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Developing innovative approaches to target osteomyelitis caused by polymicrobial infections remains a signifi-
cant therapeutic challenge. In this study, monodispersed chitosan nanoparticles co-loaded with antibacterial
(minocycline) and antifungal (voriconazole) agents were successfully prepared. Minocycline presented higher
encapsulation efficiency as compared to voriconazole. Thermostability analysis suggested interactions between
the co-loaded drugs within the dual-delivery system, potentially limiting voriconazole release. The dual-loaded
chitosan nanoparticles exhibited significant in vitro anti-biofilm activity, achieving up to a 90% reduction in
polymicrobial biofilms of S. aureus and C. albicans. Additionally, the nanoparticles showed cytocompatibility
with a human osteoblast cell line. These findings highlight the potential of this dual-delivery chitosan-based
nanoparticle system to address a critical gap in osteomyelitis treatment by targeting both bacterial and fungal

1. Introduction

Osteomyelitis is an acute or chronic inflammation of bone and its
structures, caused by a microbial (e.g, bacteria, fungi, and mycobac-
teria) infection, which leads to gradual bone destruction and loss (Bury
et al.,, 2021; Dinh et al., 2009). A critical driver of osteomyelitis path-
ogenicity is biofilm formation — a community of sessile microorganisms
embedded in a self-produced extracellular matrix. Biofilms significantly
impair therapeutic efficacy and contribute to high rates of infection
recurrence (Masters et al., 2022).

Approximately one-third of osteomyelitis cases are polymicrobial,
with Staphylococcus aureus (the predominant pathogen) frequently
coexisting with opportunistic fungi like Candida albicans (Enz et al.,
2021; Gimza and Cassat, 2021; Hsu et al., 2023; Masters et al., 2022).
Such mixed-species biofilms exacerbate infection severity by enhancing
pathogen resistance to antimicrobial agents and immune responses,

resulting in worsened clinical outcomes (Hsu et al., 2023; Masters et al.,
2022). Consequently, osteomyelitis remains a challenging condition to
treat, associated with high morbidity and substantial healthcare costs
(Masters et al., 2022; Schmidt et al., 2023). Understanding the interplay
between co-infecting pathogens and biofilm dynamics is crucial to
advancing therapeutic strategies for this debilitating condition (Zegre
et al., 2022).

Current treatment strategies for osteomyelitis, such as prolonged
systemic antibiotic administration combined with surgical debridement,
often fail to fully eradicate biofilms, highlighting the urgent need for
alternative approaches (Tao et al., 2021). Among emergent strategies,
nanotechnology has garnered significant interest in osteomyelitis
treatment due to nanomaterials capability to overcome biological bar-
riers, enhance drug bioavailability, and enable controlled release. In
light of this, chitosan-based nanoparticles (NPs) are particularly
attractive for osteomyelitis treatment due to their antimicrobial activity,
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bioadhesive properties, and biocompatibility. These NPs facilitate the
encapsulation and delivery of both hydrophilic and hydrophobic drugs,
enhancing their stability, bioavailability, and therapeutic efficacy,
(Zapata et al., 2022), (Mikusova and Mikus, 2021; Shi et al., 2024).
Several methods have been reported for preparing chitosan NPs
including ionic gelation, emulsification, crosslinking, complexation with
polyelectrolytes, self-assembly, and drying processes (Mikusova and
Mikus, 2021). Additionally, the inclusion of surfactants such as polox-
amer 188 (Pluronic® F68) or polysorbate 80 (tween® 80) plays a crucial
role in stabilizing nanoparticle formulations. These surfactants present
low toxicity and are used to stabilize particle size, drug load, and release
profiles while avoiding nanoparticle agglomeration (Mikusova and
Mikus, 2021; Miyazawa et al., 2021; Rasyid et al., 2014).

Moreover, the efficacy of antibiotic-loaded NPs in treating osteo-
myelitis has been proved in numerous studies (Ma et al., 2016; Mohan
Raj et al., 2022; Simpson et al., 2024; Tao et al., 2020). Among the used
antibiotics, tetracyclines — particularly minocycline — have proven to be
effective due to their broad-spectrum activity and ability to target multi-
resistant bacteria (Martin et al., 2024). Minocycline, in particular, ex-
hibits significant in vitro activity against Staphylococcus aureus, including
methicillin-resistant strains, making it a strong candidate for osteomy-
elitis therapy (Im et al., 2020; Martin et al., 2024; Silva et al., 2017; Wen
et al., 2024). On the other hand, studies focusing on antifungal-loaded
carrier systems for fungal osteomyelitis are limited, and none have
explored the potential of nanomaterials in this context (Grimsrud et al.,
2011; Karr and Lauretta, 2015). While antibiotic-loaded chitosan NPs
have shown efficacy in treating bacterial osteomyelitis, the development
of dual-delivery systems targeting both bacterial and fungal pathogens is
still in its infancy (AbouAitah et al., 2022).

Addressing these gaps, the present study aimed at developing and
evaluating mono- and dual-delivery systems using chitosan NPs stabi-
lized with Pluronic® F68, loaded with minocycline and voriconazole.
We hypothesize that dual-loaded chitosan-based NPs could effectively
treat polymicrobial osteomyelitis by acting as a polysaccharide-based
carrier to enhance antimicrobial delivery, improve biofilm penetra-
tion, and facilitate comprehensive infection management.

2. Materials and methods
2.1. Reagents

Low molecular weight chitosan (50 to 100 kDa, 92,2% deacetylated)
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) were obtained from Sigma-Aldrich (Irvine, UK). Sodium tripo-
lyphosphate (TPP) was acquired from Applichem (Darmstadt, DE).
Minocycline hydrochloride was kindly donated by Atral Cipan (Cas-
tanheira do Ribatejo, PT) and voriconazole was obtained from Glentham
Life Sciences (Corsham, UK). Pluronic ® F68 was acquired from BASF
(Ludwigshafen, DE). HEPES buffer was purchased from VWR Chemicals
(USA). Propidium iodide was granted by Invitrogen Thermo Fisher
Scientific (San Francisco, USA) and dimethylsulfoxide (DMSO) was ob-
tained from Sigma-Aldrich (USA).

Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA) Sabouraud Dextrose
Agar (SDA), and NaCl were purchased from Merck Millipore (Germany),
while the Mannitol Salt Agar (MSA) was acquired from Liofilchem
(Italy).

All other reagents and solvents were of the purest grade available
and used without further treatment. Purified water (Millipore, Elix 3)
was filtered using a 0.20 um membrane filter.

2.2. Preparation of chitosan nanoparticles

Chitosan was mixed with 1 % v/v acetic acid to a final concentration
of 10 mg/mL and at pH 5.5. Drug loading on chitosan NPs was done by
adding 1 mg/mL minocycline (100 pL) and/or 2.5 mg/mL voriconazole
in DMSO (10 pL) to the chitosan solution. Then, 10 mg/mL TPP (50 uL)
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and variable volumes (150 L, 50 pL, 140 uL and 40 pL, to b-NPs, Min-
NPs, Vor-NPs and Min-Vor-NPs, respectively) of 0.1 % Pluronic® F68
was added to the chitosan solution and homogenized by pipetting, to a
final 2 mg/mL chitosan concentration. In the end, four batches of chi-
tosan NPs were prepared (in triplicate): minocycline-loaded NPs (Min-
NPs), voriconazole-loaded NPs (Vor-NPs), minocycline-and-
voriconazole-loaded NPs (Min-Vor-NPs), and unloaded or blank NPs
(b-NPs) (used as control). The prepared batches of NPs were frozen for 1
h, before being freeze-dried (Christ Alfa 1-4, Germany) for at least 2 h.

2.3. Physicochemical characterization of chitosan nanoparticles

2.3.1. Particle size and zeta potential

Mean particle size and polydispersity index (PI) were determined by
dynamic light scattering with a Zetasizer Nano-S (Malvern Instruments,
Worcestershire, UK) at a detection angle of 175° and a temperature of
25 °C with 2 min of stabilization time before measurements. The sam-
ples were dispersed in purified filtered water (refraction index 1.330;
viscosity 0.8872 cP, 25 °C). Each sample was measured in triplicates.

Zeta potential was measured by electrophoresis mobility using a
Zetasizer Nano-Z (Malvern Instruments, Worcestershire, UK). Samples
were diluted with 0.45 um filtered ultra-pure water. For all cases, mean
values were obtained from the analysis of three different batches, each
measured in triplicates.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectra of the chitosan, free drugs, and drug-loaded chitosan nano-
particles (NPs) were obtained with an ATR-FTIR spectrometer (Plat-
inum-ATR Brucker spectrometer) to characterize the chemical structure
of chitosan NPs. The spectra were scanned over the wave number range
of 400 to 4000 cm ™, with an average of 24 scans and a resolution of 2
em L.

2.3.3. Differential scanning calorimetry (DSC)

The thermal behavior of chitosan NPs was studied using DSC analysis
in a DSCQ200 (TA Instruments, New Castle, DE, USA); freeze-dried
samples (1-2 mg) were sealed on a standard aluminum pan, and heat-
ed from 0 °C to 300 °C at a scan rate of 10 °C/minutes under a nitrogen
atmosphere. An empty sealed pan was used as reference.

2.4. Drug loading and entrapment efficiency

The percentage of drug loading (DL%) and entrapment efficiency (EE
%) were indirectly determined by measuring the concentration of the
free drug present in the supernatant obtained by centrifugation (Min-
iSpin, Eppendorf, Hamburg, Germany) at 13,400 rpm for 5 min of the
drug-loaded chitosan NPs. Minocycline quantification was established
spectrophotometrically at 350 nm in a microplate reader (FLUOstar
Omega, BMG Labtech, Germany) (Martin et al., 2019). Voriconazole
quantification required chitosan precipitation, achieved by treating
each sample with 10 % of NaOH (1.0 M), the samples were then
centrifuged for 5 min (at 13,500 rpm), and voriconazole was quantified
in the supernatant using a reversed-phase high-performance liquid
chromatography (RP-HPLC) method. The analysis was performed on a
Shimadzu System (Shimadzu Corporation, LC-6A, Japan) coupled to an
autosampler (Waters 717plus Autosampler) and a thermostatic column
compartment (Dionex STH 585 Column Oven). A LiChrospher® 100 RP-
18 analytical column (125 mm x 4 mm, 5 pm particle size, LiChro-
CART®Merck, Darmstadt, Germany) was used at 30 °C. Isocratic elution
was carried out with a mobile phase of acetonitrile-water (3:2), with
flow rate of 1 mL/min. Detection was set at 256 nm and the injection
volume was 20 L (Babu and Raju, 2007; Ustiindag Okur et al., 2016;
Zegre et al., 2022). Each experiment was performed in triplicate and the
average values were calculated.

Free drug concentration was calculated by linear regression and %EE
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and %DL were obtained through Equations (1) and (2), respectively,
where [Clyq corresponds to the total amount of minocycline and/or
voriconazole initially loaded in the NPs, [Clgy is the measured con-
centration of minocycline and/or voriconazole in the supernatant, Viq
is the total volume of each sample, and myyy is the mass of NPs in the
samples.

C -[C
%EE — [ ]total [ ]sup % 100 (1)
[C]total
C — [Clsup)XViota
%DL = ([ ]total [ }sup) total %« 100 (2)

Miotal
2.5. Drug release assay

Release studies were carried out by adding 1 mL of 10 mM HEPES
buffer at pH 7.4 to each freeze-dried nanoparticle samples. The samples
were then incubated at 37 °C with constant agitation. At various time-
intervals, the samples were collected and centrifuged (Allegra™ 64R
Centrifuge, Beckman Coulter, California, USA) at 13,000x g for 10 min,
after which the supernatants were removed. Cumulative drug release
quantification was measured in triplicate, using a microplate reader (for
empty NPs and minocycline-loaded NPs) or RP-HPLC (for voriconazole-
loaded NPs), according to the methodology previously described (2.4.).
After removing and exchanging the supernatants, the samples were then
resuspended in 1 mL HEPES and incubated again at 37 °C.

2.6. Antimicrobial activity

2.6.1. Microbial growth and standardization

The S. aureus ATCC 49230 strain was acquired from the ATCC sup-
plier, and the C. albicans NQ6159 strain was gently donated by “Instituto
Nacional de Satide Doutor Ricardo Jorge (Portugal)”. TSA medium was
used to quantify mono-species S. aureus and dual-species S. aureus-
C. albicans; MSA medium was used to quantify S. aureus selectively into
dual-species biofilm, and SDA medium was used to quantify C. albicans
into mono- and dual-species biofilms. Before each experiment, micro-
organisms were grown in TSB for 24 h at 37 °C and 150 rpm. After in-
cubation, each microorganism’s initial suspension (at exponential
phase) of 1 x 10° CFU mL~! was produced in fresh TSB and used in
subsequent sections.

2.6.2. Anti-biofilm activity of chitosan nanoparticles over time

The anti-biofilm activity of the NPs (b-NPs, Min-NPs, Vor-NPs, and
Min-Vor-NPs) against mono- and dual-species biofilm formation was
evaluated following the protocol performed by (Zegre et al., 2022), with
some modifications. For mono-species biofilms, 100 uL of S. aureus or
C. albicans at 1 x 10% CFU mL™! was added to 96-well tissue culture
plates (TCP) while for dual-species S. aureus—C. albicans biofilms, 50 pL
of each culture with an initial concentration of 2 x 10° CFU mL ™! was
used. The TCP was incubated for 2 h at 37 °C and 120 rpm to induce pre-
biofilm formation. Following incubation, the wells were carefully rinsed
twice with 0.9 % NaCl, to remove planktonic and weakly attached cells.
Then, 100 pL of NPs and fresh TSB medium (without microorganisms,
1:1 ratio) were added to pre-washed well-adhered biofilms. The plates
were incubated for 2 and 24 h at 37 °C and 120 rpm, to form the mono-
and dual-species biofilms. After each incubation time, the sessile mi-
croorganisms were rinsed twice with 0.9 % NaCl. Then, 100 pL of PBS
was added to each well, and the TCPs were sonicated for 10 min using an
ultrasonic water bath (BactoSonic Ultrasonic Bath BS14, 200 W, 40 kHz,
Bandelin), to dislodge sessile microorganisms. The sessile populations
were quantified through the Colony-Forming Units (CFUs) method.
S. aureus, C. albicans, and S. aureus-C. albicans suspensions (free-NPs,
free-antimicrobial agents, positive control 1), b-NPs (positive control 2)
were used as positive controls, and minocycline (10 ug/mL, negative
control 1), voriconazole (15 pg/mL, negative control 2), and
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minocycline-voriconazole (10 pg/mL-30 pg/mL negative control 3) so-
lutions were used as negative controls.

2.7. Cytocompatibility assays

Cytocompatibility evaluation was conducted on all the studied
groups of NPs, at two concentrations of 850 ug/mL and 425 ug/mL,
using a human osteoblast-like cell line (MG-63, ATCC®CRL-1427™).
Cells were expanded in RPMI 60 culture medium, containing 10 % fetal
bovine serum (FBS), 100 IU/mL of penicillin G (sodium salt), 100 units/
mL of streptomycin sulfate and 2 mM L-glutamine (all Gibco), at 37 °C
and 5 % CO». At adequate confluence (70-80 %), grown cells were de-
tached and inoculate in 96 well microplate at a cell density of 20,000
cells/well. Next day, the culture medium was removed, and cultures
were incubated with a complete culture medium with different nano-
particle groups. Cells in culture media were used as negative control and
sodium dodecyl sulfate (SDS) at 1 mg/mL as positive control. Cultures
were characterized for membrane integrity and metabolic activity
(Bettencourt et al., 2021).

2.7.1. Membrane integrity

Cell membrane integrity was assessed by propidium iodide (PI) up-
take. After 24 h of incubation with the NPs, the medium was replaced
with a 0.3 uM PI solution in culture medium and incubated for 15 min.
Cells incubated only with the culture medium were used as a control.
Fluorescence was measured (excitation: 485 nm; emission: 590 nm) in
the microplate reader (FLUOstar Omega, BMGLabtech, Ortenberg,
Germany). The propidium iodide uptake ratio from the cells was
determined using Equation (3):

[Fluorescence|sample

Propidiumiodide uptakeratio = —————————
[Fluorescence]control

3

2.7.2. Metabolic activity

The assessment of the cultures metabolic activity of the cultures was
determined by the MTT assay. After 24 h of incubation with the NPs, the
medium was replaced by a culture medium containing MTT (5 mg/mL)
and incubated for 3 h. Then, the complete media was removed, and the
intracellular formazan crystals were solubilized and extracted with 100
uL of dimethylsulfoxide (DMSO). The absorbance was measured at 570
nm with a microplate reader (FLUOstar Omega, BMGLabtech, Germany)
(Bettencourt et al., 2021), and the relative cell viability determined
(Equation (4).

[Absorbance|sample

[Absorbance]control 100 “)

Cell viability =

2.8. Statistical data analysis

Quantitative data was presented as mean + standard error. Data
normality was evaluated using the Levene test. For normal data sets,
one-way ANOVA was performed, followed by multiple comparisons
using Tukey’s test. The Kruskal-Wallis test was performed for non-
parametric data sets, followed by multiple comparisons using Dunn’s
tests. p values < 0.05 were considered significant. GraphPad Prism 8.0.1
(GraphPad Software, Boston, Massachusetts USA) was used as analysis
software.

3. Results and discussion

Chitosan NPs, categorized into four groups (b-NPs, Min-NPs, Vor-
NPs, and Min-Vor-NPs), were successfully produced in one single step by
an ionotropic gelation method, as previously reported (Bettencourt al.,
2021). Poloxamer Pluronic® F68 was selected as a stabilizing nonionic
surfactant during nanoparticle formulation due to its well-known ability
to improve the colloidal stability of the nanocarriers (Rasyid et al.,
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2014). Additionally, the hydrophilic-lipophilic value (29) of Pluronic®
F68 was considered crucial for its solubilization in the aqueous medium
used for nanoparticle synthesis (Bernela et al., 2014).

3.1. Physical chemical characterization

3.1.1. Size and zeta analysis

Dynamic light scattering revealed that the chitosan NPs were mon-
odispersed with low polydispersity index (PI) values (Table 1), indi-
cating colloidal uniformity and minimized aggregation immediately
after synthesis. The size distribution of chitosan NPs is affected by chi-
tosan molecular weight as well as by the production method used.
Previous studies on the production of chitosan NPs by ionotropic gela-
tion with TPP found that the size distribution of the NPs ranged from 300
to 750 nm (Ha et al., 2019) or between 168 and 682 nm (Agarwal et al.,
2018). Drug-loaded chitosan NPs exhibited slightly lower PI values than
b-NPs. This effect was previously reported (Azevedo et al., 2014) sug-
gesting that drug-loaded nanocarriers exhibit a more homogeneous size
distribution. Among drug-loaded NPs, Min-NPs exhibited the smallest
size (320.6 + 5.7 nm), suggesting higher packing efficiency, which may
result from void filling by minocycline in the nanoparticle matrix,
leading to a more tightly packed structural arrangement. The smaller
size of NPs improves drug delivery, as they are easier to transfer through
biological membranes, and offers the potential to encapsulate more
drugs, increase drug stability and absorption, and allow longer admin-
istration times (Warsito and Agustiani, 2021).

The hypothesis of better packing efficiency as a potential factor
influencing nanoparticle size reduction is supported by experimental
work (Kim et al., 2020). The interaction of Van der Waals forces and
hydrogen bonding between minocycline and chitosan may contribute to
reducing the size of minocycline-loaded NPs (Azevedo et al., 2014), as
chitosan has a large content of hydroxyl and free amino groups, while
minocycline contains oxygen and nitrogen components capable of
participating in hydrogen bonding (Yazdanbakhsh et al., 2023). The size
distribution of b-NPs (529.4 + 32.0 nm) and Vor-NPs (518.9 4+ 26.0 nm)
was similar, and Min-Vor-NPs had an intermediate size range (466.8 +
13.9 nm) between b-NPs and Min-NPs. This suggests that voriconazole
to some extent decreases the packaging efficiency in chitosan NPs.

As expected, the zeta potential measurements showed that all NPs
were positively charged (Table 1), due to the presence of residual pro-
tonated amine groups, since chitosan is a cationic polysaccharide
(Aibani et al., 2021). The drug-loaded NPs presented a slightly higher
{-potential than b-NPs (Table 1), indicating that drug loading contrib-
uted to greater particles stability, which makes them good candidates for
single and dual drug delivery. We must note that the suitable NPs size
and zeta potential observed after synthesis must be confirmed in future
studies to ensure sufficient knowledge on their stability during storage,
manipulation and in vivo applications (Kamiya et al., 2022; Phan and
Haes, 2019).

3.1.2. Chemical and thermal analysis

The ATR-FTIR spectra of chitosan, minocycline, voriconazole, chi-
tosan NPs, and drug-loaded chitosan NPs are depicted in Fig. 1a. Min-
ocycline (dark blue spectrum) sharped peak at 3478 cm ™! indicate O-H
and N-H stretching vibrations ((Rodrigues et al., 2014)); the absorption
peaks at 1470 and 1042 cm ™ indicate structural vibrations of benzene

Table 1
Physicochemical characterization of chitosan NPs, encompassing the particle
size, polydispersity index (PI) and zeta potential. Mean + SD (n = 3).

Formulation Particle size (nm) PI Zeta potential (mV)
b-NPs 529.4 + 32.0 0.679 + 0.1 +33 £ 0.9
Min-NPs 320.6 + 5.7 0.415 + 0.0 +39+1.6
Vor-NPs 518.9 + 26.0 0.596 + 0.1 +37 £ 0.4
Min-Vor-NPs 466.8 + 13.9 0.504 + 0.0 +41 £1.2
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rings and C-O stretching vibrations, respectively (Janakiraman et al.,
2020); the absorption band at 1523 cm ™! indicates N-H bending (Reddy
et al., 2014). Other distinctive peaks were detected at 1582, 1402, 828,
673, and 574 em™! (Rodrigues et al., 2014). Voriconazole (light blue
spectrum) peaks at 1586, 1278, 1128, and 778 and cm~! indicate C-C
aromatic stretching, C-N stretching, C-O stretching, and aromatic
banding vibration, respectively (Fiiredi et al., 2017). Other bands indi-
cate O-H stretching at 3201-3047 cm ™}, C-F stretching at 1586-1452
em ! and C-N stretching at 1510-1452 em~! (Bhosale et al., 2016).
Chitosan (red spectrum) peaks at 1644 cm’l, 1569 cm b and 1320
em™}, correspond to C=O0 stretching (amine I), N-H bending (amine II),
and C-N stretching (amine III). C-O stretching corresponds to bands at
1066 and 1028 cm™!. The 896 cm™! band indicates the G-H bending out
of the plane of the ring of monosaccharides (Fernandes Queiroz et al.,
2014).

The characteristic chitosan peaks were confirmed in all NPs spectra,
whereas drug peaks were mostly absent. In drug-loaded chitosan NPs
(Vor-NPs — pink spectrum; Min-NPs — purple spectrum; Min-Vor-NPs —
light yellow spectrum), and in blank NPs (b-NPs — orange spectrum)
characteristic chitosan peaks were observed at 3347 cm™L, 2883 ecmt,
1657 cm™, and 1598 cm™l. The results suggest that there are no
chemical interactions between the drugs and the polymer since vor-
iconazole and minocycline did not significantly alter the chemical
composition of chitosan NPs. These findings are also consistent with the
low drug loading values obtained (Table 2), and with chitosan’s high
chemical stability (Karakecili et al., 2019), determined by its molecular
structure, making it a very versatile biomaterial for biomedical appli-
cations (Abinaya et al., 2019).

Differential scanning calorimetry (DSC) was used to investigate the
effect of drug loading on the thermal properties of the synthesized NPs
(Fig. 1b) (Matos et al., 2014). Minocycline, voriconazole, Pluronic® F68
and chitosan were used as controls.

From chitosan thermogram analysis, the reported endothermic peak
around 79 °C — also called dehydration temperature (Chandra Dey et al.,
2016) — was not observed, indicating the thermal behavior of essentially
dry chitosan. The main feature was a sharp melting endothermic peak at
182 °C, which may be due to the process of dissociation of interchain
hydrogen bonding of the polymer, which is strongly formed among the
—OH and -NH; functional groups (El-Hafian et al., 2010). From the
voriconazole DSC curve, a sharp endothermic peak can be recognized at
131 °C as described elsewhere (Mohan and Gupta, 2019). From mino-
cycline thermogram analysis, two endothermic peaks may be found at
193 °Cand 215 °C — similar peaks have been described at 187 °C, 197 °C
(Rodrigues et al., 2014)) and 219 °C (Siddiqui et al., 2022). For all these
three substances (chitosan, voriconazole and minocycline) no glass
transition was detected, establishing that they were all essentially in the
crystalline phase, once this phenomenon occurs when amorphous ma-
terial is cooled or heated in a specific temperature range (Ghosh Dasti-
dar and Chakrabarti, 2019).

Regarding the NPs formulations, as the chitosan endothermic peak
(around 182 °C) is absent in all the NPs formulations, it may be hy-
pothesized that chitosan is typically in an amorphous phase in the
nanocarriers. The Pluronic® F68 peak (around 46 °C in pure form) was
observed with slight deviations in all NP groups, as follows: 42 °C in Vor-
NPs, 41 °C in Min-NPs, 43 °C in Min-Vor-NPs, and 45 °C in b-NPs (being
absent in free drugs and physical mixtures). The voriconazole peak is
found in the Vor-NPs but at 214 °C, while the minocycline peak is also
observed at a different temperature (120 °C), as shifts of endothermic
and exothermic peaks are commonly associated with interactions be-
tween polymer and drugs (Mori et al., 2017; Sarmento et al., 2006). The
identified endothermic peaks associated with the drugs in single de-
livery formulations were not recognized in Min-Vor-NPs, indicating that
both drugs should be in an amorphous phase in this arrangement, a
property that can influence drug release from the NPs (Dinarvand et al.,
2012), although this further confirms that minocycline and voriconazole
are encapsulated in the formulation (Siddiqui et al., 2022).
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Fig. 1. Physicochemical characterization of chitosan NPs. (a) ATR-FTIR spectra of voriconazole, minocycline, chitosan, voriconazole-loaded chitosan NPs (Vor-NPs),
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Table 2
Entrapment efficiency (EE) and drug loading (DL) percentages of chitosan NPs.
Mean + SD (n = 3).

Formulation EE (%) DL (%)

b-NPs — -

Min-NPs 9.07 + 2.50 0.50 + 0.13

Vor-NPs 57.47 £ 1.76 1.03 £+ 0.03

Min-Vor NPs Minocycline 6.97 + 2.67 0.37 £ 0.13
Voriconazole 53.40 +1.93 0.97 + 0.03

3.2. Entrapment efficiency and drug loading

Entrapment efficiency (%EE) indicates the percentage of the encap-
sulated drug in the NPs compared to the total active substance added
(Rabima and Sari, 2019). As shown in Table 2, both drugs were suc-
cessfully entrapped by the chitosan NPs. A relatively high amount of
voriconazole was loaded onto single- and dual-drugs NPs, with EE of
voriconazole above 50 % (57.47 + 1.76 % for Vor-NPs; 53.40 + 1.93 %
for Min-Vor-NPs). These %EE results agree with previous studies on
chitosan NPs loaded with voriconazole, in which it was observed that
the presence of surfactants improved the %EE within a similar range
(Shah et al., 2021). On the contrary, %EE of minocycline was below 10
% (9.07 £ 2.50 % for Min-NPs; 6.97 + 2.67 % for Min-Vor-NPs).

The different %EE values observed can be attributed to different drug
solubilities. Voriconazole is a hydrophobic drug with low water solu-
bility (98 pg/mL) (de Almeida Campos et al., 2023), whereas minocy-
cline hydrochloride is water-soluble (16 mg/mL at 25 °C) (Zbinovsky
and Chrekian, 1977). Minocycline frequently exhibits poor encapsula-
tion efficiencies in polymeric biodegradable NPs, due to its solubility in
aqueous solutions (Holmkvist et al., 2016). Although chitosan NPs can
incorporate both water-soluble and insoluble drugs (Jafernik et al.,
2023), chitosan often behaves as a hydrophobic polymer (Yanat and
Schroén, 2021). Surfactants such as Pluronic® F68, decrease the surface
tension of the polymer solution, resulting in a more flexible droplet
formation, hence, in a higher percentage of drug entrapped. High
entrapment efficiency can also be obtained if no drug leakage occurs
from the matrix during formulation preparation. In order to encapsulate
slightly water-soluble drugs, maintaining a low temperature during the

formulation process can help to reduce drug water-solubility and avoid
drug partitioning into the aqueous phase. Differences may also be due to
different drugs concentrations during NPs preparation: 83.33 pug/mL for
minocycline vs. 20.83 ug/mL for voriconazole.

Drug loading (%DL) is another key parameter to characterize NPs,
being defined as the mass ratio of drug to drug-loaded nanocarriers. It
depends on several factors related to the drug, excipients, and prepa-
ration method. By containing a high drug load, high-dose pharmaceu-
tical formulations improve the drug/excipient ratio, improving the
biocompatibility profile. Currently, most NPs display DL values below
10 %, making it necessary to develop methods to increase drug loading
(Liu et al., 2020). Thus, the obtained low values of %DL for both drugs
(Table 2) were as expected.

3.3. Invitro drug release

In vitro drug release profiles are shown in Fig. 2. Min-NPs (Fig. 2a)
showed an initial burst release of minocycline at 2 h (60.7 £+ 1.5 %;
10.93 + 2.03 pg/mL) followed by constant release after 4 h until
maximum cumulative release at 28 h (73.9 £+ 11.6 %), similarly to re-
sults (77.46 + 1.17 %) reported elsewhere (Nagpal et al., 2013). In Min-
Vor-NPs (Fig. 2c), a burst release of minocycline in the first 2 h (99.5 +
0.20 %; 17.9 + 0.69 pg/mL) was also observed, with maximum cumu-
lative release at 24 h (101.7 + 3.80 %; 18.3 + 0.69 ug/mL). The higher
maximum cumulative release of minocycline in Min-Vor-NPs suggest
differences in drug packaging in the polymer matrix in the presence of
voriconazole (probably due to some competitive chemical interactions),
promoting minocycline’s total release.

In vitro drug release was lower in Vor-NPs (Fig. 2b), with burst
release at 2 h (27.7 + 0.40 %; 5.5 + 1.51 pug/mL) followed by constant
release until 24 h (27.7 £+ 0.50 %; 5.5 + 1.50 pg/mL). It was not possible
to quantify voriconazole release from Min-Vor-NPs, which may be
related to the findings from DSC analysis, where the antifungal was
identified in the amorphous phase.

Drug solubilities strongly influence drug distribution in the poly-
meric matrix and, consequently, the extent of drug release by NPs, which
impacts drug bioavailability (Kalepu and Nekkanti, 2015). The phe-
nomena involved in drug release from chitosan NPs include polymer
swelling, drug diffusion through the polymeric medium, diffusion of the
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Fig. 2. Experimental in vitro cumulative release profile of (a) Min-NPs, (b) Vor-NPs and (¢) Min-Vor-NPs. (d) ATR-FTIR of Min-Vor-NPs analyzed after the

release assay.

adsorbed drug, and/or polymer degradation (Tao et al., 2021). Swelling
usually begins when the polymer encounters the dissolution medium.
Thus, the initial burst release of chitosan NPs is probably due to drug
diffusion from the polymer surface or holes formed by the swelling.
Subsequent polymer degradation and particle erosion can explain the
release of the remaining drug. The lower average percent of vor-
iconazole release from Vor-NPs (Fig. 2b) might be due to its hydro-
phobicity and stronger interaction with the chitosan polymeric matrix
(Hubbe, 2019). The dual delivery of drugs may have had a competitor
effect on the release profile, as observed in another study (Li et al.,
2023).

To confirm the presence of voriconazole in Min-Vor-NPs, ATR-FTIR
analysis was performed on the NPs after the release assay. The charac-
teristic peak of voriconazole at 1586 cm™ was identified, as shown in
Fig. 2d. As the complexity of drug delivery systems increases, such as
with the co-encapsulation of multiple drugs, the thermodynamic chal-
lenges of preparing nanoscale materials also grow. When entrapped
inside the nanocarriers, drug molecules become spatially close, trig-
gering different interactions such as Van der Waals forces, hydrophobic
interactions, and hydrogen bonds formation. Through co-encapsulation,
release kinetics may be affected by changes in the biochemistry of the
nanomaterial nuclei, such as localized precipitation, disintegration,
aggregation, quenching, and intermolecular rearrangements. These
transformations are virtually impossible to predict (Bhattacharjee,
2022). Besides, co-encapsulation of drugs into the same nanocarrier
might change the drug release profile of the individual drugs
(Ingebrigtsen et al., 2017; Renault-Mahieux et al., 2022). Since vor-
iconazole release was restrained in the presence of minocycline, it may
be hypothesized that chemical interactions between both drugs and the
polymer matrix may lead to changes in drug solubility, preventing its
effective release. Of note, strong hydrogen bonding can slow down the
drug release by reducing the drug’s mobility within the polymer matrix
(Singh, 2024). Hence, another possibility is that the co-encapsulation of

both drugs modifies the interactions between voriconazole and the
chitosan matrix through hydrogen bonding, which magnifies the limited
release already observed in the Vor-NPs, preventing the drug release in
the Min-Vor-NPs in the observed 24 h.

Noteworthy, minocycline MICsy and MICg for S. aureus are between
0.25 and 8 pg/mL (Trzcinski et al., 2000), respectively. The voriconazole
MICq for C. albicans has been established at 0.125 ug/mL (Fothergill
et al., 2014). Therefore, these single- and dual-delivery NPs allow to
obtain release profiles of minocycline within the therapeutic range.
Concerning voriconazole, single-delivery NPs also presented a suitable
release profile to target C. albicans. The dual-delivery NPs did not ach-
ieve the expected release profile for voriconazole, suggesting that
further research is needed to improve it. Despite this drawback, the
proposed delivery system exhibits undeniable potential for the treat-
ment of osteomyelitis and other polymicrobial infections caused by
S. aureus or C. albicans.

3.4. Antimicrobial activity

As previously stated, biofilm-related infections produced by a mono-
microbial species or a combination of bacterial and fungal species have
significantly increased, contributing to high levels of morbidity and
mortality. Furthermore, polymicrobial biofilms challenge both diagnosis
and treatment, requiring complex multi-drug treatment strategies. In
general, antimicrobials, primarily broad-spectrum antibiotics, are aimed
at a single species within a mixed biofilm (bacteria), allowing non-
targeted microorganisms (fungi) to thrive and prolong the infection.
As a result, mixed biofilms are an understudied and clinically significant
health issue, having the ability to serve as an infectious reservoir for a
wide range of microorganisms, including bacteria and fungi (Rodrigues
et al., 2019).

This study envisions a strategy to target osteomyelitis where co-
infection with S. aureus and C. albicans is present via a
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nanoparticulated co-delivery system (minocycline and voriconazole)
based on chitosan and Pluronic® F68. Drug concentrations were defined
to accomplish doses above MICsy and MICqq (between 0.25-8 pg/mL)
for S. aureus and MICqg (0.125 pg/mL) for C. albicans (Trzcinski et al.,
2000). The microbial density attached to TCP well-plates was quantified
after 2- and 24-hour incubation with NPs, and the anti-biofilm activity
against mono- and dual-species biofilms was determined.

Regarding mono-species S. aureus biofilm, as expected, only the
conditions including minocycline showed anti-biofilm activity (Fig. 3).
Minocycline (negative control 1) and minocycline-voriconazole mixture
(negative control 3) reduced S. aureus density by 1.4 Log (96 %) and 1.6
Log (97 %), respectively, after 2 h of incubation (Fig. 3). Voriconazole
(negative control 2) did not affect bacterial density compared to positive
control 1 (only bacterial biofilm, without NPs or drugs). The b-NPs
(positive control 2) and Vor-NPs enabled biofilm formation on the TPC
well-plates in the same order of magnitude (c.a 7.4 Log CFUs/mL) as the
S. aureus solution (positive control 1), showing that empty NPs had no
anti-biofilm activity (Fig. 3). Min-NPs and Min-Vor-NPs prevented bio-
film formation, lowering S. aureus biofilm by 98.9 % (1.89 Log of
reduction) and 99 % (2.01 Log of reduction) at 2 h of incubation,
respectively. Sessile bacteria density (c.a. 8.5 Log CFUs/mL) signifi-
cantly increased until 24 h of incubation in the following conditions:
S. aureus suspension (positive control 1), voriconazole (negative control
2), b-NPs (positive control 2), and Vor-NPs, indicating that these con-
ditions had no anti-biofilm efficacy over time (Fig. 3). A significant drop
in sessile bacteria density was observed at 24 h of incubation in the
following conditions: minocycline (negative control 1), minocycline-
voriconazole mixture (negative control 3), Min-NPs, and Min-Vor-NPs.
It should be noted that these bacterial densities were lower than the
initial bacterial concentration (6 Log CFUs/mL), indicating that mino-
cycline, minocycline-voriconazole mixture, Min-NPs, and Min-Vor-NPs
have bactericidal and anti-biofilm properties (Fig. 3).

Several studies have shown the effectiveness of antibiotics-loaded
NPs in targeting S. aureus-caused osteomyelitis (Konya et al., 2023;
Liu et al., 2022; Min et al., 2016). These studies highlighted the potential
of these biomaterials as local antibiotic-delivery systems due to their
targeted slow release to the lesion site, replacing systemic antibiotics
and reducing the toxic and drugs’ side effects. It can also boost local
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antibiotic concentration, providing more effective bacteriostatic/
bactericidal effects, and stimulating bone repair (Konya et al., 2023; Liu
et al., 2022; Min et al., 2016).

Mono-species C. albicans biofilm was significantly affected by NPs,
with and without drugs, and by free voriconazole and minocycline-
voriconazole mixture, at 2 h and 24 h of incubation (Fig. 4). At 2 h of
incubation, all NPs with and without drugs reduced the C. albicans
biofilm by 1.2 Log (93 %) compared to positive control 1 (fungal sus-
pension). Free voriconazole (negative control 2) and minocycline-
voriconazole mixture (negative control 3) showed anti-fungal activity
similar to that of NPs (Fig. 4). As expected, free minocycline (negative
control 1) had no antifungal effect. At 24 h of incubation, an increase in
fungal density (c.a. 1.3 Log) was observed for all conditions, when
compared to sessile C. albicans at 2 h. Empty and drug-loaded NPs, and
both solutions containing voriconazole, maintained their anti-fungal
properties, reducing 1 Log (90 %) the C. albicans densities compared
to positive control 1 (fungal suspension) (Fig. 4). These data suggest
that, besides voriconazole conditions, empty chitosan NPs also have
anti-biofilm activity against mono-species C. albicans (Fig. 4).

NPs have been described as next-generation anti-fungal agents, due
to their properties, like being highly tuneable, with high specific surface
area, and physico-chemical features that allow them to attack micro-
organisms via several different mechanisms. Anti-fungal NPs mecha-
nisms include the release of inorganic ions, membrane damaging,
protein, as well as DNA and other critical cellular components, or ROS
overproduction, and ATP depletion (Huang et al., 2023).

Although higher voriconazole activity was not detected when
encapsulated in NPs in the current work (Fig. 4), probably due to in-
teractions between both antimicrobials within the chitosan matrix, the
use of antifungal-loaded NPs could be beneficial in the treatment of
fungal osteomyelitis (Huang et al., 2023). These systems may take
advantage of the possible synergistic effects of antifungal drugs with
NPs, reducing the dosage of both NPs and antifungal drugs as well as
reducing the toxicity caused by NPs and antifungal drugs. Besides, the
combination of the attacking targets of antifungal drugs and NPs can
boost antimicrobial efficacy and the antifungal spectrum and contribute
to fight fungal resistance (Huang et al., 2023).

In a dual-species S. aureus-C. albicans biofilm, the total number of
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Fig. 3. Anti-biofilm activity of b-NPs, Min-NPs, Vor-NPs, and Min-Vor-NPs against S. aureus biofilm. Bacterial densities were expressed in Log CFUs/mL. Positive (b-
NPs and S. aureus suspension) and negative controls (minocycline, voriconazole, and minocycline-voriconazole solutions) were used to determine the anti-biofilm
activity. *Significant differences (p < 0.05) between formulations and S. aureus suspension (positive control 1). **Significant differences (p < 0.05) between
drug-loaded NP formulations and b-NPs (positive control 2). *Significant differences (p < 0.05) between drug-loaded nanoparticle formulations and respective
negative controls (minocycline, voriconazole, or minocycline-voriconazole solutions). *Significant differences (p < 0.05) between 2 and 24 h for the same condition.
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sessile cells was significantly affected by Min-NPs, Min-Vor-NPs, and
negative controls (minocycline, voriconazole, and minocycline-
voriconazole drugs solutions). These formulations reduced by 1.5 Log
(97 %) and 3 Log (99.9 %) the biofilm density after 2 and 24 h incu-
bation, respectively (Fig. 5). The b-NPs and Vor-NPs reduced by 1 Log
(90 %) of dual-species biofilm when compared to positive control 1
(bacterial and fungal suspension) only after 24 h of incubation (Fig. 5).

Looking deep inside the dual-species biofilm, it was found that the
presence of Min-NPs and Min-Vor-NPs displayed anti-biofilm activity
against S. aureus, resulting in a percentage of reduction higher than 95 %
over time (Fig. 6). It should be noted that only NPs with minocycline and
minocycline-voriconazole had the same anti-biofilm activity as mino-
cycline and minocycline-voriconazole drugs solutions (negative controls
1 and 3, respectively), implying that the antimicrobial action was caused
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Fig. 5. Anti-biofilm activity of b-NPs, Min-NPs, Vor-NPs, and Min-Vor-NPs against dual-species S. aureus-C. albicans biofilm. Dual-species densities were expressed in
Log CFUs/mL. Positive (b-NPs and S. aureus-C. albicans suspension) and negative controls (minocycline, voriconazole, and minocycline-voriconazole solutions) were
used to determine the anti-biofilm activity. *Significant differences (p < 0.05) between formulations, and S. aureus-C. albicans suspension (positive control 1).
**Significant differences (p < 0.05) between drug-loaded NP formulations and b-NPs (positive control 2). *Significant differences (p < 0.05) between 2 and 24 h for

the same condition.
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were used to selectively determine S. aureus and C. albicans strains, respectively.

by the presence of minocycline in the drug-delivery system (Fig. 6). In
the case of C. albicans inside dual-species biofilm, a percentual reduction
of 90 % of fungi was observed in the presence of NPs, regardless of
voriconazole loading (Fig. 6), as previously shown for mono-species
C. albicans biofilms (Fig. 4). Given the intrinsic antifungal activity of
chitosan (Martin et al., 2019), the current data do not allow us to fully
isolate voriconazole’s contribution to biofilm inhibition.

This study showed that the developed dual-delivery system (mino-
cycline and voriconazole) based on chitosan NPs inhibited biofilm
growth but did not entirely eradicate mono- and dual-species biofilms.
This could be due to 1) biofilms 3D-structure, which contains a highly
resistant microorganism colony wrapped in a self-produced matrix,
making eradication significantly more difficult, and 2) the loading
concentrations of antimicrobial agents was probably not enough and
required to be increased. Nevertheless, this dual-delivery approach
reduced the biofilm by more than 90 %, showing promising expectations
in the management of biofilm-related infections, such as osteomyelitis.
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3.5. Cytocompatibility assays

Multiple functions related to the plasma membrane (transport, res-
piratory activity, permeability barrier, etc.), can be compromised with
the loss of membrane integrity, which may represent significant damage
to cells. Impairment of membrane integrity as evaluated by the uptake of
membrane-impermeant dyes, is commonly considered an irreversible
process (Joux and Lebaron, 2000). The proposed drug-loaded chitosan
NPs did not affect cell membrane integrity (Fig. 7) since no significant
differences were found in the propidium iodide cellular uptake when
compared to the negative control (cells in culture media). As expected, a
significant difference was found in the cellular uptake between the
negative control (cells in culture media) and the positive control (SDS at
1 mg/mL).

In the MTT assay (Fig. 8), and considering a threshold of 70 %
minimum cell viability (Nedeljkovic et al., 2022), there are relevant
differences between the two NPs concentrations. In both assays, b-NPs
did not show cytotoxicity. Chitosan is clearly described as a non-toxic
and biocompatible polymer (Harugade et al., 2023; Pathak et al.,
2023). The good cytocompatibility when using osteoblast-like cells was

*kk

Fig. 7. Membrane integrity of MG-63 cells when cultured with the different groups of NPs (A- 850 pg/mL and B- 425 pg/mL) and with the drugs’ solutions for 24 h.
No significant differences (p < 0.05) were found when compared to the medium, used as the negative control. Results are expressed as mean + SD (n = 6).
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Fig. 8. Metabolic activity (MTT assay) of MG-63 cells when cultured with the different groups of NPs (A- 850 pg/mL and B- 425 pg /mL) and with the drugs’
solutions for 24 h. *Significant differences (p > 0.05) when compared to the medium, used as positive control, were found. Results are expressed as mean + SD (n

= 6).

an expected outcome.

In assay A (with NPs at 850 ug/mL), cell viability of human osteo-
blasts significantly decreased with free minocycline and minocycline-
voriconazole mixture, but not with free voriconazole. Thus, the
observed cytotoxicity can be attributed to minocycline. Min-NPs and
Min-Vor-NPs showed a cytotoxic effect, while with Vor-NPs and b-NPs
cell viability was near 100 %. These results are in line with previous
studies, where the effect of higher levels of minocycline induced a dose-
dependent decline of protein expression, cellular differentiation and
proliferation in osteoblasts (Almazin et al., 2009) and murine osteo-
precursor cells (Park, 2011).

In assay B (with NPs diluted to 425 pg/mL), no cytotoxicity was
observed, either with free drugs or the NPs. These results highlight the
importance of NPs concentration in biomedical applications, prompting
cytotoxicity, directing cell response and viability, as supported by
different authors (Peivandi et al., 2024; Xiong et al., 2022).

4. Conclusions

Osteomyelitis is a difficult clinical challenge, especially when a
polymicrobial environment is mediated by biofilms. While bacterial
osteomyelitis has been extensively characterized, few studies on fungal
and mixed osteomyelitis have been carried out. In this study, mono and
dual-delivery chitosan-based nanoparticulate systems stabilized with
Pluronic® F68 were developed to target bone infections in a poly-
microbial environment. Chitosan NPs loaded with single- or dual- anti-
microbial agents exhibited in vitro cytocompatibility with human
osteoblasts, and most importantly, efficacy in reducing polymicrobial
biofilms of S. aureus and C. albicans up to 90 %.

Overall, the findings of this study directly address a critical need in
managing osteomyelitis within a polymicrobial ecosystem. The devel-
opment of NP systems with intrinsic antimicrobial properties, coupled
with targeted drug delivery, represents a significant step toward over-
coming the limitations of conventional treatments. While we acknowl-
edge that further studies are needed to evaluate the efficacy of
voriconazole in this system, our current findings provide compelling
evidence of the system’s potential. Our work is a substantial step toward
addressing the complexities of polymicrobial osteomyelitis treatment.
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