and
then the required amount of TEOS was added (solution A). (NH4)2HPO4 was dissolved
in another 30 mL of water (solution B). NH4OH was added until pH~10 was reached in
both solutions. Solution B was added, as for Ba-doped HAP, to solution A. The resulting
solution was maintained at 80 ◦C for 3 h, then cooled to room temperature and aged for
12 h. After that, the precipitated powder was centrifuged, washed three times with water,
and then dried in a muffle furnace for 24 h at 80 ◦C. This sample is named HAP-Si.

2.2.2. Synthesis of HAPs@Piretanide Hybrids

A mixture of ethanol:water (3:1 v:v ratio) (drug concentration 12.5 mg/mL; 8 mL
overall) was used to dissolve piretanide. An amount of 150 mg of HAP-Ba or HAP-Si was
then added to the drug solution, and the obtained dispersions were stirred at ambient
temperature for 24 h. Finally, the powders were centrifuged, dried at 60 ◦C overnight, and
stored in a desiccator for subsequent use. In the following sections, these samples will be
known as HAP-Ba-Pir and HAP-Si-Pir.

2.3. Techniques
2.3.1. Physical–Chemical Measurements

X-ray powder diffraction measurements were performed using a Bruker D5005 diffrac-
tometer (Bruker BioSpin; Fällanden, Switzerland) equipped with Cu Kα radiation, a
graphite monochromator, and a scintillation detector. The patterns were collected in the air
with a step size of 0.03◦ and counting time of 2 s per step in the angular range of 10–70◦

(hybrids and HAPs), 3–40◦ (Pir) and 5–40◦ (physical mixtures) using a low-background
silicon sample holder.

A Nicolet FT-IR iS20 spectrometer (Nicolet, Madison, WI, USA) equipped with an
ATR (attenuated total reflectance) sampling accessory (Smart iTR with diamond plate) was
used to obtain the FT-IR spectra by co-adding 32 scans in the 4000–600 cm−1 range at a
4 cm−1 resolution.

Differential scanning calorimetry measurements were performed by a DSC Q2000
apparatus interfaced with a TA 5000 data station (TA Instruments, New Castle, DE, USA).
The standard chosen for the instrument calibration was ultrapure indium (m.p. = 156.6 ◦C;
∆H = 28.54 J g−1). The calorimetric measurements were performed at up to 250 ◦C (heating
rate 10 ◦C min−1) on samples amounting to about 3 mg in open standard aluminium pans
under nitrogen flow (45 mL·min−1).

A Zeiss Evo MA10 (Carl Zeiss, Oberkochen, Germany) microscope coupled with the
EDS detector for microanalysis (X-max 50 mm, Oxford Instruments, Abingdon, UK) was
used to collect SEM images and microanalysis spectra. The samples for SEM analysis were
sputtered with a thin layer of gold and analyzed at the acceleration voltage of an electron
beam of 20 kV. The EDS data were obtained on pristine samples (not sputtered).
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2.3.2. Pharmaceutical Characterization

The samples were previously sieved through a 53 µm sieve (ASTM Endecotts LTD,
London, UK). Drug loading was determined under conditions in which piretanide is most
soluble in a volume sufficient to ensure “sink conditions”, i.e., in deionized water, with
UV-Vis spectroscopy (Lambda 25 UV spectrophotometer; Perkin-Elmer, Monza, Italy) at a
wavelength of 274 nm after performing a calibration curve. The UV-Vis spectrum of HAP
had been previously acquired to verify that there was no overlap in carrier absorption
with respect to the drug at the wavelength used. Once the drug loading was determined,
the corresponding physical mixtures were prepared in the same ratio (pmHAP-Si-Pir and
pmHAP-Ba-Pir) using a Turbula mixer (Bachofen, Basel CH, Switzerland).

The solubility of the drug and hybrids was determined in triplicate using the shake-
flask method in deionized water and HCl 0.1N pH = 1.0 (which simulates the fasted gastric
environment) [22] at 21 ◦C. An excess sample was poured into volumetric flasks and left
under magnetic stirring at 100 rpm. The supernatant was filtered (0.22 µm; Millipore,
Merk KGgA, Darmstadt D) and diluted, and the concentration was determined by UV
absorbance at different time intervals until equilibrium was reached.

The dissolution tests (triplicate) were performed using USP Apparatus 2 (paddle)
(Erweka DT-D6; Erweka, Dusseldorf, D) at 37 ◦C and a 50 rpm stirring rate. The vessels were
filled with 900 mL of deionized water or two other fluids to simulate oral administration:
HCl 0.1N pH = 1.0, which simulates the gastric environment in the fasted condition, and
phosphate buffer pH = 4.5 [22], which mimics the fed gastric condition. The dissolution
tests were carried out in these two fluids because, in vivo, piretanide first encounters these
environments. Moreover, the drug has a pH-dependent solubility, i.e., it is less soluble
in acidic and neutral fluids and more soluble at a basic pH. Thus, these conditions are
the most selective for highlighting differences in the behavior of the hybrids. The drug
concentrations were measured by UV-Vis absorbance (Lambda 25; Perkin-Elmer, Monza,
Italy) on filtered portions of the dissolution medium; the dose was always 6 mg. The data
were processed using suitable software (Winlab V6 software; Perkin-Elmer, Monza, Italy) to
obtain the dissolution profiles. The f2 test evaluated the similarities or differences between
the dissolution curves obtained [23].

The contact angles were measured on the different powder samples. Some images
were taken of a 9 µL drop (of the same fluids used for the dissolution test) deposited on
the surface of the samples during the time, from t = 0 up to 300 s, by the contact-angle
meter DMe-211Plus (NTG Nuova Tecnogalenica, Cernusco, Italy). The software supplied
by the manufacturer processed the results in terms of the angle between the liquid–air and
liquid–solid interfaces (three replicates).

3. Results
3.1. Physical–Chemical Characterization

The XRPD analysis was the first attempt to characterize the materials to verify the
formation of the desired products. In our case, it was applied to the HAPs and piretanide
alone, and then to the hybrids. In Figure 1, the patterns of piretanide (A) and those of the
HAPs and hybrids (B) are shown.

Piretanide (Figure 1A) is a crystalline drug whose reflections agree well with those
reported in the literature for Form A [16,17,19]. No impurities or traces of the other known
polymorphic forms of piretanide were present.

The doped HAPs as well as the hybrids with piretanide show over-imposable patterns
(Figure 1B) in terms of both their intensities and peak positions. All the peaks agree well
with the expected reflections of hydroxyapatite (see red bars in Figure 1B). No secondary
phases are present. The peaks of piretanide are not evident, maybe due to its small amount
(see the next sections) or to its conversion to an amorphous phase, as also occurred for
other drugs in analogous hybrids [24,25]. Patterns of the physical mixtures (prepared
as explained in Section 2.2.2) were also collected (Figure S2). Some deviations from the
background level corresponding to the drug peaks can suggest its presence in the physical
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mixtures, even if their location in the high bump at a low angle and the low amount of drug
make it difficult to confirm this observation. So, XRPD is not able to identify the possible
presence of the drug in the hybrids and its nature (crystalline or amorphous).
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Figure 1. XRPD patterns of (A) piretanide and (B) the HAPs and hybrids, respectively. The red bars
refer to the expected peak positions of hydroxyapatite (Card N. 73-1731).

The piretanide adsorption onto the HAP nanoparticles could be investigated by means
of spectroscopic analysis. The FT-IR spectrum of Pir is reported in Figure 2A, while those
of the HAPs, hybrids, and physical mixtures are compared in the 4000–2000 cm−1 and
2000–600 cm−1 spectral ranges in Figure 2B–E.

Pharmaceutics 2024, 16, x FOR PEER REVIEW 5 of 13 
 

 

background level corresponding to the drug peaks can suggest its presence in the physical 

mixtures, even if their location in the high bump at a low angle and the low amount of 

drug make it difficult to confirm this observation. So, XRPD is not able to identify the 

possible presence of the drug in the hybrids and its nature (crystalline or amorphous).  

 

Figure 1. XRPD patterns of (A) piretanide and (B) the HAPs and hybrids, respectively. The red bars 

refer to the expected peak positions of hydroxyapatite (Card N. 73-1731). 

The piretanide adsorption onto the HAP nanoparticles could be investigated by 

means of spectroscopic analysis. The FT-IR spectrum of Pir is reported in Figure 2A, while 

those of the HAPs, hybrids, and physical mixtures are compared in the 4000–2000 cm−1 

and 2000–600 cm−1 spectral ranges in Figure 2B–E.  

 

Piretanide_pura

Operations: Import

Piretanide_pura - File: Piretanide_pura.raw - Type: 2Th/Th locked - Start: 3.000 ° - End: 40.020 ° - Step: 0.030 ° - Step time: 1. s - Temp.: 740 °C - Time Started: 14 s - 2-Theta: 3.000 ° - Theta: 1.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0.0 mm - Y: 0.0 

L
in

 (
C

o
u
n
ts

)

0

100

200

300

400

500

600

700

2-Theta - Scale

3 10 20 30 40

3             10 20 30 40

In
te

n
si

ty
/a

.u
.

2q /°HAP_Si_4_misura_lunga

01-073-1731 (C) - Hydroxylapatite - Ca5(PO4)3(OH) - Y: 50.00 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 9.40000 - b 

Operations: Y Scale Add 167 | Import

HAP_Ba_5_Piretanide_misura_lunga - File: HAP_Ba_5_Piretanide_misura_lunga.raw - Type: 2Th/Th locked - Start: 1

Operations: Import

HAP-drogata-Bario-10-ottobre - File: HAP_Ba_5_misura_lunga.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 70.0

Operations: Y Scale Add 42 | Y Scale Add 208 | Import

HAP_Si_4_Piretanide_20_novembre - File: HAP_Si_4_Piretanide_misura_lunga.raw - Type: 2Th/Th locked - Start: 10.

Operations: Y Scale Add 83 | Import

HAP_Si_4_misura_lunga - File: HAP_Si_4_misura_lunga.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 70.000 ° - 

L
in

 (
C

o
u
n
ts

)

0

100

200

300

400

2-Theta - Scale

10 20 30 40 50 60 70

10             20              30             40 50              60             70

In
te

n
si

ty
/a

.u
.

2q /°

HAP-Ba

HAP-Si

HAP-Ba-Pir

HAP-Si-Pir

A

B

600110016002100260031003600

Tr
an

sm
it

ta
n

ce
 /

a.
u

.

Wavenumbers / cm-1

A

3
4

0
6

3
3

5
5

3
2

5
8

1
6

9
3

1
2

8
1

8
8

7

1
3

3
2

1
1

4
8

1
5

8
6

1
4

7
0

1
4

0
6

Figure 2. Cont.
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Figure 2. FT-IR spectra of piretanide (A) and the HAPs, hybrids, and physical mixtures in the
4000–2000 cm−1 and 2000–600 cm−1 spectral ranges for Ba doping (B,C) and Si doping (D,E), respec-
tively. The arrows in (C) mark the main drug peaks in the physical mixtures and the hybrids (also
valid for image (E)).

The pure piretanide drug spectrum (Figure 2A) agrees well with that reported in
the literature [17,19] and is attributed to the polymorphic Form A, as also determined
by XRPD analysis. The drug has some main absorptions located at 3406 cm−1 (OH
stretching of carboxylic groups), 3355 and 3258 cm−1 (NH2 stretching of sulfonic groups),
1586–1470–1406 cm−1 (aromatic ring stretching), 1693 cm−1 (C=O stretching), 1281 and
887 cm−1 (asymmetric and symmetric stretching of aromatic C–O ethers), and 1332 and
1148 cm−1 (SO2 asymmetric and symmetric stretching).

The FT-IR spectra of the two HAPs are similar (Figure 2B–E), which are in good agree-
ment with those reported in the literature for hydroxyapatites [24,26]. Only a few bands
are evident in the medium infrared spectral range: the very broad band at about 3360 cm−1

is typical of the OH stretching mode, and the bands at 1070 and 1020 cm−1 and at 960 cm−1

are attributed to P-O antisymmetric and symmetric stretching modes, respectively.
In the hybrids’ FT-IR spectra, in addition to the bands previously commented on for

HAP, some small peaks due to the drug are visible, particularly in the range 2000–600 cm−1

(see arrows in Figure 2C). Their positions, if compared with the positions of the drug alone,
seem slightly shifted toward lower wavenumbers, suggesting the presence of electrostatic
interactions between the inorganic matrix and the drug. These peaks demonstrate the
presence of the drug in the hybrids, probably in small amounts due to the peak intensities.
Similar spectra are observed for the physical mixtures; the drug peaks are more evident,
but the shifts seem less evident. These observations can support the hypothesis of an
interaction between the drug and HAP in the hybrids [27], which, in contrast, seems to be
absent in the physical mixtures.

The observation of melting or decomposition peaks of drugs in the calorimetric curves
is particularly useful to prove drug adsorption onto inorganic matrices. The DSC curves of
Pir and the hybrids are reported in Figure 3A,B, while those of the physical mixtures are
reported in Figure S3.

For Pir (Figure 3A), a good agreement with the literature is found [19]. The only
thermal event in the analyzed temperature range is the melting process at about 226.4 ◦C
(∆H = 116.7 J/g), which confirms the polymorphic Form A for piretanide [16,17]. No peaks
due to polymorphic transition or drug decomposition can be seen.
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Figure 3. DSC curves of the Pir (A) and HAP-Ba-Pir and HAP-Si-Pir (B) samples.

Both the hybrids have similar DSC traces (Figure 3B). It should be underlined that
HAP is highly stable in the analyzed temperature range, as are other analogous inorganic
compounds [28]. The curves in Figure 3B are flat and without thermal events, apart from a
broad band due to water desorption at low temperature, proving that piretanide turned
out to be amorphous in the hybrids because of its adsorption onto the HAP surfaces. It
is possible that the structural disorder introduced in the HAPs due to the presence of
the dopant, which is more marked on the surfaces, and the nanometric dimensions of
HAP particles could favor the amorphization of piretanide onto HAP nanoparticles, which
would be a successful result because the drug can be more bioavailable with respect to
its crystalline form. In addition, the low degree of crystallinity of the hybrids could be
considered a positive aspect of the obtained DDS, possibly favoring its dissolution rate.

By inspecting the DSC curves of the physical mixtures (Figure S3), the melting peak of
the drug is evident at the same temperature as the pure drug (Figure 3A). This evidence
clearly proves that the drug is in an amorphous state in the hybrids.

The morphological characterization was performed by SEM analysis. The micrographs
of Pir, the HAPs, and the hybrids are shown in Figure 4A–E.
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Figure 4. SEM images of the (A) Pir, (B) HAP-Ba, (C) HAP-Si, (D) HAP-Ba-Pir, and (E) HAP-Si-Pir
samples. The magnifications were 5000 kX and 10,000 kX for the (A) and (B–E) images, respectively.

Piretanide appears in the form of rod-shaped crystal aggregates, with a length and
width of several microns (Figure 4A). In contrast, HAP-Ba is comprised of compact aggre-
gates of small, rounded particles (Figure 4B), and the same is true for the corresponding
hybrid (Figure 4D). The HAP-Si sample is also composed of aggregates of rounded particles
(Figure 4C) that, however, maintain their identity and seem more separated with respect
to the Ba-doped sample. The hybrid (Figure 4E) is again very similar to the correspond-
ing HAP. Typical drug particles cannot be seen. Similar morphologies were reported for
analogous hybrids based on HAPs [24,25,29].

A widespread tool to check the stoichiometry of the samples is EDS microanalysis,
which, when combined with SEM, can support successful hybrid formation by analyzing
the presence of the characteristic elements of HAP (Ca and P ions and the substituents Ba
and Si) and piretanide (S ions). For the different samples, from their stoichiometry (see
Section 2.1), the cationic ratio can be calculated as Ba/Ca = 0.053, Ca/P (Ba doping) = 1.58,
Si/P = 0.071, and Ca/P (Si doping) = 1.78. For all the samples, the EDS analysis (see, for
example, the HAP-Si-Pir spectrum in Figure S4) allowed us to find the expected elements
and the chemical compositions (Table 1).

The Ca/P ratios are in quite good agreement with the expected values, while the
dopant amount is, in both cases, about half of the expected values. This can be due to
loss of the dopant during the synthesis in solution but also to a solubility limit for the
dopant ions in the HAP structure. The presence of the S peak, the element peculiar to
piretanide, is evidence confirming the presence of the drug in the analyzed samples. From
the atomic ratios (Table 1), we can calculate the drug loading. The drug loading (wt%) can
be expressed as MWPir EDS/(MWHAP + MWPir EDS). So, starting from the values reported in
Table 1 and the molecular weight of Pir (362.4g/mol), HAP-Ba (1052 g/mol), and HAP-Si
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(1003 g/mol), we can determine the values of 362.4 × 12/(362.4 × 0.12 + 1052) = 0.04 and
362.4 × 0.2/(362.4 × 0.2 + 1003) = 0.067 for HAP-Ba-Pir and HAP-Si-Pir, respectively. These
data will be compared with the drug loading amount determined by UV-Vis spectroscopy
(see Section 3.2).

Table 1. Atomic percentages of the elements obtained by EDS analysis. The values are the average of
the measurements at three different sample points.

Samples Ca
(atomic %)

P
(atomic %)

Dopant
(atomic %)

S
(atomic %) Ca/P Dopant/Ca

or Dopant/P

HAP-Ba 16.21 11.47 0.36 1.41 0.023

HAP-Si 12.02 7.83 0.14 1.53 0.02

HAP-Ba-Pir 14.61 10.08 0.47 0.12 1.45 0.032

HAP-Si-Pir 10.66 7.33 0.2 0.2 1.45 0.027

3.2. Pharmaceutical Characterization

As described in the experimental part (Section 2.3.2), we can calculate the drug loading
from UV-Vis measurements. These were rather low: 2.9 ± 0.4% for HAP-Ba-Pir and
3.6 ± 0.6% for HAP-Si-Pir, respectively. These values can be compared with those obtained
from EDS measurements and are found to be in quite good agreement, within the standard
errors of each kind of measurement. In particular, both measures suggested that Si-doped
HAP can adsorb a slightly higher amount of drug with respect to the barium-doped HAP,
probably due to its morphological features. The solubility of the hybrids was significantly
increased compared with the drug alone in the two fluids considered (Table 2). In both
cases, it was so high that we had to stop the experiment because too much sample was
needed to saturate the solutions.

Table 2. Solubility of the hybrids in comparison with the drug alone.

Equilibrium Solubility at 21 ◦C (mg/L)

Samples Deionized Water HCl 0.1 N (pH 1.0)

Piretanide 35.1 ± 3.2 21.1 ± 0.7

HAP-Si-Pir >155 >60.9

HAP-Ba-Pir >137 >68.7

The dissolution rate of the drug from the two proposed hybrids was quite fast in all
three fluids considered (Figure 5), especially for HAP-Si-Pir. In fact, at pH = 1, the condition
simulating administration on an empty stomach and in which the drug is less soluble, the
dissolution of HAP-Si-Pir reached approximately 85% of the dose in 5 min and that of
HAP-Ba-Pir reached about 30% of the dose, while only 3% of the dose of pure piretanide
passed into the solution in one hour. Even the two physical mixtures showed very slow
dissolution rates, demonstrating that hybrid formation is crucial for the efficacy of the
delivery system.

In the other two fluids, the solubilization of the dose was complete, i.e., 100% of the
dose was dissolved, within 5 min for both HAP-Si-Pir and HAP-Ba-Pir. The physical
mixtures, pmHAP-Si-Pir and pmHAP-Ba-Pir, showed some increase in the dissolution
rate of the drug, but only the hybrid compounds could guarantee passage into solution
of piretanide in such a short time, and this factor is extremely important in making the
drug available for absorption. The Si-doped hybrid seemed to be the best system for a
satisfactory release of piretanide in all the tested fluids [30].

To highlight the similarity or difference between the different dissolution profiles, the
f2 similarity test was used, and the results are reported in Table S1.
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Contact-angle measurements can further explain the causes of the remarkable improve-
ment in the dissolution behavior of the proposed samples in all three media considered
(Figure 6) [31]. In fact, the contact-angle values demonstrate the hydrophobicity and
low wettability of piretanide. In contrast, the hybrid compounds show much greater
hydrophilicity: in both cases, the contact angle drops to zero in a few seconds.
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4. Conclusions

The successful loading of piretanide onto doped HAP was proved with the combined
use of different experimental techniques; in particular, by spectroscopy and electronic
microanalysis. The drug, loaded onto HAP surfaces, turned out to be amorphous, which is
an amazing result because this means that it could be more bioavailable compared with the
crystalline form. In addition, the low crystallinity of the hybrid could also help to improve
the dissolution rate. Pharmaceutical measurements demonstrated rapid drug release in
different fluids simulating the gastrointestinal conditions after oral administration. In
particular, at pH = 1, in which the drug is less soluble, HAP-Si-Pir released 85% of the dose
and HAP-Ba-Pir 30% of the dose (compared with 3% in 1 h for the drug alone), while in
all the other tested conditions, the entire dose was released in about 5 minutes for both
hybrids (the drug alone can reach about 10% in 1 h). This remarkable improvement in the
dissolution rate can be explained by an increase in the wettability and solubility of the drug
loaded in the drug-carrier systems.

The adsorption of piretanide onto the HAP surface was a promising strategy, notwith-
standing that the drug loading was fairly low. To increase the loading and to obtain highly
performing systems based on HAP hosts, the optimization of HAP, in particular its mor-
phology and/or composition, could be developed to extend this strategy in the future to
other poorly soluble drugs.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics16111450/s1, Figure S1: Ionization percentage of the
drug piretanide at the different pHs considered. Figure S2: XRPD patterns of the physical mixtures
compared with that of piretanide. Figure S3: DSC curves of the physical mixtures pmHAP-Ba-Pir
(A) and pmHAP-Si-Pir (B). Figure S4: EDS spectrum of HAP-Si-Pir. Table S1: Similarity test f2 of the
dissolution profiles reported in Figure 5.

Author Contributions: Conceptualization, M.B.; methodology, C.L.; validation, G.B., V.F. and
L.M.; formal analysis, G.B., V.F. and L.M.; writing—original draft preparation, M.B. and L.M.;
writing—review and editing, M.B., C.L., G.B., V.F. and L.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request.

Acknowledgments: C.L., G.B., and M.B. acknowledge support from the Ministero dell’Università e della
Ricerca (MUR) and the University of Pavia through the program “Dipartimenti di Eccellenza 2023–2027”.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Oshiro, J.A., Jr.; Paiva Abuçafy, M.; Berbel Manaia, E.; Lallo da Silva, B.; Galdorfini Chiari-Andréo, B.; Aparecida Chiavacci, L.

Drug Delivery Systems Obtained from Silica Based Organic-Inorganic Hybrids. Polymers 2016, 8, 91. [CrossRef] [PubMed]
2. Campodoni, E.; Montanari, M.; Artusi, C.; Bassi, G.; Furlani, F.; Montesi, M.; Panseri, S.; Sandri, M.; Tampieri, A. Calcium-Based

Biomineralization: A Smart Approach for the Design of Novel Multifunctional Hybrid Materials. J. Compos. Sci. 2021, 5, 278.
[CrossRef]

3. Singh, G.; Singh, R.P.; Singh Jolly, S. Customized hydroxyapatites for bone-tissue engineering and drug delivery applications: A
review. J. Sol.-Gel. Sci. Technol. 2020, 94, 505–530. [CrossRef]

4. Okpe, P.C.; Folorunso, O.; Sunday Aigbodion, V.; Obayi, C. Hydroxyapatite synthesis and characterization from waste animal
bones and natural sources for biomedical applications. J. Biomed. Mater. Res. 2024, 112, e35440. [CrossRef]

5. Chen, S.; Guo, R.; Xie, C.; Liang, Q.; Xiao, X. Biomimetic mineralization of nanocrystalline hydroxyapatites on aminated modified
polylactic acid microspheres to develop a novel drug delivery system for alendronate. Mater. Sci. Eng. C 2020, 110, 110655.
[CrossRef]

6. Bystrov, V.; Paramonova, E.; Avakyan, L.; Coutinho, J.; Bulina, N. Simulation and Computer Study of Structures and Physical
Properties of Hydroxyapatite with Various Defects. Nanomaterials 2021, 11, 2752. [CrossRef] [PubMed]

7. Garcia, A.; Cabanas, M.V.; Pena, J.; Sanchez-Salcedo, S. Design of 3D Scaffolds for Hard Tissue Engineering: From Apatites to
Silicon Mesoporous Materials. Pharmaceutics 2021, 13, 1981. [CrossRef]

8. Costa, W.B.; Felix Farias, A.F.; Cavalcanti Silva-Filho, E.; Osajima, J.A.; Medina-Carrasco, S.; Del Mar Orta, M.; Fonseca, M.G.
Polysaccharide Hydroxyapatite (Nano) composites and Their Biomedical Applications: An Overview of Recent Years. ACS
Omega 2024, 9, 30035–30070. [CrossRef]

9. Nakagawa, S.; Xin, Y.; Nishikawa, H.; Yoneyama, R.; Nakagawa, T.; Yoshikawa, A.; Shirai, T. Synthesis of Hydroxyapatites via
Wet Mechanochemical Process for Enhanced Catalytic Decomposition of Volatile Organic Compounds. Catal. Lett. 2024, 154,
582–592. [CrossRef]

10. Kundu, B.; Soundrapandian, C.; Nandi, S.K.; Mukherjee, P.; Dandapat, N.; Roy, S.; Datta, B.K.; Mandal, T.K.; Basu, D.;
Bhattacharya, R.N. Development of New Localized Drug Delivery System Based on Ceftriaxone-Sulbactam Composite Drug
Impregnated Porous Hydroxyapatite: A Systematic Approach for In Vitro and In Vivo Animal Trial. Pharm. Res. 2010, 27,
1659–1676. [CrossRef]

11. Liu, Y.; Qiao, Z.; Gao, J.; Wu, F.; Sun, B.; Lian, M.; Qian, J.; Su, Y.; Zhu, X.; Zhu, B. Hydroxyapatite–Bovine Serum Albumin–
Paclitaxel Nanoparticles for Locoregional Treatment of Osteosarcoma. Adv. Healthcare Mater. 2021, 10, 2000573. [CrossRef]
[PubMed]

12. Mondal, P.; Roy, S.; Loganathan, G.; Mandal, B.; Dharumadurai, D.; Akbarsha, M.A.; Sengupta, P.S.; Chattopadhyay, S.;
Guin, P.S. 1-Amino-4-hydroxy-9,10-anthraquinone—An analogue of anthracycline anticancer drugs, interacts with DNA and
induces apoptosis in human MDA-MB-231 breast adenocarcinoma cells: Evaluation of structure–activity relationship using
computational, spectroscopic and biochemical studies. Biochem. Biophys. Rep. 2015, 4, 312–323.

13. Šupová, M. Substituted hydroxyapatites for biomedical applications: A review. Ceram. Int. 2015, 41, 9203–9231. [CrossRef]
14. Szurkowska, K.; Kolmas, J. Hydroxyapatites enriched in silicon—Bioceramic materials for biomedical and pharmaceutical

applications. Prog. Nat. Sci. Mater. Int. 2017, 27, 401–409. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics16111450/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16111450/s1
https://doi.org/10.3390/polym8040091
https://www.ncbi.nlm.nih.gov/pubmed/30979199
https://doi.org/10.3390/jcs5100278
https://doi.org/10.1007/s10971-020-05222-1
https://doi.org/10.1002/jbm.b.35440
https://doi.org/10.1016/j.msec.2020.110655
https://doi.org/10.3390/nano11102752
https://www.ncbi.nlm.nih.gov/pubmed/34685193
https://doi.org/10.3390/pharmaceutics13111981
https://doi.org/10.1021/acsomega.4c02170
https://doi.org/10.1007/s10562-023-04335-w
https://doi.org/10.1007/s11095-010-0166-y
https://doi.org/10.1002/adhm.202000573
https://www.ncbi.nlm.nih.gov/pubmed/33166086
https://doi.org/10.1016/j.ceramint.2015.03.316
https://doi.org/10.1016/j.pnsc.2017.08.009


Pharmaceutics 2024, 16, 1450 13 of 13

15. Marsh, J.D.; Smith, T.W. Piretanide: A loop-active diuretic. Pharmacology, therapeutic efficacy and adverse effects. Pharmacother-
apy 1984, 4, 170–180. [CrossRef]

16. Chikaraishi, Y.; Sano, A.; Tsujiyama, T.; Otsuka, M.; Matsuda, Y. Preparation of piretanide polymorphs and their physicochemical
properties and dissolution behaviours. Chem. Pharm. Bull. 1994, 42, 1123–1128. [CrossRef]

17. Chikaraishi, Y.; Otsuka, M.; Matsuda, Y. Preparation of amorphous and polymorph piretanide and their physicochemical
properties and solubilities. Chem. Pharm. Bull. 1996, 44, 1614–1617. [CrossRef]

18. Sistovaris, N.; Hamachi, Y.; Kuriki, T. Multifunctional substances—Determination of pKa-values by various methods. Fresenius J.
Anal. Chem. 1991, 340, 345–349. [CrossRef]

19. Guagliano, M.; Monteforte, F.; Bruni, G.; Friuli, V.; Maggi, L.; Quinzeni, I.; Bini, M. The peculiar dissolution behaviour of
Piretanide hosted in layered double hydroxides. Appl. Clay Sci. 2020, 198, 105826. [CrossRef]

20. Kovrlija, I.; Locs, J.; Loca, D. Incorporation of Barium Ions into Biomaterials: Dangerous Liaison or Potential Revolution? Materials
2021, 14, 5772. [CrossRef]

21. Martinez, J.O.; Brown, B.; Quattrocchi, N.; Evangelopoulos, M.; Ferrari, M.; Tasciotti, E. Multifunctional to multistage delivery
systems: The evolution of nanoparticles for biomedical applications. Chin. Sci. Bull. 2012, 57, 3961–3971. [CrossRef] [PubMed]

22. Stawarski, T.; Sieradzki, E.; Gałecka, E.; Binek, K. Kinetic study on ketoprofen release from mini tablets and multi-compartment
systems. Acta Pol. Pharm. 2016, 73, 731–737. [PubMed]

23. Shah, V.P.; Tsong, Y.; Sathe, P.; Liu, J.P. In vitro dissolution profile comparison—Statistics and analysis of the similarity factor, f2.
Pharm. Res. 1998, 15, 889–896. [CrossRef] [PubMed]

24. Maggi, L.; Friuli, V.; Cerea, B.; Bruni, G.; Berbenni, V.; Bini, M. Physicochemical Characterization of Hydroxyapatite Hybrids with
Meloxicam for Dissolution Rate Improvement. Molecules 2024, 29, 2419. [CrossRef]

25. La Rocca, M.; Rinaldi, A.; Bruni, G.; Friuli, V.; Maggi, L.; Bini, M. New Emerging Inorganic–Organic Systems for Drug-Delivery:
Hydroxyapatite@Furosemide Hybrids. J. Inorg. Organomet. Polym. Mater. 2022, 32, 2249–2259. [CrossRef]

26. Fowler, B.O. Infrared Studies of Apatites. I. Vibrational Assignments for Calcium, Strontium, and Barium Hydroxyapatites
Utilizing Isotopic Substitution. Inorg. Chem. 1974, 13, 194. [CrossRef]

27. Kadlec, K.; Adamska, K.; Voelkel, A. Characterization of ceramic hydroxyapatite surface by inverse liquid chromatography in
aquatic systems. Talanta 2016, 147, 44–49. [CrossRef]

28. Meejoo, S.; Maneeprakorn, W.; Winotai, P. Phase and thermal stability of nanocrystalline hydroxyapatite prepared via microwave
heating. Thermochim. Acta 2006, 447, 115–120. [CrossRef]

29. Koppala, S.; Swamiappan, S.; Gangarajula, Y.; Xu, L.; Sadasivuni, K.K.; Ponnamma, D.; Rajagopalan, V. Calcium deficiency in
hydroxyapatite and its drug delivery applications. Micro Nano Lett. 2018, 13, 562–564. [CrossRef]

30. Charczuk, N.; Targonska, S.; Smieszek, A.; Sobierajska, P.; Kraszkiewicz, P.; Wiglusz, R.J. Multifunctional platform for future
applications in cell and tissue engineering based on silicate phosphate hydroxyapatite co-doped with Li+, Eu3+ and Gd3+ ions.
Mater. Today Comm. 2024, 39, 108926. [CrossRef]

31. Tavakoli, E.; Yarmand, B.; Soleimannejad, M.; Saeidifar, M. Improvement of biomedical properties of PEO-treated titanium with
flurbiprofen and exosome conjugation. Surf. Interfaces 2024, 49, 104429. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/j.1875-9114.1984.tb03348.x
https://doi.org/10.1248/cpb.42.1123
https://doi.org/10.1248/cpb.44.1614
https://doi.org/10.1007/BF00321579
https://doi.org/10.1016/j.clay.2020.105826
https://doi.org/10.3390/ma14195772
https://doi.org/10.1007/s11434-012-5387-5
https://www.ncbi.nlm.nih.gov/pubmed/24587616
https://www.ncbi.nlm.nih.gov/pubmed/27476291
https://doi.org/10.1023/A:1011976615750
https://www.ncbi.nlm.nih.gov/pubmed/9647355
https://doi.org/10.3390/molecules29112419
https://doi.org/10.1007/s10904-022-02302-3
https://doi.org/10.1021/ic50131a039
https://doi.org/10.1016/j.talanta.2015.09.044
https://doi.org/10.1016/j.tca.2006.04.013
https://doi.org/10.1049/mnl.2016.0675
https://doi.org/10.1016/j.mtcomm.2024.108926
https://doi.org/10.1016/j.surfin.2024.104429

	Introduction 
	Materials and Methods 
	Materials 
	Syntheses 
	Synthesis of Hydroxyapatites 
	Synthesis of HAPs@Piretanide Hybrids 

	Techniques 
	Physical–Chemical Measurements 
	Pharmaceutical Characterization 


	Results 
	Physical–Chemical Characterization 
	Pharmaceutical Characterization 

	Conclusions 
	References

