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Abstract

The rising incidence of osteomyelitis and growing challenges associated with conventional
antibiotic therapy underscore an urgent need for novel therapeutic interventions. This study

explores the development and characterization of chitosan/vancomycin/mesoporous bioactive
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glass (Chi-Van-MBG) 3D-printed scaffolds incorporating various MBG/Chi ratios, aimed at
enhancing the viability and proliferation of human bone marrow mesenchymal stem cells
(hBMSCs) along with antibacterial effectiveness. Preliminary analyses, including the assessment
of chemical composition, morphology, swelling, and degradation behaviors, demonstrated
promising characteristics for bone tissue engineering applications. The scaffolds also exhibited an
initial burst release of vancomycin, followed by a sustained release over four weeks, ensuring
effective antibacterial potency. Notably, a considerable inhibition zone of 40 mm against
Staphylococcus aureus was found for the composite sample loaded with 15% MBG, compared to
24 mm for the drug-loaded, MBG-free sample during antibacterial disk diffusion assays.
Furthermore, MTS assays indicated a remarkable cell viability of 191.2 % for the optimal
specimen (the sample with 10% MBG) after 7 days of culture. Cell adhesion investigations
revealed a bridging framework that facilitates both single-cell and multi-cell attachments due to
the structural features of the optimal 3D-printed scaffold. Overall, the Chi-Van-MBG scaffolds
represent promising biomaterials for addressing osteomyelitis, harmonizing enhanced antibacterial
properties with exceptional biocompatibility and favorable cellular responses.
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1. Introduction

Chitosan is a biopolymer derived from natural sources, specifically chitin, characterized by
a linear arrangement of (1-4) glycosidic bonds that connect d-glucoasmine units, with a varying

proportion of N-acetyl d-glucosamine groups distributed randomly. Its desirable biocompatibility
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and biodegradability have made it promising for diverse biomedical applications. Specifically,
chitosan supports the proliferation of bone-forming osteoblast cells, and exhibits a level of
bioactivity and osteoconductivity [1,2], highlighting its potential for bone tissue engineering
applications. Despite its benefits, chitosan has some drawbacks that challenge its use in bone
regenerative engineering. Its bioactivity is not high enough to ensure effective attachment to the
surrounding bone tissue [3]. It also lacks necessary mechanical properties for use in load-bearing
applications [4]. Another disadvantage of chitosan is that despite having a level of antibacterial
properties [5,6], its activity is not sufficient to eradicate most bacterial threats and is highly
dependent on its structural and environmental conditions [7,8]. Therefore, the formation of
biofilms is a significant concern when using chitosan, as it can significantly compromise its
efficacy in biomedical applications.

In bone substitution practices, a common infection known as osteomyelitis can cause severe
implications for patients. This infectious disease mainly occurs in response to the bacterial activity
of Staphylococcus aureus (S. aureus). This gram-positive bacterium can be mostly eradicated using
vancomycin, a glycopeptide antibiotic [9,10]. The incorporation of vancomycin into chitosan has
been shown to successfully eradicate S. aureus biofilms [11-14]; however, the potential adverse
effects of vancomycin remain a concern. It has been established that daily vancomycin
concentrations above 80 pg/mL can cause permanent, irreversible damage to the body [15].
Another study indicated that the systematic administration of vancomycin at a mean level of 27.5
pg/mL per day can leads to nephrotoxicity in patients [16]. An evidence-based meta-analysis

reported that the localized administration of vancomycin up to 1.5 mg/ml carries a limited risk of
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toxicity, provided that it does not enter the bloodstream. However, challenges arise when localized
serum is transferred to the blood, mimicking a semi-systematic administration of vancomycin and
introducing associated risks [17]. Additionally, unmonitored localized vancomycin administration
may lead to a condition known as vancomycin flushing syndrome (or red man syndrome), a
hypersensitivity allergic reaction to vancomycin [18,19]. Although optimizing the loading amount
and release kinetics of the medication can potentially address these issues, controlling these two
factors may be challenging or insufficient in conditions where a bacterial biofilm has formed
and/or higher doses are required. As well as viability, vancomycin can limit other key cell
activities, such as attachment, proliferation, migration, and differentiation, diminishing or avoiding
the scaffold's regenerative eftectiveness [20,21]. Therefore, balancing the scaffold's antimicrobial
properties while maintaining or enhancing cell functions is vital for optimal performance.

One possible approach to compensate for the adverse effects of inevitably loaded factors,
such as antibiotics, is to include agents that promote cellular activities. Typically, the release of
certain ions, such as Ca**, Mg?", Si*", Ba?*, Sr**, Cu**, PO4>, F, etc, into the body can fulfill this
role [22,23]. A well-documented category of biomaterials that are known to provide such
properties is bioactive glasses and glass-ceramics. Features like osteoconductivity and
osteoinductivity along with reliable mechanical properties are also achievable through the
incorporation of these bioceramics into polymer-matrix composites [24,25]. Typically, Pishbin et
al. [26] developed chitosan/bioactive glass/nano-silver coatings on AISI 316L stainless steel and
evaluated the impact of bioactive glass additions. They observed that over a 7-day period, the non-

impregnated chitosan coating promoted the viability of osteoblast-like MG-63 to approximately
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145%, while the chitosan/bioactive glass coating achieved around 175% viability. Another study
indicated that in hydroxypropylmethyl cellulose cross-linked chitosan scaffolds containing ZnO
and bioactive glass, cell viability increased by up to 50% with the addition of bioactive glass
compared to the bioactive glass-free scaffolds [27]. Also, El-Kady et al. [28] focused on
vancomycin- and bioactive glass-incorporated chitosan-based scaffolds. They showed the BJ1 skin
fibroblast cell survival of 94.3% for the chitosan-vancomycin scaffolds, whereas 25 and 50%
bioactive glass addition led to the cell viabilities of 97.6 and 98.8%, respectively. Despite the
improvements observed in the biocompatibility of vancomycin-loaded constructs using bioactive
glasses, these enhancements are mostly insufficient to considerably mitigate the detrimental effects
of vancomycin or to achieve a notable increase in cellular functions.

Mesoporous bioactive glasses (MBGs) exhibit superior porosity, surface area, and ion
release rate compared to conventional counterparts [29-31]. These characteristics promote cell
activity by creating a favorable environment for cellular functions such as attachment,
proliferation, differentiation, and migration through their bioactive properties, structural features,
and ion release mechanisms [32-35]. Additionally, the inherent antibacterial properties of MBGs,
resulting from an increased ion release rate that creates an alkaline microenvironment [36—39], can
reduce the amount of antibiotics required to achieve a desired therapeutic effect. Consequently,
MBGs have promise in enhancing the interplay of antibacterial activity and biocompatibility in
vancomycin-loaded chitosan constructs, as evidenced by the remarkable performance of MBG-
loaded delivery systems with antibiotics loaded into polymeric matrices [40—42]. Regarding the

chitosan/MBG/vancomycin ~ system, there are only a few  reports on
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chitosan/hydroxyapatite/vancomycin-loaded MBG coatings applied on titanium [42,43]. Their
results indicate that cell cytocompatibility decreases as the ratio of vancomycin-loaded MBG to
hydroxyapatite increases. However, these studies did not explore how MBG moderates the toxic
effect of vancomycin, since the vancomycin-to-MBG ratio was kept constant across all the
samples. Also, the antibacterial activity of the samples at various levels of the constitutes was not
analyzed, which would provide insight into the balance between biocompatibility and antibacterial
efficacy. Additionally, to the best of our knowledge, there are no reports on the development of
chitosan/MBG/vancomycin composites other than coatings. To address these research gaps, this
study originally focuses on the cell biocompatibility and antibacterial responses of
chitosan/MBG/vancomycin scaffolds fabricated through 3D printing with varying amounts of
MBG incorporation at a fixed content of vancomycin loading. Reasons for selecting 3D printing
include its precise customization, controlled porosity and pore size, reduced manufacturing time
and cost, scalability, and reproducibility, making it an ideal method for manufacturing bone tissue
engineering scaffolds. The hypothesis is that optimizing the incorporation level of MBG into
chitosan impregnated with vancomycin will enhance both antibacterial activity and

biocompatibility in a 3D-printed porous bone tissue engineering construct.
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2. Materials and methods

2.1. Materials

Chitosan (deacetylation degree: 84.2%, molecular weight: 140469 g/mol), acetic acid
(CH3COOH, 100%), potassium hydroxide (KOH, 85.0%), hexadecyltrimethylammonium
bromide (CTAB, C19H4BrN, >96.0%), glutaraldehyde (OHC(CH2);CHO, 25% aqueous solution,
>98%), and aqueous ammonia (NH4sOH, 28.0%) were obtained from Sigma-Aldrich, Germany.
Ethyl acetate (C4HgO2, 99.8%), tetraethylortosilicate (TEOS, SiCgH2004, 99.5%), calcium nitrate
tetrahydrate (CaNO3.4H>0, 99.5%), and ethanol (C2HsOH, 96.0%) were also purchased from
VWR chemicals. Vancomycin hydrochloride (CesH75C12N9O24.HCI, 85.0%) was obtained from
Thermo Fisher Scientific. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS, CellTiter 96® AQueous, Promega), fetal bovine serum (FBS,
Gibco) and dulbecco's modified Eagle medium (DMEM, Sigma) were utilized for cell viability

tests.

2.2. Synthesis of MBG

To synthesize MBG particles, the protocol described in Ref. [37] was followed. Briefly, 0.7
g CTAB was added to 33 mL deionized water, while being stirred for 1 h. Then, 10 ml ethyl acetate
was introduced for the formation of microemulsion. After 30 min of stirring, 0.47 ammonium
solution was poured into the container and stirred for another 15 min. 3.6 mL TEOS and 2.56 g

calcium nitrate tetrahydrate were then added in the container in 30-min intervals and stirred for 4
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h, giving white colloidal particles. The particles were extracted from by centrifuging, rinsed several
times with water, and then dried at 60 °C overnight. Finally, the obtained powder was calcinated
at 600 °C for 6 h, giving a binary-oxide composition of 86 mol% (84 wt%) SiO2-14 mol% (16

wt%) CaO with the mean spherical particle size of 100 nm and the mean pore size of 3 nm [37].

2.3. Fabrication of scaffolds

3D-printing inks were prepared by dissolving 9.5 % w/v chitosan in a 2% v/v acetic acid
solution at room temperature for 2 h. Vancomycin and MBG were then added to the chitosan
solution with levels listed in Table 1 and continuously mixed under magnetic stirring for 2 h. The
loading amount of the drug was extracted from previous studies on chitosan-based vancomycin-
loaded constructs, ensuring effective antibacterial effects against S. aureus strains and acceptable

biocompatibility [44,45].

Table 1. Specification of the 3D-printing inks

Sample names Chitosan (% w/v) Vancomycin (wt%) MBG (wt%)
Chi 9.5 - -
Chi-Van 9.5 8 -
Chi-Van-5MBG 9.5 8 5
Chi-Van-10MBG 9.5 8 10
Chi-Van-15MBG 9.5 8 15
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The prepared inks were transferred into a stainless-steel cartridge syringe equipped with a
nozzle of gauge 24G having an inner diameter of 0.3 mm. Scaffolds of two printed layers with the
dimensions of 2x2x0.13 cm? and pore sizes ranging within 150-300 um were successfully
deposited on a glass sheet at room temperature using a liquid deposition modeling 3D printer with
the flow rate of 200 mm?>/min and the feed rate of 150 mm/min. The fabricated scaffolds were then
modified in a 1.5 M KOH solution at 4 °C for 10 min, washing with water and ethanol, and freeze-

drying to remove remaining volatile residuals.

2.4. Characterization

2.4.1. Structure

Scanning electron microscopy (SEM, Tescan, MIRA3) was utilized to validate the
morphology of the 3D-printed constructs at an accelerating voltage of 20 kV after being coated
with a 20 pm-thick gold layer. Functional groups in the samples were also explored by attenuated
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Bruker Tensor 27
spectrometer, Germany) within 4000-400 cm™' wavenumber with a resolution of 4 cm™ and an

average scan number of 32.

2.4.2. Degradability

The two-layered scaffolds of 1x1x0.13 cm? with an initial weight ; were soaked in 25 mL

phosphate-buffered saline (PBS). At specific timeframes, the samples were carefully removed,
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rinsed with water, dried at 50 °C for 2 h, and weighed to obtain the final dry weight Wy The

degradation degree was calculated using this formula:

- (WV_V—Wf) X 100 (Eq. 1)

13

Degradation degree

2.4.3. Swelling capability

In order to determine the water uptake capability of the scaffolds, the two-layered samples
of 1x1x0.13 cm?, weighted at W;, and immersed in 25 mL PBS at 37 °C. At predetermined time
intervals, the swollen samples were carefully removed, gently placed on a filter paper to remove
any excess surface liquid, and weighed again (Wy.:). The swelling degree was calculated using the

fallowing formula:

Wyer — W;
Swelling degree = % x 100 (Eq. 2)
i

2.4.4. Drug delivery

To determine the release kinetics of vancomycin from the two-layered samples of
0.25x0.25x0.13 cm?, the concentration of the medication was measured in predetermined time
intervals after soaking them inside 3 mL PBS. For such purpose, UV spectroscopy (Bloor Azma)
was utilized at a wavelength of 280 nm after plotting a regression calibration curve with different

dilutions of vancomycin.

10
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2.4.5. Antimicrobial activity

The antibacterial efficiency of the fabricated scaffolds with respect to S. aureus ATCC25923
bacterial strains was evaluated using the disk diffusion method. A density of 1.5 x 108 CFU/mL of
bacteria strains was inoculated onto agar plates and incubated at 37 °C for 24 h. The 2x2x0.13 cm?
scaffolds were sterilized under UV-C for 2 h and then positioned onto the agar plates. The plates
were incubated at 37 °C for 24 h, and bacterial inhibition zones around each sample was then
measured using a digital caliper. Vancomycin antibiotic was used as the positive control and the

PBS-smeared sterilized paper disk as the negative control.

2.4.6. Cytocompatibility and cell attachment

To assess the in vitro biocompatibility of the scaffolds, the MTS assay was conducted using
human bone marrow-derived mesenchymal stem cells (hMSCs) at passages 4-6. The scaffolds
were first sterilized with UV irradiation for 15 min and 70% ethanol for 5 h, followed by placing
in a 96-well plate. A density of 1x10* cells/well were seeded on the samples, and after designated
culture periods (1, 3, and 7 days) in 10% FBS-supplemented DMEM under standard cell culture
conditions of 37 °C and 5% COa, the MTS solution was added to each well and allowed for the
reduction of MTS by viable cells for 3 h. Following this incubation period, the formazan product

was quantified by measuring the absorbance at 490 nm using a microplate reader (Thermo

Scientific Multiskan Spectrum, MA, USA).

11



This is the accepted manuscript (postprint) of the following article:

A. Parvinnasab, S. Rostami, A. Namdar, E. Salahinejad, A.H. Taghvaei, S. Abdi, S. Rajabi, L. Tayebi, Balanced
enhancement of antibacterial activity and biocompatibility in chitosan-vancomycin 3D-printed scaffolds through
mesoporous bioactive glass addition, Journal of Drug Delivery Science and Technology, 105 (2025) 106637.
https://doi.org/10.1016/j.jddst.2025.106637

The optimal sample of the MTS assay was analyzed for cell attachment to further investigate
cell-scaffold interactions. For this purpose, the sterilized 0.25x0.25x0.13 c¢cm® scaffolds were
seeded with hMSCs at 1x10* cells/ecm? and cultured in DMEM supplemented with 10% FBS at
37°C and 5% COaz. After 7 days, the samples were immersed in 2.5% v/v glutaraldehyde solution
for 2 h to fix cells, followed by washing twice with PBS. Dehydration was also carried out by
serially transferring the scaffolds through increasing ethanol concentrations (30, 50, 70, 90, 95,
and 100%) for 10 min each. The scaffolds were dried for 12 h in room temperature and were coated

with a gold layer for imaging with SEM at 20 kV.

2.4.7. Statistical analysis

All the experiments were conducted in triplicate, and the acquired data underwent rigorous
statistical analysis via SPSS software. The differences between the samples were meticulously
examined using one-way analysis of variance (ANOVA), succeeded by the application of the

Tukey post hoc test, at significance levels set at p < 0.05, p <0.01, and p < 0.001.

3. Results and discussion

3.1. Structure of the fabricated scaffolds

Fig. la-j depict the SEM images of the produced scaffolds, indicating the successful

development of well-defined porous structures in all the samples. The mean pore and filament

12
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sizes of the specimens, extracted from the SEM images, are also presented in Fig. 1k. The results
show no significant differences among the samples (p-value > 0.05). It is well-established that pore
sizes ranging within 75-300 um are suitable for bone tissue engineering, as they facilitate the
supply of oxygen and nutrients while allowing for the removal of waste, which is critical for
cellular activity [46,47]. That is, the pore size of the scaffolds fabricated in this study falls within
the appropriate range. It is also evident that increasing the MBG content causes the filaments to

become rougher, which can be attributed local agglomeration of MBG particles, in agreement with

the literature [48,49].
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Fig. 1. SEM images of the Chi (a, b), Chi-Van (c, d), Chi-Van-SMBG (e, f), Chi-Van-10MBG (g, h), and Chi-Van-
15MBG (i, j) scaffolds in different magnifications. Dimensions extracted from the SEM images (k), with No

statistically significant differences between the samples (p > 0.05).

Fig. 2 illustrates the FTIR spectra of the scaffolds. Regarding the Chi scaffold, the peak
located at 1026 cm™ corresponds to the stretching vibrations of C—O bonds, while the peak around
1151 cm™ is associated with C—O—C bonds in glycosidic linkages [50]. Furthermore, the peak at
around 1376 cm™! indicates the bending vibration of C—H bonds. The peak at around 1560 cm ™!
corresponds to the bending vibrations of amid II (N-H) and stretching vibrations of C—N bonds,
while the peak at 1646 cm™ is related to the stretching vibrations of amid I (C=0) bonds of chitosan
[51]. Peaks at 2850 and 2922 cm! are linked to the stretching vibrations of C—H bonds. The broad
peak at 3351 cm™ is also assigned to the stretching vibrations of amine and hydroxyl groups in
chitosan [52]. Regarding Chi-Van, it is worth mentioning that vancomycin molecules contain
methyl (CH3) and methylene (CH2) groups, giving rise to C—H bending modes [53]. A notable
alteration compared to the Chi sample is observed in the range of 1300 to 1650 cm™'. The increased
intensity of the peaks at the lower values of this range can be attributed to the presence of phenolic
hydroxyl groups due to the inclusion of vancomycin. The peak at 1646 cm™ is related to the
presence of C=0 bonds, while the appearance of an absorbance peak at 1467 cm™! is attributed to
the presence of C=C bonds [54]. The peaks around 3351 cm™! (corresponding to O—H and N-H)

are less evident in the vancomycin-impregnated scaffolds, suggesting the hydrogen-bonding of

these groups between vancomycin and chitosan [55].

14
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Fig. 2. FTIR spectra of Chi (a), Chi-Van (b), Chi-Van-SMBG (c), Chi-Van-10MBG (d), and Chi-Van-15MBG (e).

In the case of the samples containing MBG, the reduction in the vibrational intensity of

chitosan O—H and N-H functional groups following the addition of MBG provides evidence of

15
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chemical bonding between MBG and the polymeric matrix. The peak observed at 772 cm™! can be
attributed to the bending vibration of the Si—O—Si bridging group [56]. Also, the peak at 995.95
cm’! is associated with the stretching vibrations of Si-O-Si bonds [57]. The appearance of the peak
at 1241 cm’!' is assigned to the stretching vibrations of Si—O-Si bond, which can also be
characterized as the longitudinal optic mode of Si-O-Si [58]. In conclusion, the FTIR analysis
confirms the successful incorporation of all the components into the scaffolds, with hydrogen and

electrostatic bonds among chitosan, vancomycin, and MBG.

3.2. Degradation and swelling behaviors of the scaffolds

Fig. 3 illustrates the effect of vancomycin and MBG incorporation on the degradation and
swelling characteristics of the scaffolds immersed in PBS. As can be observed, over the entire
immersion period, the Chi scaffold exhibits a moderate level of degradation, which can be
attributed to its robust polymeric structure and the hydrolytic stability of its glycosidic bonds [59].
The addition of vancomycin leads to an increased degradation and swelling degrees, primarily due
to the enhanced hydrophilicity of the scaffold [60,61], which is linked to an increase in phenolic
hydroxyl groups contributed by vancomycin, as demonstrated by FTIR. Furthermore, the
incorporation of MBG further accelerates both degradation and swelling rates of the scaffolds
compared to the Chi and Chi-Van samples. Interestingly, this finding contrasts with most of the
existing literature, which suggests that the increase of the glass content hinders the swelling and

degradation of chitosan [62,63]. This discrepancy can be elucidated through considering several
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observations. As shown in Fig. 1, the addition of MBG changes the filament structure by forming
nano- and micropores, facilitating water access to polymer chains and enhancing water absorption
within the scaffold matrix. This contribution is confirmed in the SEM micrographs of the scaffolds
after immersion in PBS (Fig. 3b-c). Second, the increase in the concentration of MBG
incorporation enhances the roughness of the scaffold surface (Fig. 1), enhancing the surface area,
water permeability, hydrophilicity, and reactivity of the filaments. Similarly, Borges et al. [64]
fabricated chitosan scaffolds incorporating various ceramics and found that those containing MBG
exhibited greater swelling capacity, attributed to the enhanced interconnected porous structure
provided by MBG. Furthermore, they indicated that the scaffolds with higher ceramic contents
demonstrated superior swelling capabilities relative to the chitosan scaffolds. This influence was
linked to the mesoporous structure of the glass which enables greater water retention, further

validating the findings of the current study.
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Fig. 3. Degradation kinetics of the scaffolds in PBS (a), SEM micrograph of the Chi (b) and Chi-Van-10MBG (c)
scaffolds after 7 days of immersion in PBS, and swelling degree of the scaffold in PBS (d), with *, ** and ***

denoting statistically significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.

Subsequent to the initial time intervals, a decline in the swelling capacity is observed across
all the samples, particularly in those with the higher MBG levels. This reduction is attributed to
the diminishing influence of the previously mentioned factors after one week of immersion in PBS,
coupled with degradation processes that impair water retention capabilities of the scaffolds.
Additionally, changes in pH due to the scaffold degradation should be considered; notably, the pH
of PBS interacting with Chi-Van-10MBG shifted from 7.4 + 0.1 to 8.2 + 0.2 after ten days, due to
the significant alkalizing effect of MBG dissolution [65], while chitosan degradation slightly
reduces the local pH [66]. Such a pH increase can diminish the swelling potential of chitosan-
based materials by reducing proton availability necessary for generating a positive charge on the
polymeric structure [67].

According to the literature [68,69], 10-15% of carrier degradation should occur within the
first day of implantation in vancomycin-loaded systems to provide a sufficient burst release for
preventing biofilm formation. Also, degradation should reach 20-40% by four weeks to support
the sustained release of vancomycin while preserving the scaffolds’ integrity [70,71]. As shown in
Fig. 3a, the degradation degree of the samples falls within these desired ranges for both burst and
sustained modes, suggesting that they can act as a secure platform for local controlled vancomycin
delivery. Additionally, the swelling ratio of scaffolds is critical to their performance; it should be

balanced to prevent collapse while still providing benefits like improved cell attachment, nutrient
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transport, water access, and effective drug release [72,73]. According to the literature, the optimal
swelling ratio for systems exhibiting successful mechanical, antibacterial, and biological behaviors
typically falls within the range of 200-400% [74,75]. However, using appropriate cross-linkers,
chitosan matrices can withstand extreme levels of swelling as high as 900-1600% [72,73]. As
indicated in Fig. 3d, the swelling ratio of the scaffolds produced in this study is in the range of

222-250% on the 28" day of PBS immersion, aligning with the well-documented optimal range.

3.3. Vancomycin release kinetics from the scaffolds

Fig. 4a represents vancomycin release profiles from the vancomycin-containing scaffolds, all
impregnated with the equal amount of the drug. The first day of immersion marks the period of
initial burst release, which is crucial for preventing biofilm formation. It is known that the
formation of S. aureus biofilm can be securely prevented by vancomycin release concentrations
ranging in 4-8 pg/ml within the first 24-72 h, known as the minimum inhibitory concentration
(MIC) [76,77], which is satisfied by all of the drug-loaded specimen produced in this study. As
stated by the American Society of Health, the therapeutic window timeframe of S. aureus-induced
osteomyelitis treatment by vancomycin is 4-6 weeks at concentrations above the MIC [78]. Herein,

all the Van-loaded systems fulfil this range.
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Fig. 4. Vancomycin release profiles of the fabricated scaffolds (a), antibacterial activity testing of the prepared
scaffolds along with the positive and negative controls (b), and extracted inhibition zone diameters (c), with *, *¥*,

and *** denoting statistically significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.

The release concentration of vancomycin increases with the MBG content up to 7 days.
However, this direct relationship diminishes by day 21 and even is reversed by day 28, resulting
in cumulative release concentrations for Chi-Van-10MBG and Chi-Van-15MBG being lower than
those for Chi-Van and Chi-Van-5SMBG by day 28. This ambiguous behavior can be explained by
considering the degradation and swelling behaviors of the different samples, along with
interactions between the drug molecules and MBG. In the Chi sample, all the drug molecules are
located in the chitosan matrix, while in the MBG-containing samples, some of the drug molecules
are adsorbed onto the MBG nanoparticles and/or entrapped in the pores of MBG [79,80]. During
the initial immersion times for these samples, the drug is primarily released from the chitosan
matrix, resulting in a direct relationship between the amounts of the drug release and MBG, as
degradation and swelling increase with more MBG (Fig. 3). However, over time, as the matrix is
depleted from the drug, the drug molecules associated with MBG become the main source of the
drug. Due to their interaction at the surface and/or within the pores of MBG, these molecules
encounter a stronger barrier and are released more slowly, while the source of the drug supply from
the MBG-free or low-MBG samples remains the polymer matrix. Other studies have observed
similar delayed drug release behaviors whenever the drug supply source is restricted to MBG

[81,82], while chitosan particularly offers fast release [83,84].
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3.4. Antibacterial activity of the scaffolds

The disk diffusion assay results for the antibacterial characteristics of the scaffolds are shown
in Figs. 4b and 4c. Under the tested conditions, Chi exhibited no detectable antibacterial effect
against S. aureus bacterial strains, even though chitosan is known to have antibacterial activity
against a diverse range of bacterial strains [85,86]. The antibacterial efficacy of chitosan is a
complex function influenced by several factors, including the chitosan source, molecular weight,
degree of deacetylation, environmental pH, and specific microbial species involved [87,88]. In
contrast, Chi-Van displayed an inhibitory zone of 24.05 = 1.22 mm. Vancomycin is a tricyclic
glycopeptide antibiotic which is widely regarded as a primary therapeutic option for both the
prevention and treatment of infections resulting from gram-positive bacteria like S. aureus [60]. It
works by interfering with the proper synthesis of the bacteria cell wall.

Chi-Van-5MBG and Chi-Van-10MBG indicated 32.5 + 1.7 and 34.0 £ 3.3 mm diameter
inhibition zones, respectively, while that is 40.0 = 1.9 mm for Chi-Van-15MBG. These results
mirror the trend observed in the vancomycin release kinetics analyzed by UV spectroscopy (Fig.
4a), with Chi-Van-15MBG demonstrating the fastest drug release within the first day. As well as
the influence of vancomycin release, MBG participates in the antibacterial behavior via affecting
the morphology and ultrastructure of S. aureus bacteria due to the local elevation of pH resulting
from ion exchange [89,90]. It is eventually noteworthy that the bacterial inhibition zone diameters
obtained in this study meet the Clinical and Laboratory Standards Institute-approved breakpoint

of 15 mm to effectively manage osteomyelitis [91].
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3.5. Cell-scaffold interactions

The metabolic activity of hBMSCs in contact with the samples was assessed using the MTS
assay. According to the results (Fig. 5a-b), the statistically-analyzed data revealed no significant
difference between the different samples on the first day (p-value > 0.05). However, the results for
the third and seventh days of cell culture demonstrate a statistically significant influence of MBG
impregnation. From day 1 to day 3, there was an increase in absorbance for all the sample groups,
indicating cell proliferation. This increase was particularly pronounced for the Chi-Van-10MBG
group, which shows a statistically significant difference compared to the other samples, achieving
118.9 £ 3.1 % cell viability in comparison to the Chi as the control group. Also, the stimulating
effect of Chi-Van-15BG is even lower than that of the control group. By day 7, the MTS absorbance
increased significantly for Chi-Van-5SMBG and Chi-Van-10MBG, with cell viabilities of 166.7 +
4.5 and 191.2 &+ 3.2%, respectively. In contrast, Chi-Van-15MBG decreased to 97.7 + 4.1%. This

highlights the parabolic effect of MBG on cellular response, as observed in other studies [81,92].
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Fig. 5. MTS assay absorbance results of the fabricated scaffolds at 490 nm (a) and corresponding cell viability
results compared to the Chi sample at each time frame (b), with *, ** and *** denoting statistically significant
differences with p < 0.05, p < 0.01, and p < 0.001, respectively. SEM images of the cell-scaffold interactions:

single-cell bridging (c), multi-cell bridging (d), and cell bundles (e) on Chi-Van-10MBG.

The cytotoxic effect of bioactive glass dissolution at high levels has been previously
documented. Hench et al. [93] confirmed that bioactive glass ionic dissolution byproducts at high
concentrations can negatively affect cell cycles. Cillardo et al. [94,95] also investigated bioactive

glass-induced cytotoxicity in two distinct studies and declared that while low concentrations of
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calcium can stimulate osteoblast cell proliferation, high concentrations cause cytotoxic effects on
cells and the disruption of bone mechanosensitivity by elevated glutamate release from osteoblast
cells. The localized pH change of the MTS solution at high concentrations of MBG, as well as the
higher vancomycin release observed in this sample are other factors to consider when explaining
the lower cell viability in the medium in contact with Chi-Van-15MBG.

To evaluate the significance of the obtained results, a comparison with published papers in
this area was undertaken. In a study done by Naeimi et al. [96] concerning the antibacterial efficacy
and cytocompatibility of vancomycin-loaded chitosan/polyvinyl alcohol (PVA) hydrogels, a zone
of inhibition (ZOI) measured 19 + 3 mm against S. aureus resulted in 6% reduction in a fibroblast
cell viability compared to the unloaded chitosan/PVA by a two-day duration. In another work, Xu
et al. [97] developed vancomycin-loaded N-trimethyl chitosan nanoparticles via the ionic gelation
method, resulting in an inadequate ZOI of less than 6, but a notable cell viability of 168%. On the
contrary, the optimal sample in the current study revealed a ZOI of 34.0 = 3.3 mm, while
maintaining consistent cell viability as high as 110.5 + 1.8, 118.9 £ 3.1, and 191.2 + 3.2 %, by 1,
3, and 7 days, respectively, achieved without compromising the antibacterial efficacy and
cytocompatibility observed in similar studies. This significant enhancement in both antibacterial
performance and cytocompatibility is due to the scaffolds’ design, particularly the dual effects of
MBG up to a threshold loaded value.

Figs. 5c-e illustrate micrographs of cells cultured on Chi-Van-10MBG, identified as the
optimal formulation for MTS cell cytocompatibility. Notably, the cells establish connections

between different points within the scaffold, forming bridges rather than merely spreading across
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the surface. The observation of single-cell bridging within a 138-um gap (Fig. 5¢) and multi-cell
bridging over a distance of 460 um (Fig. 5d) provides strong evidence of effective cell-substrate
interactions. Interestingly, the latter distance exceeds the highest reported value of 400 um for
MSCs [98]. Moreover, the formation of cell bundles, as shown in Fig. Se, is another observed
phenomenon, resulting from cell migration toward adhesive points. These morphological findings
accentuate that although the interaction of hMSCs with the fabricated scaffold may not overtly
demonstrate extensive spanning across the scaffolds, the structural properties of the 3D-printed
scaffolds facilitate cell interactions through pulling forces. These forces lead to the formation of
bridges between the scaffold points, along with robust cell adherence. The observed bridging
attachments suggest that Chi-Van-10OMBG can enhance cell proliferation, migration,
and interactions with extracellular matrix (ECM), maintain tissue integrity, and facilitate bone

tissue regeneration in vivo [99].

4. Conclusion

In this study, 3D-printed chitosan/mesoporous bioactive glass/vancomycin scaffolds were
developed and their potential for osteomyelitis treatment was evaluated in vitro. Scanning electron
microscopy revealed that the scaffolds, with an interconnected porous structure and proper pore
size, effectively promote cell viability, proliferation, and attachment. The fabricated scaffolds
exhibited an initial burst vancomycin release followed by sustained release over 4 weeks,

indicating its ability to provide prolonged infection control. The scaffolds demonstrated significant
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antibacterial activity against S. aureus, the primary pathogen in osteomyelitis, while maintaining
high cytocompatibility with hBMSCs. Notably, the optimal sample in this study, Chi-Van-10MBG,
could offer a promising therapeutic strategy for osteomyelitis by achieving a balanced
enhancement of antibacterial activity and cell biocompatibility. The bridging attachments of
hBMSCs to this sample help compensate for the limitations of chitosan-based scaffolds in
interacting with and attaching to the cells. However, future work should focus on in vivo validation
of the scaffold efficacy and safety in relevant animal osteomyelitis models. Studies evaluating
bone defect healing, infection resolution, scaffold degradation and immunogenicity over extended

time points could provide essential data to support potential clinical translation.
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