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a  b  s  t  r  a  c  t

This study compares two different scaffolds (dicalcium silicate – Ca2SiO4 – core covered

with a glass of composition Ca2P6O17 doped with lithium and with strontium) loaded

with metronidazole alone and with metronidazole combined with ozone. Complexes

metronidazole-2-hydroxypropyl-�-cyclodextrins (HP-�-CDs) were used to increase the sol-

ubility  and availability of metronidazole. The concentration of metronidazole used was

40.8 mg/mL (58.4 mM), with a molar ratio of 1:1 and 1.5 mL of ozone oil were added to the

different scaffolds. The disk diffusion method against the Gram-positive bacterium Staphy-

lococcus aureus and the Gram-negative bacterium Escherichia coli showed microbial inhibition

but  not statistically significant (p > 0.05) halo inhibition produced by metronidazole alone

and  that produced by metronidazole combined with ozone.

This research is expected to have strong social impact directly affecting the quality of life

of  those affected by osteonecrosis as these nanostructures anchored to structures with a

porous 3D-core could facilitate bone regeneration promoted by cell adhesion, vasculariza-

tion  and nutrients supply.
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., Antimicrobial properties of different multilayered scaffolds complexed
with metronidazole and metronidazole-ozone, Bol. Soc. Esp. Cerám. Vidr. (2025), https://doi.org/10.1016/j.bsecv.2025.03.002

© 2025 The Authors. Published by Elsevier España, S.L.U. on behalf of SECV. This is an

open  access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

∗ Corresponding authors.
E-mail addresses: mrsanchezcarreno@ucam.edu (M.R. Sánchez-Carreño López), jemate@ucam.edu (J.E. Maté Sánchez de Val).

ttps://doi.org/10.1016/j.bsecv.2025.03.002
366-3175/© 2025 The Authors. Published by Elsevier España, S.L.U. on behalf of SECV. This is an open access article under the CC BY-NC-ND
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.bsecv.2025.03.002
https://doi.org/10.1016/j.bsecv.2025.03.002
http://www.elsevier.es/bsecv
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mrsanchezcarreno@ucam.edu
mailto:jemate@ucam.edu
https://doi.org/10.1016/j.bsecv.2025.03.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


ARTICLE IN PRESSBSECV-439; No. of Pages 10

2  b o l e t í n d e l a s o c i e d a d e s p a ñ o l a d e c e r á m i c a y v i d r i o x x x (2 0 2 5) xxx–xxx

Propiedades  antimicrobianas  de  diferentes  andamios  multicapa
complejados  con  metronidazol  y  metronidazol-ozono

Palabras clave:

Biomateriales

Recubrimientos funcionales

Biocerámicas

Osteonecrosis

r  e  s  u  m  e  n

Este estudio compara dos andamios diferentes (núcleo de silicato dicálcico - Ca2SiO4 -

recubierto con un vidrio de composición Ca2P6O17 dopado con litio y con estroncio) car-

gados  con metronidazol solo y con metronidazol combinado con ozono. Se utilizaron

complejos metronidazol-2-hidroxipropil-�-ciclodextrinas (HP-�-CDs) para aumentar la sol-

ubilidad y disponibilidad del metronidazol. La concentración de metronidazol utilizada fue

de  40.8 mg/mL (58.4 mM), con una relación molar de 1:1 y se agregaron 1.5 mL de aceite

de  ozono a los diferentes andamios. El método de difusión en disco contra la bacteria

Gram positiva Staphylococcus aureus y la bacteria Gram negativa Escherichia coli mostró inhibi-

ción  microbiana pero no estadísticamente significativa (p >0.05) entre la inhibición del halo

producido por metronidazol solo y el producido por metronidazol combinado con ozono.

Se  espera que esta investigación tenga un fuerte impacto social y que afecte directa-

mente a la calidad de vida de los afectados por osteonecrosis, ya que estas nanoestructuras

ancladas a estructuras con un núcleo 3D poroso podrían facilitar la regeneración ósea pro-

movida por la adhesión celular, la vascularización y el suministro de nutrientes.

©  2025 Los Autores. Publicado por Elsevier España, S.L.U. en nombre de SECV. Este es un

artı́culo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/
Introduction

Osteonecrosis is not an specific pathology but the conse-
quence of several conditions leading to bone death due to
compromise blood flow and, consequently, oxygen supply
[1,2]. Due to the wide range of possible causes of osteonecrosis,
as well as the large amount of aging population on treatment
with bisphosphonates, it is difficult to obtain epidemiological
data worldwide but, for sure, osteonecrosis is a highly preva-
lent pathology among population. In addition, this pathology
seriously affects quality of life of the patients which makes
essential to find a predictable treatment.

Common causes of osteonecrosis are infection, steroid use,
malformation, tumor resection, and traumatic injuries. Other
described causes are alcohol intake, hyperlipidemia, systemic
lupus erythematosus, sickle cell disease, Gaucher disease,
decompression sickness, acute lymphoblastic leukemia, HIV,
idiopathic osteonecrosis, among others [2,3]. In 2003, a new
term was reported in the literature, osteonecrosis of the
jaw (ONJ) or bisphosphonate-related osteonecrosis of the jaw
(BRONJ) as it was usually associated to cancer patients treated
with high doses of intravenous bisphosphonates. BRONJ is a
rare condition in patients with osteoporosis/other pathologies
using bisphosphonates orally but still should be considered
the risk [4]. This entity is now known as medication-related
osteonecrosis of the jaw (MRONJ) as other types of drugs can
also cause osteonecrosis besides bisphosphonates. This entity
is defined as exposed bone in the mouth which fails to heal
after appropriate intervention over a period of 6 or 8 weeks
[5,6]. MRONJ is reported to develop in approximately 8% of
the oncology patients taking high-dose of bisphosphonates
or denosumab and in 0.01% of osteoporotic patients taking
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
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low-dose bisphosphonates or denosumab [7].
Fortunately the bone has the ability to regenerate itself

although regeneration conditions are not always ideal, espe-
by-nc-nd/4.0/).

cially in large size bone defects [3,7]. Because of this, to repair
osteonecrosis lesions, several materials have been tried over
the years, such as autologous and allogenic bone grafts, nat-
ural polymers, synthetic polymers, metal, composites and
bioceramic and bioglass. All these materials have limitations
and, currently, there is no consensus of what the material
of choice is [8]. Hydroxyapatite and similar bioceramic mate-
rials have been studied in recent years in the bone tissue
regeneration field [3,8–16]. Calcium silicate has demonstrated
by several authors the capability of inducing hydroxyapatite
formation, promoting cell growth, enhancing angiogenesis
and osteoinduction [16,17]. Strontium at low (physiologi-
cal) concentration has been described as beneficial as it
can re-establish the imbalanced activity between osteoclasts
and osteoblasts, which is the primary cause of osteoporosis
[10–12,15,18]. In this particular experiment, 16 multilayered
scaffolds have been used, 8 formed by a dicalcium silicate
core covered with a glass of composition Ca2P6O17 doped with
lithium and other 8 scaffolds where strontium was added on
the surface. These scaffolds were loaded with metronidazole
alone and with a combination of metronidazole and ozone to
simultaneously treat the infection associated to osteonecrosis
lesions. Metronidazole was chosen as it has always been the
drug of choice to treat anaerobic infections [19–21]. Ozone was
added to half of the scaffolds as it is widely known the bacte-
ricidal properties of ozone gas [22–26], but also in other states
such as oil, like it was used in this study, or water [27–29].
It seems that addition of ozone can be beneficial against
antimicrobial-resistant bacteria [23].

It is already known by the literature the benefit of
antibiotic-loaded hydroxyapatite on bony defects is both
antimicrobial and reparative. The nanostructured hydroxya-
timicrobial properties of different multilayered scaffolds complexed
(2025), https://doi.org/10.1016/j.bsecv.2025.03.002

patite allows the loading of antibiotics and a fast biomaterial
resorption. Moreover, the hydroxyapatite protects the drug
by preventing its diffusion and degradation from body fluids
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Table 1 – Composition (mol%) of the 3D multilayered scaffolds.

Sample C2S-core P6-layers Outer layer

TEOS CaCO3 TEP CaCO3 Li2CO3 TEOS CaCO3 SrCO3
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C2S(2P6)C2S 33.33 66.66 71.73 

C2S(2P6)C2S-Sr 33.33 66.66 71.73 

nd/or its retention time in the body. In this way, the loaded
rug is used and concentrated locally [7,13,30].

The administration of systemic drugs in conditions such
s osteomyelitis poses significant challenges due to the high
oxicity of the drugs, which affects not only targeted cells
ut also all organs of the patient [31,32]. This significantly

mpacts the patient’s quality of life during treatment and may
esult in serious side effects [33–35]. To address these issues,
e propose utilizing developed nanostructures as drug reser-

oirs, including drugs such as metronidazole or encapsulated
zone, known for their positive effects on tissue regenera-
ion in necrotic lesions and recurrent infections. Furthermore,
ombining these reservoirs with certain bacteriostatic and
ntibacterial substances can greatly enhance their effective-
ess.

Metronidazole was encapsulated into a cyclodextrin (CD)
n order to increase its stability and generate a slow-release
ince cyclodextrin encapsulation acts as a dosing pump [23].
urthermore, ozone was also added in half of the scaffolds
s it has anti-inflammatory, analgesic, and immunostimu-
ant properties and promotes tissue regeneration [24] besides
ts bactericidal properties [25–29]. Cyclodextrins are cyclic
ligosaccharides composed of bridged glucopyranose sub-
nits, truncated cone-shaped and with a cavity in the center.
hey have been used mainly in food, pharmaceutical and bio-

ogical industries due to their inclusion properties for years.
he modification used in this study of the �-CD, one of the
ative types of CD, has the advantage of providing high sol-
bility in water, which is advantageous for future biological
pplications [27]. In addition, these compounds were pro-
uced in a solid state through Spray Drying, a method known
o enhance their preservation [36–39], as reported by other
esearchers [40,41]. This process enhances their stability and
iability.

The goal of this research was to test if the encapsulation of
etronidazole in �-CDs would achieve an effective antimicro-

ial concentration and whether the addition of ozone would
mprove the antimicrobial activity in multilayered scaffolds

ith and without strontium in the outer layer.

aterials  and  method

caffold  preparation

D porous ceramic scaffolds were prepared with the sol
el method together with the polymeric replica technique,
ith 20 ppi DINA4 10 mm sponges (Quality materials). In a
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
with metronidazole and metronidazole-ozone, Bol. Soc. Esp. Cerám. Vidr. 

rst stage, the C2S (dicalcium silicate – Ca2SiO4) core was
btained from the commercial chemicals: TEOS (tetraethyl
rthosilicate, Aldrich ≥ 98%) and CaCO3 (calcium carbonate,
igma ≥ 99%). The hydrolysis of the precursor was carried out
91 4.34 33.33 66.66 –
91 4.34 33.35 65.99 0.67

using hydrochloric acid, obtaining a homogeneous mixture
with a pH between 2 and 3. Following that, the polymeric
sponge (13 mm diameter and 10 mm long) was submerged
from 30 to 40 times and then dried for 15 min  at 160–180 ◦C
after each immersion. After that, a heat treatment was applied
to the sponge heating it up to 1050 ◦C for 8 h.

In a second stage (P6), the core was coated with a glass
phase from the reagents triethyl phosphate (TEP) (Aldrich
triethyl phosphate ≥ 99.8%), CaCO3 (calcium carbonate,
Sigma ≥ 99%) and Li2CO3 (lithium carbonate, Sigma–Aldrich
99.8 ≥ %). The hydrolysis of the reagents was carried out using
hydrochloric acid, keeping the mixture at a pH between 4
and 5. In this case, the previously prepared C2S core was
immersed ten times in the new solution described, drying
at 140–160 ◦C for 10 min  after each immersion. After this, a
heat treatment at 1050 ◦C for 8 h was carried out. In order to
improve mechanical resistance, this vitrification process was
done twice.

As a last treatment, to improve cell adhesion, the surface
of the 3D multilayered scaffolds was modified using a layer of
C2S doped with 1% Sr+2. This was prepared with TEOS, CaCO3

and SrCO3 (strontium carbonate Alfa Aesar 99%). The scaffolds
were coated ten times, dried for 20 min  at 160–180 ◦C after each
immersion, and finally heat treated at 1050 ◦C for 8 h. The com-
position and label of the 3D multilayered scaffolds is found in
Table 1.

Complexation  of  metronidazole  with
2-hydroxypropyl-ˇ-cyclodextrins

Complexation  method  by  aqueous  solubility
The solubility studies of metronidazole, in the presence of 2-
hydroxypropyl-�-cyclodextrins (HP-�-CDs), were carried out
according to Higuchi and Connors’ method [30]. For this, aque-
ous solutions of increasing concentrations of HP-�-CDs, up to
a concentration of 100 mM for HP-�-CDs, in a total volume of
5 mL.

A saturating amount of metronidazole was added to each
of the solutions and they were kept in an ultrasonic bath for
90 min, at 20 ◦C, until equilibrium was reached. Afterwards,
the solutions were filtered through a 0.45 �m cellulose acetate
filter to eliminate the excess of antibiotic (not dissolved).

The concentrations of dissolved metronidazole in each
sample were calculated by measuring their absorbance with
a spectrophotometer and using the Lambert–Beer law. This
allowed precise determination of the amount of antibiotic dis-
solved in each solution.

To quantify the amount of metronidazole dissolved in each
timicrobial properties of different multilayered scaffolds complexed
(2025), https://doi.org/10.1016/j.bsecv.2025.03.002

filtrate, the antibiotic-cyclodextrin complexes were broken by
adding 80% ethanol (Scharlau). Subsequently, each of the solu-
tions was introduced into the spectrophotometer, measuring
its absorbance at the wavelength of maximum absorption of

https://doi.org/10.1016/j.bsecv.2025.03.002
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Fig. 1 – Metronidazole standard calibration curve: calculation of the molar extinction coefficient of metronidazole at 80%
ethanol at its maximum absorbance 320 nm (9.9264 M−1 cm−1).
metronidazole (320 nm). The concentration of the antibiotic
in each solution was determined using the Lambert–Beer law:
A = εlc; (where A is absorbance; ε, molar extinction coefficient;
l, path length (10 mm);  and c, concentration of sample in nM),
calculating the molar extinction coefficients at 80% ethanol
and metronidazole (Fig. 1).

The apparent stability constant (KC) value of metronidazole
and HP-�-CDs was calculated from the solubility studies using
the following equation [30]:

KC = slope
S0(1 − slope)

, [1]

where S0 is the solubility of metronidazole in the medium
and “slope” is the slope of the straight line obtained in the
solubility study for each of them.

The complexation efficiency (CE) of each scaffold was cal-
culated using the following equation [42]:

CE = [Metronidazole − CD]
[CD]t

= S0 · Kc. [2]

For data analysis, the concentration of total metronidazole
was represented against the concentration of HP-�-CDs.

Microwave  irradiation  method
To increase the concentration of metronidazole in the
solution, this study was carried out using the microwave irra-
diation method. Firstly, three aqueous solutions of 20 mM
of HP-�-CDs in 150 mL  were prepared and irradiated with
microwaves (LG Grill Wavedom, LG Electronics, Madrid, Spain)
at 700 W for 30 s, at 10 s intervals, until reaching a temperature
of 70 ◦C in the solution. The metronidazole was then added to
each solution and irradiated again for 30 s at 10 s intervals,

◦

Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
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until reaching 70 C. Subsequently, the samples were shaken
and kept for 12 h in sealed vials in the dark. Next, following
the procedure described above, the samples were irradiated
again, until reaching 70 ◦C.
To quantify the amount of metronidazole dissolved before
atomization, the antibiotic-CD complexes were broken by
adding 80% ethanol. Sample analysis was performed on
an Agilent 1200 series HPLC (high-performance liquid chro-
matography) equipment, formed by a quaternary pump, a
degasser, an autosampler with thermostat, a column com-
partment, and a DAD (Diodo Array Detector). Additionally,
a reverse phase column is used: LiChrospher® 100 RP-18
(250 mm × 4 mm ID, 5 �m particle size). For the analysis, a col-
umn  temperature of 30 ◦C is defined, an injection volume with
water wash of 20 �L and a flow rate of 1 mL/min. The mobile
phase is composed of A: 1% acetic acid and B: acetonitrile and
the total gradient time is 20 min. Initially, 20% B is maintained
for 5 min, then a ramp is made until reaching 50% B at 10 min.
Immediately after B is reduced to 20% until 15 min  and main-
tained 20% B until 20 min. Finally, the results were processed
using Agilent ChemStation software.

The standard calibration curve was carried out by analyzing
samples with seven different concentrations of metronidazole
in triplicates with the previously described method.

The standard calibration curve showed good linearity in
the concentration range of 0.001–0.5 mg/mL  of metronidazole,
obtaining a linear regression coefficient > 0.999, indicating a
high degree of linearity (Fig. 2).

The solutions prepared by the microwave irradiation
method were atomized to convert the complexes into powder.
This process was carried out using a laboratory-scale atom-
izer, Mini Spray Dryer Büchi B290 (Flawil, Switzerland). The
operating conditions of the drying process were: air inlet tem-
perature 180 ◦C, 2 ◦C, air outlet temperature 70 ◦C, flow rate of
5 mL/min, air pressure 3.2 bar, and nozzle diameter of 1.5 mm
[36]. Once the powder is obtained, it is collected and stored at
room temperature (25 ◦C) until its use.

Precipitation was controlled in order to prevent large par-
timicrobial properties of different multilayered scaffolds complexed
(2025), https://doi.org/10.1016/j.bsecv.2025.03.002

ticles from blocking the vaporization device or the nozzle [43].
The process yield (PY) was determined gravimetrically,

as the relationship between the grams obtained after spray

https://doi.org/10.1016/j.bsecv.2025.03.002
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2-hydroxypropyl-�-cyclodextrins (HP-�-CDs).
rying and the amount of solids contained in the solution
ccording to Di Battista et al. [44]:

Y% = mass of powder collected
mass of solids in solution

× 100. [3]

The encapsulation efficiency (EE) measures the proportion
f metronidazole in the powder in relation to the total content,

t was calculated according to Frascareli et al. [45]:

E (%) = Metronidazole after atomization
Metronidazol before drying by atomization

× 100.[4]

The total content of encapsulated metronidazole was cal-
ulated according to the following formula:

oading (%) = Encapsulated Active Material
Total powder obtained

× 100. [5]

unctionalization  of  metronidazole-encapsulated  scaffolds
irst, the scaffolds were selected to be more  or less the same
ize and weighed on a precision balance. The average size
f the scaffolds was 11.38 mm × 11.38 mm × 9.44 mm and the
verage weight, 585.35 mg.

In this study, the scaffolds were tested in order to deter-
ine which of them were loaded with the greatest amount of
etronidazole.
To load the scaffolds, 1.5 mL  of metronidazole-CD com-

lex (58.4 mM of metronidazole in 20 mM of CDs) was added
o a Falcon tube where the scaffold was completely cov-
red. This study was carried out in triplicates. Subsequently,
he samples were placed in a glass vacuum desiccator and
he vacuum pump was kept turned on for 5 min. Then, the
ump was turned off and left in place for 10 more  min-
tes. Afterwards, the concentration of metronidazole that
emains in the leftover liquid was measured. The scaffolds
ere put in the oven for 24 h at 40 ◦C to eliminate any
oisture.
To know the concentration of metronidazole that remains
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
with metronidazole and metronidazole-ozone, Bol. Soc. Esp. Cerám. Vidr. 

n the scaffolds, they were crushed and 1.5 mL  of 80% ethanol
as added to break up the complexes.
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Ozone  addition  to  the  scaffolds  with  metronidazole

Ozosana® ozone oil was added to the previously loaded
with metronidazole scaffolds to determine if there was more
antimicrobial action that with metronidazole alone. The com-
position of this ozone oil is ozonized helianthus annuus seed
oil, ozonized olea europaea oil, mentha piperita oil, toco-
pherol, tocopheryl acetate and limonene.

The scaffolds were placed in a falcon tube and 1.5 mL  of
ozone oil were added, covering the whole sample. The study
was carried out in triplicates. Subsequently, the samples were
placed in a glass vacuum desiccator and the vacuum pump
was kept turned on for 5 min. Then, the pump was turned
off and left in place for 10 more  minutes. After that time, the
scaffolds were removed from the leftover oil and left at room
temperature for 24 h.

Antibacterial  effect

The antimicrobial activities of metronidazole alone and
metronidazole combined with ozone loaded in both types
of scaffolds described were tested using the Gram-negative
strain, Escherichia coli (CECT 101) and the Gram-positive strain
Staphylococcus aureus (CECT 239), both from the Spanish Type
Culture Collection (CECT), Valencia, Spain. Freeze-dried bac-
teria were activated by culturing in Nutrient Broth from the
CECT activation kit and grown at 37 ◦C for 24 h, followed by
two 10 mL  consecutive cultures in Nutrient Broth (Scharlau,
Barcelona, Spain).

Disk  diffusion  method
The strains from the second culture were independently
spread using a sterile bent rod on a Standard Methods Agar
(Panreac, Barcelona, Spain) culture plate. After 15 min, the
scaffolds were placed in the center of the agar and incubated
at 37 ◦C for 24 h. A mixture of two antibiotics, penicillin and
streptomycin (Capricorn Scientific, Germany) (10 �L) was used
as positive control. After incubation time, inhibition zones
were measured using an automatic Interscience scan 500 zone
reader (Saint-Nom-la-Bretèche, France).

Statistical  analysis
Data for each strain was analyzed by two-way ANOVA (scaffold
and antimicrobial) using IBM SPSS Statistics 27.0 with p < 0.05.
All samples were run in quadruplicates for both species.

Results  and  discussion

The results obtained in this study were as follows.

Complexation  of  metronidazole  in  HP-ˇ-CDs

Complexation  method  by  aqueous  solubility
The results obtained in this study indicate that the solubility
of metronidazole is significantly increased in the presence of
timicrobial properties of different multilayered scaffolds complexed
(2025), https://doi.org/10.1016/j.bsecv.2025.03.002

For data analysis, the total concentration of metronida-
zole was graphically represented against the concentration
of HP-�-CDs (Fig. 3). This representation revealed a linear

https://doi.org/10.1016/j.bsecv.2025.03.002
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Table 2 – Metronidazole/HP-�-CD complexation
constants.

Slope S0 Kc CE Molar ratio

Once the complexation of metronidazole with HP-b-CDs
0.1479 4.47 nM 38.83 M−1 17.8% 1:6

relationship between the concentration of metronidazole in
solution and the concentration of HP-�-CDs in the medium.
This linear relationship suggests that the stoichiometry of
the inclusion complexes formed between metronidazole and
HP-�-CDs is 1:1, meaning that each molecule of metronida-
zole associates with one molecule of HP-�-CD. This finding
is aligned with the work of Reichenberg and Rübsamen,
who  observed a 1:1 stoichiometric ratio in their studies on
cyclodextrin-drug complexes [41].

In terms of solubility, it was observed that in the absence
of HP-�-CDs, the solubility of metronidazole in water was
4.47 mM.  However, by adding HP-�-CDs and increasing their
concentration to 100 mM,  the solubility of metronidazole in
water significantly increased, reaching 19.3 mM (Fig. 3). This
represents an almost fivefold increase in the solubility of
metronidazole. This is comparable to the results reported
by Khan et al., who  also documented significant solubility
enhancements using CDs for various drugs [31].

This finding is consistent with previous studies that have
shown the ability of CDs to improve the solubility of hydropho-
bic drugs. For instance, Pitha and Koenig and Hedges and
Charles have reported similar improvements in drug solubility
when using CDs, reinforcing the validity of our results [34,35].

The calculation of the complexation constants and the
aqueous solubility limit of metronidazole allowed to calculate
the complexation efficiency (CE) (Table 2).

When carrying out CDs saturation studies, it is important
to calculate the complexation efficiency (CE) as this value
considers, in addition to K , the aqueous solubility of the
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
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C

encapsulated compound (S0). The results shown in Table 2
confirm that metronidazole complexed with HP-�-CDs in
aqueous medium, thus increasing its solubility. This result is
etronidazole-HP-�-CDs.

crucial for determining the practicality of using these com-
plexes in pharmaceutical applications. Lee et al. emphasized
the importance of complexation efficiency in predicting the
performance of cyclodextrin-based drug delivery systems [37].

Microwave  irradiation  method
Since the concentration of metronidazole complexed using
the phase diagram method with sonication was low (8 mM  of
metronidazole in 20 mM of CDs) and insufficient to achieve
the desired antimicrobial effect when loading the scaffold
with the antibiotic, an alternative method was studied.
Encapsulation with cyclodextrins via microwave irradiation
was explored. In this case, the concentration of complexed
metronidazole was 8 times higher than that achieved with the
phase diagram method (58.4 mM in 20 mM of CDs). Therefore,
the microwave irradiation method was chosen to complex
metronidazole, allowing the scaffolds to be loaded with the
antibiotic at a higher and more  effective concentration.

Once the metronidazole has been encapsulated in HP-�-
CDs, the concentration to be used in the scaffolds was then
decided. CDs, being sugars, can act as a substrate for the bac-
teria present in the mouth, so it was chosen not to exceed a
concentration of 20 mM of HP-�-CDs to avoid bacterial growth.
This highlights the practical considerations considered in for-
mulation development. This precaution aligns with findings
from Davis et al., who noted similar constraints in using CDs
in biological environments [38]. The concentration of metron-
idazole chosen was 40.8 mg/mL  (58.4 mM), with a molar ratio
of 1:1. To increase the concentration of metronidazole in the
solution, this study was carried out using the microwave irra-
diation method, since it is a method that has shown better
results in obtaining solid complexes [43,46]. The analysis of
the samples was carried out on HPLC equipment, as described
in materials and method.
timicrobial properties of different multilayered scaffolds complexed
(2025), https://doi.org/10.1016/j.bsecv.2025.03.002

was determined using the microwave irradiation method, the
sample was subjected to atomization. The results obtained for
atomization yield were as follows:

https://doi.org/10.1016/j.bsecv.2025.03.002
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Table 3 – % of metronidazole loaded in the different
types of scaffolds.

Scaffold % metronidazole

C2S(2P6)C2S 21

F
l
E
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 Process yield (PY) was 56%. This result was within the
expected range, as our experience suggests that the usual
yield falls between 50% and 60% as suggested by Vázquez
and Martín [39].

 In terms of encapsulation efficiency (EE), values of 90.6%
were achieved. These values indicate a high efficiency in
the encapsulation process and provide clear information
about the amount of metronidazole present in the complex.
The high encapsulation efficiency suggests that a significant
proportion of the metronidazole has been effectively incor-
porated into the CD complex, which is crucial for ensuring
that the drug is available in the desired form and in the
required amounts for its medical applications.

 In terms of encapsulation efficiency (EE) and the content
of complexed metronidazole (CM) in the atomized powder,
values of 90.6% and 39.7% were achieved, respectively. These
values indicate high efficiency in the encapsulation process
and provide clear information about the amount of metron-
idazole present in the complex.

unctionalization  of  metronidazole-encapsulated  scaffolds

nce the concentration of metronidazole encapsulated in CDs
as established, the scaffolds were loaded with 1.5 mL  (con-

aining 58.4 mM in 20 mM of CDs).
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
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As shown in Table 3, the amount of metronidazole incor-
orated into the scaffolds ranges from 20% to 21% of the
otal metronidazole complexed with HP-�-CDs in the initial
olution in which the scaffolds are immersed (1.5 mL  contain-

ig. 4 – Control with antibiotics and S. aureus and E. coli. One ima
oaded shown: C2S(2P6)C2S inoculated with E. coli, C2S(2P6)C2S in
. coli; C2S(2P6)C2S-Sr inoculated with S. aureus.
C2S(2P6)C2S-Sr 20

ing 58.4 mM in 20 mM of CDs). The C2S(2P6)C2S-Sr scaffolds
achieved the highest fixation yield of the complexed metron-
idazole, reaching 21% of metronidazole.

Due to the lack of irrigation in the necrotic bone the use of
systemic antibiotics does not seem to be beneficial [47], there-
fore scaffolds loaded with antimicrobials can be a manner of
reducing the bacterial load of the lesions. It would be interest-
ing to compare the effectiveness of different antimicrobials in
the bacterial reduction, such as doxycycline according to some
other studies [7], as well as the bone volume density obtained
with different drugs. Further experiments are required against
different species usually found in osteonecrosis lesions such
as Porphyromonas, Tannerella,  Prevotella, Aggregatibacter, Tre-
ponema, among others, and testing different antimicrobials to
select the most effective [48] and to determine if the associa-
tion of ozone to antimicrobials makes a significant difference.

The addition of ozone not only shall be tested for antimi-
crobial properties but also, in the future, should be tested for
in vivo bone regeneration as this seems to reduce the hardness
timicrobial properties of different multilayered scaffolds complexed
(2025), https://doi.org/10.1016/j.bsecv.2025.03.002

of the scaffolds facilitating the formation of new bone [49]. In
addition, in patients with osteonecrosis of the femoral head,
the treatment with ozone showed a significant decrease in

ge per sample of different scaffold type and medication
oculated with S. aureus; C2S(2P6)C2S-Sr inoculated with
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Fig. 5 – Comparison of the halo measurements in quadruplicates against S. aureus and E. coli in C2S(2P6)C2S and
C2S(2P6)C2S-Sr scaffolds loaded with metronidazole only and metronidazole combined with ozone. Error bars mean

standard deviation.

bone marrow edema and it also has been seen that ozone ther-
apy may restore immunological parameters to normal levels
[50]. Also, good results were obtained clinically in patients with
BRONJ treated with debridement with Piezoelectric surgery
and ozone/oxygen therapy [51].

Antibacterial  effect

The disk diffusion susceptibility test showed that metron-
idazole alone and metronidazole combined with ozone had
antimicrobial effect when loaded in both types of scaffolds
(see Fig. 4) as it was seen in other studies by Kida et al. or Sam-
son et al. [38,52]. This suggests the indication of antimicrobial
loaded scaffolds as a topical treatment for osteonecrosis
lesions as an alternative to systemic antibiotherapy. The data
obtained from the inhibition halos shows no statistical differ-
ences (p > 0.05) for scaffold type nor for antimicrobial (Fig. 5).

Representative images of the inhibition halo in the differ-
ent scaffolds can be seen in Fig. 4. Note the halo is irregular
due to the shape of the samples and the uneven contact with
the surface of the agar.

Conclusions
Please cite this article in press as: M.R. Sánchez-Carreño  López, et al., An
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The results indicate that the methodology used for encapsu-
lating metronidazole in HP-�-CD scaffolds has been highly
effective, providing a product with high encapsulation effi-
ciency and adequate metronidazole content for medical
treatment. This underscores the potential of these encapsu-
lation systems in improving the bioavailability and efficacy
of metronidazole for various therapeutic applications. These
scaffolds will also be tested for cell proliferation.

Although further research, in vitro and in vivo, is required, it
seems that the addition of antimicrobials in C2S(2P6)C2S and
C2S(2P6)C2S-Sr scaffolds for the regeneration of osteonecrosis
lesions can overrun the systemic administration of antibiotics.

In this particular experiment, there was no significant dif-
ference with the addition of ozone to metronidazole in any
type of scaffold (p > 0.05). In vivo experiments are required
to check if the addition of ozone benefits the mechani-
cal properties of C2S(2P6)C2S and C2S(2P6)C2S-Sr scaffolds as
the literature suggests. Attending to the type of scaffold,
C2S(2P6)C2S ones showed a larger inhibition halo against S.
aureus, although with hardly any difference when loaded
with metronidazole-ozone, while against E. coli, C2S(2P6)C2S-
Sr scaffolds loaded with metronidazole showed, on average,
larger inhibition halo, while C2S(2P6)C2S scaffolds loaded with
metronidazole-ozone were superior on average. These differ-
ences were no statistically significant (p > 0.05).
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