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Abstract

This study explores the synthesis of nanohydroxyapatite (nHA) using high-frequency ultrasonic irradiation (UI), a chemically
friendly technique aligned with green chemistry principles. Synthesis was achieved by varying the UI time (15, 30, 45, and 60 min)
and the reaction medium. Water-based mixtures were used, that is, water/acetone (W/ACET), water/tetrahydrofuran (W/THF), and
water/ethanol (W/ETOH). The resulting nHA was characterized structurally using FTIR, XRD, TGA, FESEM, and specific surface
area determination. These analyses revealed the formation of carbonated nHA similar to biological apatite, with distinct morpholo-
gies and particle sizes dependent on the solvent system used. All synthesized materials exhibited high thermal stability and yields
exceeding 80%. Hemocompatibility studies showed that nHA samples obtained in the W/THF mixture presented very low hemo-
toxicity (hemolysis < 2%), and did not affect platelet ADP aggregation processes. Microbiological assays showed a significant
reduction in Pseudomonas aeruginosa biomass production (p < 0.05) after 24 h, particularly for nHA synthesized with the

W/ETOH mixture. There was also a less bacterial colonization, cellular aggregates, or formation of specialized structures after
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treatment with this bioceramic, compared to the commercial hydroxyapatite, suggesting potential antibiofilm properties. This

research presents an original and efficient method for producing nHA as a promising biomaterial for tissue engineering.

Introduction

Nowadays, there is a high demand for the development of bone
substitutes that are biocompatible, bioactive, mechanically
strong, and well tolerated by the immune system [1], which
represents a major challenge for science. Prostheses used to
repair skeletal system defects and diseases should be
customized devices to respond specifically to physiological
demands of each different organism [2-4]. For this reason, most
recent research shows a trend toward biomimicry or the use of
materials with structures and properties very similar to those of
biological origin [5]. This process involves reaching nanodi-
mensions and reproducing the monolithic structure of bone [6],
which has been difficult to achieve until now. Bones are a com-
plex system, composed of hydroxyapatite crystals in the form of
nanoneedles, that are closely bound together with type-I

collagen fibrils [7], as shown in Figure 1.

Hydroxyapatite crystals are an important source of calcium and
phosphorus, which give bone its density, mechanical strength,
and bioactivity [8]. Methods for obtaining nanohydroxyapatite
(nHA) can be grouped into five categories, namely, (i) wet
methods, (ii) dry methods, (iii) high-temperature processes, (iv)
from biogenic sources, and (v) with high-energy sources [9,10].
The resulting hydroxyapatite is used for bone scaffolds and
fillers [11], devices for controlled drug release [12], and implant
coatings [13]. The most widely reported method for obtaining
hydroxyapatite is the hydrothermal method [14]. However, this
synthesis procedure involves high energy consumption and
prolonged reaction times [15]. Figure 2 summarizes some of the

advantages and disadvantages of each synthesis method.

human skeleton

m Cortical and cancellous bone

To propose alternative methodologies to those mentioned in
Figure 2, we implemented techniques with low energy
consumption that allow for ease in handling reaction variables.
One novel and versatile process for obtaining hydroxyapatite is
sonochemistry, which uses ultrasound as energy source [16].
Sonochemistry shows great potential and has therefore aroused
significant interest. This is because the chemical effects of ultra-
sound do not originate from a direct interaction between sound
waves and the molecular species present in the medium. Rather,
they derive mainly from acoustic cavitation, a physical phenom-
enon that efficiently concentrates diffuse sound energy and is

much more powerful than common thermal energy transfer.

When high-frequency sound waves pass through a liquid medi-
um, a large number of microbubbles form, grow, and collapse
within intervals as short as a few microseconds. According to
sonochemical theory calculations and experimental evidence,
this process can generate local temperatures as high as 3000 K
and local pressures as high as 1000 atm, heating and cooling the
medium at rates as high as 10% K/s [16]. In this harsh reaction
environment, ions, free radicals, and other highly reactive
chemical species are easily generated without the need for reac-
tion initiators. For this reason, ultrasonic irradiation is widely
used in the formation, grinding, dispersion, and activation of
many inorganic compounds at the micro- and the nanoscale
[17,18].

Previous research has reported the production of carbonated

hydroxyapatite, which has a structure very similar to that of bio-

collagen fibrils  Hydroxyapatite

Collagen matrix mineralized crystals
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Figure 1: The hierarchical structure of the human skeletal system. The images “human skeleton” and “cortical and cancellous bone” have been repro-
duced from the links: https://pixabay.com/es/illustrations/esqueleto-humano-huesos-cr%c3%a1ineo-1158318/ and https:/pixabay.com/es/photos/el-
detalle-de-los-huesos-4451356/ (© 2019). This content is not subject to CC BY 4.0.
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Figure 2: Advantages and disadvantages of the main methods for obtaining hydroxyapatite.

logical apatite, using high-frequency ultrasound [19]. Due to the
complexity of the physicochemical processes that occur in the
medium during sonochemical synthesis, the resulting particles
can exhibit great variability in morphology. These particles can
be in the form of needles, regular and irregular spheres, rods,
and many others [20,21]. They also exhibit high degrees of
crystallinity, high purity, and nanoscale dimensions [22]. The
fascinating properties of the resulting materials have led to very
promising results, further diversifying its multiple applications
[23]. Some studies have also shown that synthesis parameters
such as the type of solvent, ultrasonic irradiation time, and the
nature of the reactants used as nHA precursors, directly influ-
ence the microstructure of the resulting material [24]. Due to
the simplicity of the reaction medium, low energy consumption,
and short processing times required to obtain the products, nHA
synthesis carried out with ultrasonic irradiation complies with
the precepts of green chemistry. Specifically, this method oper-
ates at low temperatures and atmospheric pressure, significant-
ly reducing energy consumption compared to traditional hydro-
thermal routes that require more drastic conditions. In addition,
selecting aqueous solvents contributes to a greener process,
aligning with the goal of reducing chemical toxicity through
proper solvent selection and dilution [25]. Green chemistry
involves designing of chemical processes and products that
reduce or eliminate the use and generation of hazardous
substances, through a sustainable approach, that meets current
needs without compromising the availability of resources and
the quality of life of future generations [26]. Nanohydroxyap-
atite is distinguished by its remarkable osteoinduction and
osteoconduction capabilities, making it a bioceramic with great
potential in biomedical engineering. Its low hemotoxicity
[27,28] and antibacterial properties [29,30] further expand its
applicability in the field of biomaterials. It is also important to
determine the antibiofilm effectiveness of this bioceramic
against opportunistic bacteria such as Pseudomonas aeruginosa.

This pathogen is responsible for high rates of morbidity,

mortality, as well as multidrug resistance, worldwide [31]. A
key factor in its pathogenicity and transmission is its ability to
form virulent biofilms, which are particularly difficult to eradi-
cate. Biofilms are communities of microbial cells enclosed by
exopolysaccharides that adhere to inert or living surfaces. These
biofilms enhance bacterial growth and survival by providing
access to nutrients and protection against toxic compounds,
adverse environmental conditions, antimicrobials, and the
immune response of the host [32]. Biofilms are critical viru-
lence factors for many bacterial pathogens that can cause
chronic infections, accounting for more than 80% of human
microbial infections. P. aeruginosa has been considered a
model for studying nosocomial bacterial biofilms [33,34]; more
effective biofilm control strategies should be developed for
patients requiring indwelling medical devices.

Thanks to its multifunctionality and excellent bioactive and
biocompatible properties, the synthesis, characterization, and
study of hydroxyapatite continue to provide significant advan-
tages in the development of new biomaterials. Furthermore, ob-
taining nHA through a green chemistry approach adds to its
many existing advantages. Based on these premises, this study
investigated the influence of ultrasonic irradiation on hydroxy-
apatite properties by varying the irradiation time and solvents
used in the synthesis process. Additionally, we evaluated their
hemocompatibility and ability to inhibit colonization or biofilm
formation against pathogens, contributing to the exploration of
new nHA-based biomaterials for use in tissue engineering and
bone devices.

Results and Discussion

Infrared study

Figure 3 shows the FTIR spectra of hydroxyapatite prepared
using mixtures of water/acetone (W/ACET), water/THF
(W/THF), and water/ethanol (W/ETOH) with varying ultra-

sonic irradiation (UI) times between 15 and 60 min. The spec-
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Figure 3: FTIR spectra of nHA obtained in: (A) W/ACET, (B) W/THF, and (C) W/ETOH using 15, 30, 45, and 60 min of Ul; (D) FTIR spectrum of com-

mercial hydroxyapatite.

tra in Figure 3A—C show the characteristic absorption bands of
the hydroxyapatite structure [35,36]: the presence of OH groups
in the ranges of 3573-3558 and 633-628 cm™! is verified, as
are the vibrational modes of PO43~ jons, that is, v; at
963-962 cm™!, v, at 476471 cm™!, v3 at 1097-1038 cm™!, and
v4 at 603-656 cm™!. Furthermore, no bands corresponding to
organic solvent residues (such as ethanol, acetone, or THF)
were detected, confirming the efficacy of the exhaustive
washing process. However, it is important to note that while
FTIR confirms the absence of major organic impurities, the
inherent sensitivity of this technique might not be sufficient to
detect ultratrace amounts of residual solvents adsorbed on the
surface or trapped within the nanostructured hydroxyapatite
matrix.

The remaining bands in the spectra shown in the spectra in
Figure 3 indicate the presence of carbonate groups within
the wave number ranges of 875-873 cm™! (v,) and
1499-1420 cm™' (v3). This certifies that carbonated hydroxy-

apatite was obtained under all synthesis conditions [37]. Addi-

tional absorption bands observed in most of the spectra in
Figure 3 correspond to carbonyl group vibrations between 1739
and 1701 cm™! and to adsorbed water molecules at 1636 cm™!
(for nHA obtained in the W/ACET system), 1634 cem™! (for
nHA obtained in the W/THF system), and at 1638—-1634 cm™!
(for nHA obtained in the W/ETOH system).

Table S1 (shown in Section I, Supporting Information File 1)
systematically summarizes the assignment of absorption bands
for the PO43~ and OH™ ions, as well as for the v3 and v, vibra-
tional modes of the CO3%™ ions. This is compared with a sam-
ple of non-carbonated commercial hydroxyapatite from
Teknimed S.A. (France), which is used as a reference. The
versatile structure of hydroxyapatite allows for the replacement
of its constituent chemical species (calcium, phosphate, and
hydroxide ions) [38,39]. This substitution process produces
changes in its properties, including crystallinity, morphology,
and lattice parameters [40,41]. The nHA obtained using the
three aforementioned mixtures as solvents exhibited type-A,
type-B, and type-AB substitutions in its structure. Type-B sub-
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stitution (when carbonates occupy the PO43’ sites) [42,43] is
particularly evident through the significant shifts observed in
the v3 vibrational modes (doublet of the PO43~ group) of the
synthesized samples compared to the commercial hydroxy-
apatite sample. This change is also evident in the more pro-
nounced width of the bands corresponding to the phosphate
doublets (Figure 3A—C) when compared to the same absorption
band in Figure 3D. It is important to note that the intensity of
the v3 band, which corresponds to type-B substitution
and appears in all the spectra in Figure 3 in the range of
1424-1420 cm™! is more pronounced than that of type-A substi-
tution (14991493 cm™!) of the OH sites. This confirms that for
these syntheses, the substitution effect was much greater at the
phosphate sites than at the hydroxide sites. According to the lit-
erature, replacing phosphate ions is difficult because they are
strongly bound to calcium cations within the hydroxyapatite
structure. Replacing phosphates with other anions, such as
carbonate, significantly alters the properties of this bioceramic,
resulting in decreased hardness and stability [44]. However,
high-frequency ultrasound provides enough energy to promote
this process, which would likely be more difficult using other
synthesis methods [45]. Type-A substitution (carbonate ions for
hydroxide ions) was only observed in nHA obtained from
W/ACET and W/THF mixtures; it was not observed in nHA
synthesized using W/ETOH as a solvent. These results suggest
that the free OH™ ions in hydroxyapatite are more strongly
bound, making them very unlikely to leave it, even in a more
polar medium such as that provided by the W/ETOH mixture
[46]. Incorporating polyatomic anions such as carbonate into
the hydroxyapatite structure creates vacancies and calcium defi-
ciencies, which lead to the formation of a non-stoichiometric
hydroxyapatite with a hexagonal structure and space group
P63/m [47].

Table 1 shows the Ca/P ratios determined by EDX analysis of
nHA samples synthesized using 15 and 60 min of UI in
W/ACET, W/THF, and W/ETOH mixtures. The nHA obtained

in the W/ACET mixture was calcium-deficient at low ultra-

Beilstein J. Nanotechnol. 2026, 17, 991-1015.

sonic irradiation times, while that obtained in W/THF was stoi-

chiometric.

The HA formed using W/ETOH as a solvent was also not stoi-
chiometric, but unlike that prepared in W/ACET it was ob-
tained with an excess of calcium. These results demonstrate the
significant influence of the solvent type and UI time on the for-
mation of nHA. Similar findings have been reported by other
authors using different synthesis methods [48,49]. Another im-
portant result is the appearance of bands associated with the car-
bonyl group in some of the FTIR spectra of the synthesized
nHA at certain ultrasonic irradiation times. The W/ACET and
the W/ETOH mixtures (15 and 60 min of UI) and the W/THF
mixture (15 and 30 min of UI) exhibited this phenomenon. This
suggests that the high energy capacity of ultrasonic waves
promotes in the reaction medium the formation and coexistence
of another distinct mineral phase with carbonate groups in its
composition. Table 2 shows the carbonate content of the nHA
samples, which was calculated by integrating the absorption
bands in the v3 region of the CO32™ ions in all nHA spectra in
the range of 1560-1380 cm™!. These results indicate that the
variation in the content of these ions, in relation to the solvent
mixture used in the synthesis, is as follows: W/ETOH >
W/ACET ~ W/THF.

The spectra of the nHA samples obtained in the W/ETOH mix-
tures (Figure 3C) show intense and well-defined carbonate
bands, particularly for the nHA prepared at 15 and 60 min of
ultrasonic irradiation. This is consistent with the results shown
in Table 2. Furthermore, the spectra in Figure 3A and Figure 3C
show the presence of a carbonyl band at 1712 and 1726 cm™!,
for 15 and 60 min of ultrasonic irradiation, respectively, indicat-
ing an additional contribution of carbonate groups in both spec-

tra.

X-ray diffraction
Figure 4 shows the X-ray diffractograms of the nHA obtained
from the W/ACET, W/THF, and W/ETOH mixtures at various

Table 1: Ca/P ratios determined from EDX analysis of nHA samples synthesized using 15 and 60 min of Ul using W/ACET, W/THF, and W/ETOH

mixtures.

Sample Solvent Ul time (min)

nHA W/ACET 15

60

W/THF 15

60

W/ETOH 15

60

Ca (wt %) P (wt %) Ca/P ratio
9.20 5.89 1.56
12.14 6.50 1.87
18.20 11.22 1.62
9.44 5.79 1.63
16.85 8.35 2.02
3.36 1.58 2.13
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Table 2: Peak area determined from the FTIR spectra of nHA, for the

v3 vibrational modes of carbonate ions (15601380 cm™1).

Beilstein J. Nanotechnol. 2026, 17, 991-1015.

UI times. Almost all of the diffraction peaks shown in Figure 4
correspond to those reported in the literature for hydroxyapatite
[50,51]. The main diffraction peak with the highest intensity
appears at approximately 26 = 31.70°, followed by three adja-
cent peaks at 20 = 32.20°, 20 = 32.90°, and 20 = 34.22°. These
results correspond to what was observed by FTIR regarding the
formation of a carbonated hydroxyapatite with a hexagonal
crystalline structure [52,53]. Additionally, other crystallo-
graphic planes such as (212), (130), (302), (222), (213), (321),
(140), (402), and (004), are very similar to those reported for bi-
ological apatite or apatite derived from biogenic according to
previous studies [54,55]. The pronounced width of all the
diffraction peaks in Figure 4 indicates the nanocrystalline nature
of the obtained hydroxyapatite. To verify whether the ultra-
sonic irradiation time induces a significant decrease in dimen-
sions, a precise quantitative analysis of particle size was con-
ducted using field-emission scanning electron microscopy
(FESEM) and BET surface area measurements. These findings,
along with their corresponding statistical evaluations, are

Solvent Ul time (min) Area CO32~

W/ACET 15 15.75
30 9.21
45 23.28
60 9.27

W/THF 15 15.71
30 12.49
45 12.54
60 17.54

W/ETOH 15 47.92
30 35.16
45 34.64
60 42.86
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Figure 4: X-ray diffractograms of nHA synthesized in the mixtures: (A) W/ACET, (B) W/THF, and (C) W/ETOH; at 15, 30, 45, and 60 min of Ul.
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presented and extensively discussed in section “Field emission
scanning electron microscopy and particle size determination
via the BET method” (see below Table 6), confirming the nano-
metric control achieved through the sonochemical process
[56,57].

Regarding the reactions in the W/ETOH mixture, rhombohe-
dral calcite formation (space group R3c) was confirmed by a
well-defined signal at 20 = 29.20° appearing in the diffrac-
tograms corresponding to 15 and 60 min of ultrasonic irradia-
tion (Figure 4C). This signal corresponds to the highest-intensi-
ty calcite peak, plane (104), in accordance with reference
pattern 00-002-0629 from the JCPDS database. These results
were corroborated by those obtained via infrared spectroscopy,
as shown in Figure 3C. The phenomenon of ultrasonic cavita-
tion, within a polar medium such as a W/ETOH mixture, facili-
tates the formation of ionic species that are susceptible to rapid
recombination processes, giving rise to a more stable crys-
talline phase.

Since all nanohydroxyapatite synthesis reactions were con-
ducted at room temperature (approximately 25 °C) and atmos-
pheric pressure (around 0.96 atm), values reported in the
literature (AGy = —12670 kJ/mol for hydroxyapatite and
—1128 kJ/mol for calcite [58,59]) can be used to justify the for-
mation dynamics of both phases. The formation of hydroxy-
apatite and calcite is thermodynamically favored, as indicated
by their negative standard Gibbs free energy values (AG®¢). The
predominance of the hydroxyapatite phase is consistent with its
higher thermodynamic stability within calcium phosphate
systems. However, the appearance of calcite as a secondary
phase suggests a competitive nucleation process. The high-
energy environment generated by high-frequency ultrasound,
coupled with the reduced dielectric constant of the W/ETOH
mixture, promotes high local supersaturation levels. Under
these extreme conditions, sonochemical energy facilitates the
pyrolysis and oxidation of ethanol molecules at the cavitation
bubble interface; this provides an alternative source of inorgan-
ic carbon for the formation of carbonate groups, even under an
inert atmosphere [60]. These extraordinary conditions provide
the necessary activation energy to overcome the Kinetic barriers
for both phases, enabling the co-precipitation of calcite along-
side the more thermodynamically stable hydroxyapatite. The
proportion of calcite formed increased as the ultrasonic irradia-
tion time progressed from 15 to 60 min. This is evident from the
higher carbonate content of the samples obtained at these two
times (Table 2), compared to those obtained at intermediate ir-
radiation times (30 and 45 min). To definitively confirm calcite
formation in the syntheses conducted in the W/ETOH mixture,
samples obtained after 15 and 60 min of ultrasonic irradiation

were calcined at 1100 °C in air, and the resulting products were

Beilstein J. Nanotechnol. 2026, 17, 991-1015.

studied using infrared spectroscopy and X-ray diffraction. Com-
plementary to this, a semi-quantitative phase analysis was per-
formed on the XRD patterns to determine the relative calcite
content. This estimation was based on the principle that, in a
binary mixture of nanohydroxyapatite and calcite, the diffrac-
tion peak intensity of a given phase is directly proportional to
its mass fraction and its reference intensity ratio (RIR) value
[61]. Figure SA shows that, after calcination, the carbonyl band
disappears for the solid obtained at 15 min and the bands asso-
ciated with the carbonate groups decrease significantly. In
contrast, the bands of both functional groups (carbonyl C=0
and carbonate CO32_), remain in the FTIR spectrum of the sam-
ple synthesized using 60 min of UL This behavior is associated
with the formation of different proportions of calcite after 15

and 60 min of reaction (see Figure 5B,C).

These results, along with those from FTIR, demonstrate that the
sonication energy was able to promote the joint precipitation of
both crystalline phases in both reactions carried out at 15 and
60 min of UL The results of the semi-quantitative phase analy-
sis for the samples synthesized in the W/ETOH system are
presented in Table 3 (information regarding the diffraction
patterns, processed using a graphing and data analysis software,
is available in Section II of Supporting Information File 1). This
table details the mass percentages obtained for both nanohy-
droxyapatite and calcite after 15 and 60 min of ultrasonic irradi-
ation, illustrating the evolution of the phase content as a func-

tion of the reaction time.

These results indicate that nHA is the predominant phase
(94-97%), while calcite appears as a minor secondary phase
(3—6%). It is crucial to highlight that all experiments were con-
ducted under an inert atmosphere to prevent the absorption of
atmospheric CO,. Therefore, the presence of this minor phase is
attributed to solvent sonolysis, promoted by the extreme condi-
tions of the ultrasonic medium (P =~ 1000 atm and T = 5000 K).
These conditions generate highly reactive species that lead to a
specific chemical equilibrium in the W/ETOH system during
the initial stages of the reaction. Furthermore, the quantifica-
tion demonstrates that the nHA/calcite ratio does not show sig-
nificant variations across the evaluated irradiation times (15 to
60 min). This stability confirms that the ultrasonic treatment
does not promote the further growth of the secondary phase
over time.

A deeper understanding of calcite formation under these condi-
tions can be gained by considering the chemical equilibrium
and the solubility of the precursor reagents. Results shown by
Kitamura et al. [62] revealed that the dissolution of calcium
hydroxide in the reaction medium significantly influences the

nucleation of specific calcium carbonate polymorphs. In this
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Figure 5: (A) FTIR spectra of the calcination residue of nHA obtained in the W/ETOH at 15 and 60 min of Ul, (B) and (C) X-ray diffractograms of the
calcination residue of nHA obtained at 15 and 60 min of Ul, respectively.

Table 3: Phase composition of samples synthesized in the W/EtOH system.2

Phase

nHA
Calcite

nHA
Calcite

Hi

119.07
52.24

119.07
36.15

aRIR: reference intensity ratio.

FWHM

0.81
0.39

0.81
0.28

I;

RIR

I/RIR

nHA obtained in W/ETOH (15 min)

102.57
21.76

1.00
3.12

102.57
6.97

nHA obtained in W/ETOH (60 min)

102.57
10.60

context, the solubility product (Ky,) is a key parameter for
predicting the formation or dissolution of solids. For Ca(OH),
in aqueous solution, this constant is 5.5 x 1076 [63], which is
significantly higher than the K, of CaCOj3 (3.3 x 1079) [63].

This marked difference explains why calcite forms preferential-

1.00
3.12

102.57
3.40

nHA (%)

93.63

96.79

Calcite (%)

6.37

3.21

ly at the expense of Ca(OH),, as the latter is more soluble
and thus more readily available in the reaction medium.

Regarding the carbon source, some authors have reported that

when alcohol-containing media are subjected to ultrasonic irra-

diation, the main decomposition products include hydrogen,
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methane, ethylene, aldehydes, and carbon monoxide [64]. In the
present study, the W/ETOH medium provides the necessary
species for calcite formation through these sonochemical path-

ways.

Under an inert atmosphere, the formation of calcite suggests an
inorganic carbon source derived from the reaction medium
itself. Through the high-frequency ultrasound, sufficient energy
is available to induce ethanol pyrolysis, whose fragments
interact with the hydroxyl radicals (OH") generated by water
sonolysis to favor the synthesis of carbonate groups. This mech-
anism, although complex, is supported by the efficacy of sono-
chemical processes in converting organic solvents into reactive
species, thereby facilitating the overcoming of kinetic barriers

that limit the formation of the calcite phase.

Based on the aforementioned chemical and physical factors, we
propose a possible mechanistic pathway for calcite formation.
While this proposal is not intended to be definitive, it aims to
clarify the presence of this minor phase during the synthesis of
nanohydroxyapatite in the W/ETOH system. The following se-
quence of chemical reactions could reasonably justify this
process:

CH;CH,0H — CH;CH, + OH (1)
OH + CH;CH,0H — CH;CHOH+ H,0 (2

CH;CH, + CH;CH,0H — CH;CHOH + CH;CH; (3)

CH;CHOH — CH;COH + H o)
CH;COH + OH — CH;CO + H,0 5)
CH;CO + H — CH,+ CO ©)
CO(g) T HyO() == COyg) T Hyy M
CO) = COxag) (8)

COxaq) + H2Oq) == HzCO3ag) 9)

— - +
HyC03q) == HCO30q) * Hag) (10)
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_ . -
HCO3q) = CO3aq) + Heag) (11)

The transformation can occur very quickly due to the presence
of calcium hydroxide and carbonate ions in the reaction medi-

um:

Ca(OH)ys) = Cafap + 20Hq) (12)

Cajpy+ CO3~ — CaCOs (13)

The solubility product of hydroxyapatite is a key a parameter of
great interest for understanding its higher precipitation capacity
compared to calcite. An acceptable value for the Ky, of HA is
2.91 x 1078, as reported by L. C. Bell and coworkers [65]. Ac-
cording to Equation 14, this value indicates the degree to which
hydroxyapatite will dissolve in water or biological fluids at

standard temperature and pressure:

Cay(PO4)s(OH)ys) = 10Calsy) + 6PO3q) + 20H ™ (14)

The equilibrium constant for the dissolution reaction of HA in a

saturated solution is given by Equation 15:

10 6 2
Ksp:[Cah] *[poﬂ *[OH*] =3.37x1075% (15)

This low solubility is vital in biological systems such as bones
and teeth, where hydroxyapatite provides a stable, insoluble
reserve of calcium and phosphate ions. Its use in various appli-
cations of interest to this research, such as bone grafts and coat-
ings, is also relevant. In these applications, the slow dissolution
rate is a desirable property.

Yield in the ultrasonic synthesis of
hydroxyapatite

Figure 6 shows the experimental yields obtained from the nHA
synthesis using different solvent mixtures and ultrasonic irradia-
tion times (15, 30, 45, and 60 min). The connecting lines for
each of the curves serve as a guide for the eye and do not repre-
sent a specific mathematical model or kinetic fit. This visual
outline highlights a consistent increase in yield, which remains
steadily above 70% from the initial stages, reflecting the high
efficiency of the sonochemical process under the conditions
evaluated in this research. The yield values ranged from 78% to
97%; the highest yields were observed in the W/ACET mixture

and the lowest were observed in the W/ETOH mixture.
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Figure 6: Yields obtained in the synthesis of hydroxyapatite, carried
out in W/ACET, W/THF, and W/ETOH mixtures, using 15, 30, 45, and
60 min of U

The following order of effectiveness for nHA formation is
established: W/ACET > W/THF > W/ETOH. This trend can be
attributed to the dielectric constants [66], water solubility,
and dipole moments of the solvent mixtures as shown in
Table 4.

The W/ACET mixture was the most effective at promoting sep-
aration, solvation, and stabilization of Ca*2, OH™, and PO43~
ions. This resulted in a higher recombination rate and the rapid
formation of hydroxyapatite and, consequently, higher yields. In
contrast, the W/THF mixture, despite yield values above 90%,
showed a decrease in synthesis yield. This is due to a notable
drop in the mixture’s dielectric constant and the dipole moment
of THF, which reduced the nucleation rate of hydroxyapatite. A
significant increase in polarity did not result in higher yields for
the W/ETOH mixture. This is because the W/ETOH system has
unique hydrogen bond interactions that limit the availability of
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active sites for the solvation of calcium, phosphate, and hydrox-
ide ions, which resulted in a notable decrease in the production
yield of nHA. Other authors have reported similar results in the
sol-gel synthesis of nHA. These results, however, were not ob-
tained with solvent mixtures. They provide clear evidence of the
marked influence of the reaction medium on the production of
hydroxyapatite in the presence of alcohols, ketones, and aprotic

solvents such as tetrahydrofuran [67].

Regarding the reaction mechanism, while the fundamental stoi-
chiometric chemical pathway leading to hydroxyapatite precipi-
tation remains identical across all systems, a detailed step-by-
step molecular mechanism for each medium is not proposed
since the organic co-solvents do not alter the primary chemical
nature of the reacting species. Instead, the solvent media (water/
ethanol, water/THF, and water/acetone) act as physicochemical
modulators of the overall reaction kinetics and cavitation behav-
ior, which directly explains the observed discrepancies in both
yield and nanostructure dimensions. The introduction of these
organic co-solvents significantly alters the dielectric constant of
the medium, modifying the solubility and supersaturation
kinetics of calcium and phosphate ions. Furthermore, the higher
vapor pressures of volatile solvents like THF and acetone com-
pared to ethanol can lead to a “cushioning effect” inside the
cavitation bubbles. This dampens the local temperatures and
pressures generated during bubble collapse, consequently
affecting the reaction kinetics and the ultimate synthesis yield.
Additionally, the specific coordinating capacity of THF and
acetone toward Ca*? ions, along with their differential adsorp-
tion on specific crystal facets, plays a decisive role in governing
the nucleation-to-growth ratio.

The ultrasonic irradiation time required to obtain these high
yields was highly variable and significantly influenced overall
process. This demonstrates that nHA can be prepared in shorter
periods than those used in conventional synthesis methods such
as hydrothermal, precipitation, and sol-gel. For the W/THF

Table 4: Some physical constants of interest for water, THF, ethanol, and acetone.?

Mixture/substance Dielectric constant, €

water/acetone 50.40
water/THF 44.29
water/ethanol 52.75
water 80.10
THF 7.58

acetone 20.70
ethanol 24.50

Dipole moment, p (D) Solubility
1.82 -

1.75 in water (s)
2.85 in water (o)
1.69 in water (o)

au: dipole moment; (s): soluble; (e): infinitely soluble; emixture = 0-5(EH,0 + Esolvent)-
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mixtures, the optimum time for maximum yield was 30 min.
Using W/ACET and W/ETOH, the maximum yields were
achieved after 45 min of irradiation. These results conclusively
demonstrate the wide range of possibilities for obtaining nHA
with a highly energetic source, such as high-frequency ultra-
sound.

Thermal stability study by TGA

Figure 7 shows the thermograms of the nHA samples synthe-
sized using W/ACET, W/THF, and W/ETOH mixtures. In
general, the thermal decomposition process for samples ob-
tained with W/ACET (Figure 7A) and W/THF (Figure 7B)
occurs in one single stage, with a total mass loss ranging from
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11% to 15%. Almost half of this loss is attributed to the release
of adsorbed water between 100 and 200 °C [68].

W/ACET mixture: A second, gentle slope of mass loss is
likely associated with the release of structural water between
400 and 600 °C. Furthermore, the slight change in the observed
slope around 400 °C for the 45 min and 60 min samples,
accompanied by a mass loss ranging from 0.5% and 0.7%,
could be related to the initial stages of hydroxyapatite decarbon-
ation [69]. W/THF mixture: The sample that was synthesized
using 15 min of ultrasonic irradiation had the highest total mass
loss (12.62%). The curves for the 30 min and 45 min samples
are completely overlapping, which suggests that there are no
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Figure 7: Thermograms of nHA synthesized in the mixtures: (A) W/ACET, (B) W/THF, (C) W/ETOH, at 15, 30, 45, and 60 minutes of Ul.
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significant changes in degradation behavior. W/ETOH mix-
ture: Samples synthesized in W/ETOH (Figure 7C) undergo
multistage thermal decomposition, which differs from the other
two mixtures. Three thermal events are clearly visible. The
most notable event occurs around 600 °C for the 15 min and
60 min samples. According to FTIR and XRD characterizations,
this behavior results from the formation of calcite formation as
a secondary phase at these irradiation times. The small slopes
that appear at 700 and 800 °C correspond to the thermal decom-
position of the calcium carbonate phase [70,71], according to
the following chemical reaction:

CaCO3(s) — CaO(S) + COz(g) (16)

The results in Table 5 reveal a characteristic decarbonation
process occurring at high temperatures. The total mass loss was
significantly more pronounced in the nHA samples synthesized
in the W/ETOH medium, which is consistent with the presence
of calcite (CaCOj3) previously identified by FTIR and XRD.
Furthermore, a semi-quantitative phase analysis was performed
to estimate the relative abundance of this secondary phase. The
thermal decomposition of this secondary phase contributes to a
greater release of CO, compared to the nHA produced in the
W/ACET and W/THF systems. In the latter cases, the total mass
loss values were relatively similar and lower, corresponding to
the loss of structural water plus the partial decarbonation of the
hydroxyapatite lattice. These findings reinforce the conclusion
that, while all systems produced carbonated nanohydroxyap-
atite, the W/ETOH medium uniquely promoted the co-precipita-
tion of calcite under the studied sonochemical conditions.
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According to some reports, hydroxyapatite synthesized in
W/THF and W/ACET exhibits the thermal behavior of stoichio-
metric hydroxyapatite [72,73]. This finding is consistent with
the calcium surplus previously observed in the W/ETOH sam-
ples [74,75], and it also supports the formation of calcite. Yet,
when the thermal behavior of the nHA synthesized in this study
is compared with that of previous studies, it is evident that the
nHA obtained here showed remarkable thermal stability [76]. It
has been previously reported that hydroxyapatite only under-
goes transformations leading to its decomposition at tempera-
tures above 1000 to 1300 °C; this promotes the formation of
other biocompatible phosphate species, such as tetracalcium
phosphate and tricalcium phosphate [77].

Field-emission scanning electron microscopy
and particle size determination via the BET

method

Figure 8 shows the morphology obtained by FESEM for the
nHA obtained after 15 min of UI in the three solvent mixtures
described above. Hydroxyapatite in W/ACET: This material
consists of aggregates of spherical particles ranging in size from
60 to 70 nm. The arrangement is random, forming irregular
structures (Figure 8A). Hydroxyapatite in W/THF: The parti-
cles are spherical, aggregated, and smaller, ranging from 50 to
60 nm in size. Its morphology resembles a cauliflower [78],
with better dispersion than the W/ACET sample (Figure 8B).
Hydroxyapatite in W/ETOH: These particles exhibit varying
morphologies, including rods, spheres, and irregular particles,
with a significantly smaller average size between 30 and 40 nm.
FESEM also revealed for these samples a “plate or flake” mor-

Table 5: Mass loss percentage (adsorbed, structural, and decarbonation) of the nHA samples.

System Irradiation time Adsorbed water (%)
(min) (room temperature
to 100 °C)
W/ACET 15 6.63
30 5.79
45 4.86
60 6.40
W/THF 15 5.72
30 4.88
45 4.80
60 5.04
W/ETOH 15 4.84
30 8.36
45 9.18
60 6.23

Decarbonation
process (%)
(600-1100 °C)

Structural water (%)
(200-500 °C)

Total mass loss (%)

5.09 2.14 13.86
4.67 1.77 12.23
5.09 2.66 12.62
4.63 1.73 12.77
4.62 2.03 12.37
4.24 1.90 11.04
4.40 2.07 11.29
4.53 1.74 11.42
4.90 6.62 16.36
5.41 8.15 21.92
4.54 6.10 19.83
5.21 6.04 17.49
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Figure 8: FESEM images of nHA synthesized using 15 minutes of ultrasonic irradiation: (A) W/ACET, (B) W/THF; (C—E) W/ETOH.
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phology [79,80] (Figure 8D,E), in which particles are arranged
in thin, flat, overlapping layers. This structure resembles the

mineral phase found in bones [81].

The theory suggests that, in the presence of aprotic solvents in
W/ACET and W/THF mixtures, which do not form hydrogen
bonds, the electrostatic forces between hydroxyapatite-forming
ions are robust. This results in faster nucleation, producing
smaller particles with more regular morphologies. For the
W/ETOH mixture, the formation of nHA with multiple mor-
phologies and reduced crystal size was favored [82]. Addition-
ally, the co-precipitation of secondary phases, such as calcite
was observed and definitely contributed to the morphological
variations. The analysis also showed that the particle size de-
creased with increased synthesis time in all three mixtures. This
is especially relevant in terms of the yield of the synthesis reac-
tions, as previously discussed. Details on the particle sizes ob-
tained in each solvent mixture can be found in Section III of
Supporting Information File 1.

The adsorption of a substrate onto the nanoparticle surface
within a biological environment is governed by factors such as
hydrophobicity, chemical structure, and particle size. In this
study, this parameter is of critical importance as it directly
influences the material’s performance in biological assays, such
as hemocompatibility and antibacterial activity. The particle
size, as discussed in the preceding paragraphs, can be deter-
mined statistically through electron microscopy imaging, as
well as by calculating the specific surface area of the nanomate-
rial. The former method provides insights into the size associat-
ed with the boundary and geometry of particle aggregates,

whereas the latter allows for an estimation of contributions from

Table 6: Particle size for nHA obtained through BET measurements.
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internal porosity. Here, Brunauer—Emmett-Teller (BET) analy-
sis was employed to determine quantitative particle size distri-
butions. The results obtained through this technique are
presented below, providing a complementary perspective to the
microscopic observations previously discussed. Table 6 shows
the surface area values and the obtained particle sizes, in com-
parison to those determined by electron microscopy.

Particle size analysis revealed a clear distinction between direct
FESEM measurements and BET-derived equivalent diameters.
While microscopy showed ranges between 35 and 65 nm
(mean = SD), the BET values were significantly lower:
23.17 £ 5.51 nm (W/ACET), 23.96 * 1.35 nm (W/THF), and
13.91 £ 1.18 nm (W/ETOH). This apparent discrepancy, far
from being contradictory, demonstrates a consistent correlation
with the nature of the nanomaterials synthesized via sonochem-
istry. Such differences are typical for this synthesis method,
where high surface roughness and internal porosity detected
through gas adsorption, result in specific surface area diameters
smaller than the geometric diameters observed in micrographs.
This occurs because BET analysis integrates the total specific
surface area (including contributions from internal porosity),
while electron microscopy characterizes only the external ge-
ometry of the aggregates. This morphological behavior high-
lights the tendency of the synthesized nHA to organize into

stable agglomerated structures.

In this context, the W/ETOH system exhibited the highest sur-
face area values and the smallest particle sizes. The synthesis
medium acts as a kinetic growth modulator that inhibits exces-
sive crystal maturation and promotes the nucleation of ultrafine

phases. These properties are decisive for the functionality of the

Sample Irradiation time ~ BET surface Particle D¢ = SD (nm) SEM size range  SEM particle
(min) area = SD diameter, D¢ (nm) size £ SD (nm)
(m?/g) (nm)
nHA (W/ACET) 15 98.5351 £ 19.27 23.17 £ 5.51 60-70 65.0+2.5
0.5979
60 701772 £ 27.06
0.2502
nHA (W/THF) 15 76.2365 + 24.91 23.96 + 1.35 50-60 55.0+2.5
0.4862
60 82.5466 + 23.00
0.4135
nHA (W/ETOH) 15 128.8382 + 14.70 13.91£1.18 30-40 35.0+25
1.5611
60 145.2449 + 13.07
1.0002
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biomaterial; by maximizing the density of active sites and the
surface free energy, protein adsorption and chemical affinity
with biological substrates are enhanced. Ultimately, this nano-
metric architecture, by effectively mimicking the dimensions of
natural hydroxyapatite, is fundamental for optimizing cellular
response and promoting tissue integration [83].

Hemolytic effect of the nHA samples

Figure 9 shows the extent of the hemolytic effects of nHA sam-
ples synthesized at various UI time in W/THF solvent system.
This solvent medium was selected primarily because it yielded
high-purity nHA without the presence of secondary phases,
such as calcite, which were observed in other media like
W/ETOH. By choosing the nHA obtained from this specific
system, the objective was to establish a clear baseline for the bi-
ological response of sonochemically synthesized hydroxy-
apatite, thereby avoiding confounding effects that secondary
phases might exert on the hemolytic response. Furthermore,
among the solvent systems that produced pure nHA, the W/THF
samples were specifically chosen for hemolysis testing because
they exhibited intermediate values for both particle size and sur-
face area. Consequently, this sample was considered the most
representative model to validate the non-hemolytic nature of the
nHA produced via our ultrasonic irradiation method. These
nHA samples exhibited a relatively regular morphology and
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demonstrated enhanced thermal stability, as evidenced by TGA
studies.

As shown in Figure 9, all samples with a concentration of
1.66 mg/mL induced very low levels of hemolysis, (less than
1% for the first hour and less than 2% for the second hour of
incubation), as determined using Equation 22 (Experimental
section, Hemocompatibility assay subsection). There were no
significant differences between the nHA samples. However,
there were significant differences between the times evaluated
(1 h and 2 h) for each sample. These results indicate that the
synthesized nHA exhibits a high potential to be classified as
non-hemolytic according to the ASTM standard F756-00 [84],
which defines three levels of material hemolytic potential,
namely, non-hemolytic (<2% hemolysis), slightly or mildly
hemolytic (2-5% hemolysis), and highly hemolytic (>5%
hemolysis). These hemolysis values are comparable to those of
other hydroxyapatites. For example, Barbosa et al. [85] using
washed mouse red blood cells reported less than 2% hemolysis
for hydroxyapatite tested up to 1 mg/mL for 1 h; and Radha et
al. [86] using washed human red blood cells reported less than
2% of hemolysis for nHA up to 40 mg/mL for 1 h and less than
4% hemolysis for nHA up to 100 mg/mL for 1 h. As the hemo-
Iytic activity is directly proportional to the diameter of the nano-
particles [86], the observed behavior could be related to the fact

2h
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Figure 9: Effect of synthesized nHA in the water/THF mixture using 15, 30, 45, and 60 min of Ul on the hemolysis of human blood. Values are means
+ SD, n = 3 (three individual experiments using 4 mL of each blood donor were performed with two biological samples read as triplicates per incuba-
tion time). Two-way ANOVA and Sidak’s multiple comparisons test using GraphPad Prism 8.0.1 software were used. Differences between time points
per each HA samples were considered statistically significant with p < 0.01 (**) and p < 0.001 (***) and Cohen’s d value (d = (x2n — X11)/S): 5 min **p =
0.0022 and d = 6.073; 30 min **p = 0.0015 and d = 3.493; 45 min **p = 0.0014 and d = 3.185; 60 min ***p = 0.0009 and d = 3.632.
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that the nHA obtained in the W/THF mixture exhibited very
small particle sizes. At this point, it is important to highlight
that the hemolytic response can be altered by the presence
of any additive or by remnants of the substances used as
precursors of the biomaterial, or through surface roughness.
These factors can cause substantial changes in blood behavior,
leading to erroneous results [87]. In this sense, the sonochem-
ical synthesis used to obtain nHA in this research, is simple and
chemically clean, aligning with the principles of green chem-

istry.

Figure 10 shows optical microscopy images of red blood cells
from the bottom of the remaining fraction from which the
supernatant was taken to test for hemolytic activity. As ex-
pected, the negative (A) and positive (B) controls show the
presence and absence of red blood cells in saline solution and
distilled water, respectively.

In Figure 10C, a high number of red blood cells is evident,
though not quantified. These cells appear to maintain their
general integrity, characterized by rounded cell contours and a
clear interior, similar to those observed in Figure 10A. Howev-
er, a few dark blood cells and dark external areas are also ob-
served. In Figure 10D, slightly smaller red blood cells with a
darker interior than those observed in the control (Figure 10A)
are evident, though they exhibit a similar round profile. Further

specialized studies are needed to determine the exact biochem-
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ical, metabolic, or osmotic nature of the darkness induced by
nHA in red blood cells. A slight variation in the apparent densi-
ty of red blood cells was observed when the negative control
was compared to the nHA samples synthesized using 15 and
60 min of irradiation (Figure 10C,D), with the most noticeable
optical contrast observed in Figure 10D. In contrast,
Figure 10C,D suggest that no gross structural disruptions
occurred in the erythrocytes under these conditions, as they pre-
dominantly maintain their spherical morphology. While these
optical features require further investigation to rule out subtle
membrane interactions, the overall maintenance of the spheri-
cal shape, combined with the low hemolysis percentages dis-
cussed previously, supports the highly promising and
non-disruptive preliminary profile of the synthesized nanostruc-

tures.

When assessing the hemotoxicity of a biomaterial, platelet
aggregation must also be studied. This process is crucial for
preventing many circulation-related diseases and pathologies,
such as strokes and heart attacks, due to its great complexity
[88]. In vitro evaluation of biomaterial hemocompatibility
requires studying protein adsorption, blood cell attachment (red
and white cells and also platelets), and thrombus and fibrin
network generation [89]. Interaction of the biomaterial with
platelets must be studied since they participate in the first events
that lead to the formation of blood clots, which are associated

with the development of strokes and heart attacks [90]. There-

Figure 10: Optical microscopy images (40x magnification) of red blood cells obtained after incubation at 37 °C for 1 h with (A) 0.9% saline solution
(negative hemolysis control), (B) distilled water (positive hemolysis control), and (C, D) nHA W/THF obtained using 15 and 60 minutes of Ul respec-

tively.
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fore, to evaluate the effect of nHA synthesized in W/THF on
platelets, in vitro platelet aggregation tests were performed.
Table 7 shows that W/THF nHA-15 and nHA-60 (nHA synthe-
sized using 15 and 60 min of ultrasonic irradiation, respective-
ly) at (=0.11 mg/mL) do not affect the aggregation of human
platelets. These compounds do not affect the magnitude of the
maximum response (MaxA), the speed of the first phase of
aggregation (SLP), nor the integral measurement of the entire

aggregation process (AUC).

Small variations (<10%) were observed, but they were not sig-
nificant with respect to the control conditions. The inability of
synthesized nHA to alter the natural process of platelet aggrega-
tion is very favorable and beneficial for potential biomedical
applications and leads to its consideration as a platelet-compati-
ble biomaterial. This result is important because platelets
undergo a biological activation in the presence of foreign agents
in the body. This activation causes the platelets to change their
shape, adhere to each other to form clumps and release mole-
cules and substances that regulate the immune response and
blood coagulation [90]. This progressive union of platelets and
coagulation factors can have negative effects on a patient’s
physical integrity such as the formation of thrombi, which could
lead to a stroke [91]. Based on these results it can be concluded
that nHA synthesized using ultrasonic irradiation as an energy
source can be considered as hemocompatible materials, as
defined by ISO 10993-4 [92], since they present a very low
hemolytic risk and do not interfere with the initial phase of
hemostasis (platelet activation).

Antibiofilm properties of nHA samples

This research evaluated the capability of the nHA samples to
reduce the risk of P. aeruginosa ATCC 10145 attachment or
biofilm formation, tested by crystal violet staining. This method
allows for biomass quantification, which is the total mass of
bacterial cell growth in a given sample. It is also a key indi-
cator of bacterial abundance and biofilm formation. Our results

showed a statistically significant reduction (p < 0.05) in
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biomass for nHA/W/ETOH/15 min (61.8%; p < 0.001; d =
2.84) and nHA/W/ETOH/60 min (30.8%; p = 0.007; d = 1.37)
compared to commercial hydroxyapatite (CHA), with respec-
tive decreases of 61.8% and 30.8% (Figure 11). It is important
to highlight that these enhanced antibiofilm properties are
fundamentally associated with the features of the nHA phase
itself (such as its smaller particle size and higher surface area).
Although a secondary calcite phase was detected in these spe-
cific W/ETOH mixtures, our quantitative phase analysis using
the RIR method confirmed that its content remains strictly
below 6 wt %. Given this marginal and negligible concentra-
tion, any direct contribution of calcite to the biological effect
can be ruled out, confirming that the structural modulation of
nanohydroxyapatite is the primary driving force behind the ob-
served biomass reduction. Additionally, SEM analysis demon-
strates few rod cells (1-2 um) adhered to the test surfaces in the
nHA/W/ETOH/15 sample (Figure 12A,B). This sample was
selected because it showed the highest biomass reduction. In
contrast, CHA exhibited higher cellular aggregation or micro-
colonies embedded in exopolysaccharides with dispersed crys-
talline-like structures (Figure 12C,D). This phenomenon has
been previously reported for biofilms of other bacterial species
such as Proteus mirabilis [93,94]. Other highly organized struc-
tures besides crystalline-like formations, such as mushrooms,
have been described in P. aeruginosa. These structures are
believed to allow nutrients to pass from the upper to deeper
levels of biofilms [95]. Finally, control surfaces exhibited no

bacterial adhesion (data not shown).

Overall, this work evidences the potential use of nHA variants
synthesized with Ul to control P. aeruginosa biofilm-related
infections on indwelling medical devices; it also contributes to
the current knowledge of chemically friendly nHA synthesis
techniques, with biomedical and antibiofilm applications. How-
ever, it is worth noting that, while the antibiofilm assays provi-
ded valuable preliminary insight, they were conducted as a
single independent experiment with technical replicates. Conse-

quently, further research with multiple independent biological

Table 7: Effect of nHA-W/THF (15 and 60 minutes) on human platelet aggregation induced by ADP.

Sample Platelet aggregation

MaxA

saline solution
nHA-15
nHA-60

93.67 + 1.44 (100%)
97.17 +2.31 (103.74%)
93.67 +2.08 (100.1%)

SLP AUC

121 + 18.38 (100%)
126.5 + 11.30 (104.55%)
108.67 + 10.52 (89.81%)

557.72 + 18.76 (100%)
578.58 + 20.83 (103.74%)
550.38 + 19.55 (98.69%)

aHuman platelet aggregation induced by ADP (10 uM) was measured by maximal aggregation (MaxA), the slope of the first phase of platelet aggrega-
tion (SLP), and the area under the curve (AUC) in the absence (control using saline solution) or in the presence of samples pre-incubated at 37 °C for
15 min. Values are means + S.D, n = 3 (three individual experiments using 15 mL of each blood donor were performed with two biological samples
read as triplicates). One-way ANOVA and Bonferroni post hot test using GraphPad Prism 8.0.1 software were used. Differences between the

responses are not considered statistically significant.
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Figure 11: Antibiofilm potential against P. aeruginosa ATCC 10145 of nHA synthesized in W/ACET, W/THF, W/ETOH mixtures using 15 and 60 min
of Ul.
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Figure 12: Representative SEM images of P. aeruginosa colonization on test surfaces of nHA variants synthesized by Ul. (A, B) nHA/W/ETOH/15 min
and (C, D) commercial hydroxyapatite.

replicates is needed to bolster the statistical robustness and to  subsequent advancement in the prevention and control measures
better understand the key mechanisms involved in the of bacterial colonization on hydroxyapatite prostheses and mini-
antibiofilm activity of these composites. This will allow for  mize public health risks.
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Conclusion

The synthesis of carbonated nanohydroxyapatite (nHA) via
high-frequency ultrasonic irradiation was demonstrated,
yielding a high-purity hexagonal crystalline phase without the
requirement of thermal treatments. This approach aligns
with the principles of green chemistry by employing a highly
energy-efficient technology that uses aqueous mixtures as
the reaction medium, thereby reducing the use of toxic reagents,
simplifying purification stages, and establishing a sustainable
synthesis process. Although the method was effective across all
three evaluated systems (W/ACET, W/THF, and W/ETOH),
the W/ETOH system stood out as the most efficient kinetic
modulator, reaching surface areas of up to 145 m?%/g. This
architecture of ultrafine phases (14-24 nm), high internal
porosity, and surface roughness confirms the capacity of ultra-
sound to promote nucleation and precisely modulate crystal
growth.

Biological evaluation revealed excellent hemocompatibility of
the material. Assays classified the nHA obtained from the
W/THF system as a non-hemolytic (hemolysis < 2% at 2 h) and
platelet-compatible material as it did not alter the natural
process of human platelet aggregation. Furthermore, the nHA
synthesized in the W/ETOH system demonstrated functional
superiority over commercial hydroxyapatite, achieving a statis-
tically significant reduction in P. aeruginosa biomass of up to
61.8%. Together, structural mimicry, integral biocompatibility,
and antibiofilm capacity position these nanosystems as ideal
candidates for tissue regeneration applications and site-specific
delivery systems.

Despite these promising results, the need for exhaustive biologi-
cal validation through in vitro cytotoxicity assays with
osteoblastic cell lines is recognized as a limitation of this work.
Future research will focus on deepening hemolysis studies and
evaluating the metabolic activity and proliferative capacity of
bone precursor cells in contact with these nanostructures to
confirm their long-term clinical viability in tissue engineering.
Furthermore, more comprehensive studies are required to deter-
mine the concentrations of Ca2* and PO43~ ions, as well as the
pH effect, in order to elucidate the specific interaction mecha-
nisms between the nHA variants (15 and 60 min) and bacterial
cells.

Experimental

Synthesis of nanohydroxyapatite

Ca(OH); (Mw: 74.10 g/mol, 96% purity) and (NHy),HPO4
(Mw: 132.05 g/mol, 99% purity) were used as the initial reac-
tants to obtain nHA. The masses of these precursors were
chosen to achieve a Ca/P ratio of 1.67 [96], based on the stoi-

chiometry of the chemical reactions in Equation 17.
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10C3(OH)2 + 6(NH4)2HPO4 —

)
Calo(PO4)6(OH)2 + 12NH4OH + 6H20

Both precursors were added to a beaker together with 40 mL of
the solvent mixture, that is, W/ACET (acetone by Riedel-de
Haén, bp: 66 °C, Mw: 72.11 g/mol,), W/THF (THF by Riedel-
de Haén, bp: 56 °C, My: 58.08 g/mol), or W/ETOH (ethanol by
Riedel-de Haén, bp: 78 °C, 46.06 g/mol); in a 1:1 ratio. The
solids (calcium hydroxide and diammonium hydrogen phos-
phate) were dispersed in the solvents by magnetic stirring for
2-5 min. The reaction mixtures were placed in the reactor,
which was subsequently sealed and purged with a nitrogen
stream to displace any residual gases and ensure an inert atmo-
sphere. The solution temperature was recorded immediately
before sealing the reactor and upon completion of the ultra-
sonic irradiation to account for the thermal effects of cavitation.
Subsequently, the mixtures were exposed to ultrasonic irradia-
tion (UI) for controlled periods of time (15, 30, 45, and 60 min)
using a Fisher 150 W Ultrasonic Generator, operating at a nom-
inal frequency of 20 kHz. After each reaction, the resulting
solid was washed several times with abundant preheated
distilled water (50-80 °C), using a Thermo Scientific Sorvall
Legend T+ centrifuge at 3700 rpm, in order to remove the reac-
tion by-products. Then, the obtained nHA was dried in a Fischer
Isotemp Oven 350 stove at a temperature of 40 °C and atmos-
pheric pressure until it reached a constant weight. The dried
samples were crushed in an agate mortar to achieve a fine
powder consistency. All syntheses were carried out in duplicate.
Table 8 summarizes the general reaction conditions.

Physicochemical and structural

characterization

Infrared spectroscopy

Mixtures of nHA and KBr were prepared at a ratio of 200 mg
KBr/0.8 mg of the sample to be analyzed. They were pulver-
ized and thoroughly mixed in an agate mortar. Then, they were
pressed at 30 tons using a press to obtain compact pellets.
Finally, the pellets were analyzed using a Perkin Elmer Spec-
trum 100 spectrometer in the wavenumber range from 4000 to
450 cm™!.

X-ray diffraction

XRD studies were performed using a FRINGE Benchtop X-ray
diffractometer from LanScientific, operating at 30 kV and
16 mA, with Cu Ka irradiation. A semi-quantitative phase anal-
ysis was performed on the XRD patterns for the series of sam-
ples obtained in the W/ETOH mixture, using the RIR (relative
intensity ratio) method. To obtain the intensities of the selected
nHA and calcite peaks, graphing and data analysis software was

employed following this sequence of steps: (i) Peak fitting was
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Table 8: Matrix of synthesis conditions to obtain hydroxyapatite.

Beilstein J. Nanotechnol. 2026, 17, 991-1015.

Experiment Solvent mixture Irradiation time (min) Tintial (°C) Tiinal (°C)
1 W/ACET 15 25 52
2 30 22 58
3 45 22 64
4 60 21 73
5 W/THF 15 22 49
6 30 22 52
7 45 22 68
8 60 22 62
9 W/ETOH 15 23 50
10 30 23 65
11 45 23 69
12 60 25 62

performed using a Gaussian function to obtain the integrated
area (/) of the main reflections for nHA [(211) plane] and
calcite [(104) plane], which provided the best convergence
(R2 > 0.99) for the experimental data. These results were used
in the RIR method to determine the phase concentration.
(i1) RIR values were obtained from the literature (ICDD data-
base). (iii) To normalize the results to 100% of the mineralog-
ical composition, the mass fractions of nanohydroxyapatite
(WyHA) and calcite (W,p) present in the analyzed samples were
finally calculated using Equation 18:

I;
_ RIR;
i Zn I; (18)
J=IRIR;

Here, RIR; is the relative intensity ratio value for phase i, I; is
the net integrated intensity (area under the peak) of the main
peak of phase i, determined by Equation 19 for a peak fitted
using a Gaussian function,

I; = ox H; xFWHM;, (19)

with H; the peak net height, FWHM; the full width at half
maximum, and the shape factor for Gaussian fitting, ¢ =
1.06447.

Thermogravimetric analysis

TGA studies were conducted to evaluate the thermal stability of
hydroxyapatite. These tests were performed using TA Instru-
ment SDT Q600 V7.0 Build 84 equipment. The different sam-

ples were analyzed at temperatures ranging from 25 to 1000 °C,

in an air atmosphere at a heating rate of 10 °C/min.

Field-emission scanning electron microscopy and
energy-dispersive X-ray spectroscopy

To reveal the morphology of the synthesized hydroxyapatite, an
INSPECT-F50 field-emission scanning electron microscope,
operating at 30 kV was used. The samples were prepared using
two methods: In the first, called the dry method, the powder
was uniformly dispersed directly onto a carbon tape. In the
second, called the wet method, the samples were placed in an
ethanol-water solution and stirred in an ultrasonic bath until a
suspension was formed. Then, a drop was placed on an alumi-
num sample holder and dried in an oven at 40 °C. Finally, all

samples were coated with gold.

Determination of specific surface area

Specific surface area (SggT) determinations were performed via
nitrogen physisorption using a Micromeritics ASAP 2010 sur-
face area and porosity analyzer (software V5.03H, Unit 1). This
analysis was applied exclusively to the nHA samples synthe-
sized in the W/ACET, W/THF, and W/ETOH systems, evalu-
ating reaction times of 15 and 60 min. Prior to analysis, sam-
ples underwent thermal drying at 80 °C for 24 h, followed by
vacuum degassing at 90 °C for 4 h to ensure the removal of
adsorbed species. The surface area calculation was executed
using the Brunauer-Emmett-Teller (BET) model, employing
the linear region of the adsorption isotherms for mathematical
fitting. The specific surface area was experimentally deter-
mined, and these values were subsequently used to calculate
the derived particle diameter (D. BET) according to
Equation 20:
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6
prC’

S (20)

which relates the specific surface area S of the material, the
crystallite size D, and the theoretical density value of hydroxy-
apatite p (3.16 g/cm?) [97]. The particle size values were re-
ported as the mean of the measurements with their standard de-
viation (£SD).

Determination of hydroxyapatite synthesis yield

The efficiency of the synthesis process with ultrasonic irradia-
tion was determined based on the stoichiometry in Equation 18,
using the relationship in Equation 21. Ammonium phosphate is

the limiting reagent.

Yield ( 9% ) _ moles of nHA obtaln.ed <100
moles of nHA theoretical

2D

Evaluation of the biological effects of

hydroxyapatite samples

To evaluate the hemocompatibility of hydroxyapatite samples,
hemolysis assay and in vitro human platelet aggregation tests
were performed. Six volunteers gave their informed consent ap-
proved by the Human Bioethical Committee of the Venezuelan
Institute of Scientific Research (DIR-0997/1569/2016).

Hemocompatibility assay

This analysis was performed only on nHA samples synthesized
in W/THF at all UI times (15, 30, 45, and 60 min). The protocol
used was modified from [98]. The collected blood (4 mL) from
each healthy volunteer (n = 3) was anticoagulated with 3.2% so-
dium citrate in a 9:1 blood-to-citrate ratio. 1 mg of each nHA
sample was dispersed in 300 pL of the anticoagulated blood and
300 pL of saline solution (0.9% sodium chloride), in duplicate.
The samples were then mixed gently and incubated at 37 °C for
1 and 2 h under constant agitation (1000 rpm). For hemolysis
controls, 300 pL of anticoagulated blood was diluted with either
300 pL of saline (negative control) or 300 pL of distilled water
(positive control), and incubated in the same manner as the
nHA samples. After the incubation period (1 and 2 h), 20 uL of
each sample nHA and control were taken and diluted with
1000 pL of saline solution and then centrifuged at 3000 rpm for
8 min. Finally, the absorbance of each supernatant (250 pL)
was measured (in triplicate) at a wavelength of 545 nm using a
BioTek Power Wave XS2 spectrophotometer. The absorbance
results were processed to determine the percentage of hemol-
ysis, using Equation 22 (Agample: absorbance of the sample
under study, Apegative control: absorbance of the negative control
(saline solution), and Apositive control: @bsorbance of the positive

control (distilled water)):

Beilstein J. Nanotechnol. 2026, 17, 991-1015.

Hemolysis percentage(%) =

Asample - Anegative control (22)

A

negative control

x100

A

positive control —

In vitro human platelet aggregation

Human platelets were obtained from blood (15 mL) of healthy
volunteers (n = 3) who had not taken any drugs the previous
two weeks. Platelet rich plasma (PRP) was prepared and used in
platelet aggregation assays as previously described in [99].
Briefly, 10 pL of the nHA under study (4 mg/mL, suspended in
saline solution) were added to 350 uL of PRP for 15 min at
37 °C prior to the stimulation of platelet aggregation (Chrono-
Log model 700) by adenosine diphosphate (ADP, Sigma-
Aldrich USA) (10 uM), under constant agitation (1000 rpm).
Control ADP-platelet aggregation was performed using 10 pL
of saline solution instead of the nHA samples. Three replicates
of each condition were performed. Maximal aggregation
(MaxA), slope of the first phase of platelet aggregation (SLP)
and area under the curve (AUC), were calculated using the soft-

ware application Aggrolink 8 (Chrono-Log Corporation, USA).

Study of antibiofilm properties

In vitro biofilm assays

The P. aeruginosa ATCC 10145 reference strain was cultured
in nutrient broth and cetrimide agar (Difco, Detroit, MI, USA)
at 37 °C for 24-48 h and then stored at —80 °C. To evaluate the
antibiofilm effectiveness of nHA synthesized with UI against
this pathogen, one demonstrative experiment was performed by
culturing the bacterial cells at early logarithmic phase
(0.2 optical density) in triplicate 24-well microplates contain-
ing Luria Bertani (LB) broth, glass surfaces (1 cm?) with depo-
sitions of commercially available medical-grade HA (reference
material), as well as nHA variants obtained with three solvent
mixtures (W/ACET, W/THF and W/ETOH). The plates were
incubated at 37 °C for 24 h. Prior, dispersions of all nHA sam-
ples were prepared at a concentration of 1 mg/mL. This was
done by adding 5 mg of nHA to 5 mL of a 70-30%
ethanol-water solution and digesting the mixture in an ultra-
sonic bath (42 kHz; 10 min) until it was homogeneous. When
homogenization was achieved, 100 uL of the nHA suspensions
were deposited onto five glass surfaces for each case and steril-
ized by irradiating them with a ®°Co gamma ray source
(36 kGy; JS-9500 irradiator, MDS Nordion, Canada) at the
PEGAMMA Plant of IVIC. Wells containing surfaces and nHA
variants without inoculum were included as negative controls.
Wells containing glass surfaces and inoculum without nHA
were considered as control of biofilm growth. After each incu-
bation time, all samples were removed and rinsed three times
with phosphate-buffered saline (0.1 M, pH 7.4). Then, they
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were transferred to wells of a microtiter dish. To quantify the
biomass of the biofilms, the cells attached to the surfaces were
stained with a 0.5% solution of crystal violet (CV), incubated at
room temperature for 15 min and then resuspended in 95%
ethanol. The absorbance at 600 nm of the resuspended CV was
determined and normalized to the OD 600 nm of the corre-
sponding grows cells density. The biomass was expressed as
ng/mL [100].

To observe the morphology of the biofilms using SEM, dupli-
cate samples were washed twice with sterile distilled water and
fixed with 2.5% glutaraldehyde at 4 °C. Then, the samples were
washed with cold distilled water, dehydrated with 50% ethanol
for 10 min, dried at 40 °C, and coated with gold (glued to the
holders using die-cut carbon conductive adhesive discs; SPI
Supplies/Structure Probe, Inc., West Chester, PA, USA). Three
to five different measurement positions on the surface of each
sample were chosen randomly to obtain representative images
of biofilm formation using a Hitachi TM 4000 (Hitachi, Tokyo,
Japan) operated at a variable pressure (6—8 mm Hg) and 15 kV

of acceleration voltage.

Statistical analysis of hemocompatibility assays

Values are expressed as the mean and standard deviation (SD),
and n represents the number of experiments performed. Statis-
tical analysis was performed applying one-way ANOVA and
Bonferroni post hoc tests or two-way ANOVA and Sidak’s
multiple comparisons test, as indicated, using GraphPad Prism
8.0.1 software. Differences between responses were considered
statistically significant when the p-values were <0.05 (*), <0.01
(**), and <0.001 (***), and Cohen’s d value (d = (x; — x2)/s)
was calculated when two mean group resulted statistically dif-

ferent.

Statistical analysis of in vitro biofilm assays

The statistical comparisons in the biomass production among
the tested surfaces were obtained using IBM SPSS Statistics
version 27. Data were first screened for normality using Q—-Q
plots and Shapiro—Wilk test, confirming approximate normal
distribution in all groups. Homogeneity of variances was
assessed with Levene’s test. Due to significant heteroscedas-
ticity (p = 0.005), group means were compared using Welch’s
robust ANOVA followed by Games—Howell post-hoc tests for
pairwise comparisons. Additionally, Dunnett’s two-tailed z-test
was used to compare each experimental treatment against the
commercial control. Effect sizes for key comparisons were
calculated as Cohen’s d value using pooled standard deviations.
A significance level of a = 0.05 was adopted for all tests. Ob-
served power for the primary contrasts exceeded 0.80. All tests
were two-sided. Differences between responses were consid-

ered statistically significant when the p < 0.05 (*).
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