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Scaffolds grafting combined with local delivery of antibiotics at the injury site may promote bone regeneration
along with prevention of infections. In this work, a processing strategy combining the 3D-printing of
polysaccharide-based inks with supercritical (sc)CO2 technology was employed to manufacture drug-loaded,
nanostructured, and personalized-to-patient aerogels for the first time. Methylcellulose (MC) was employed as
graft matrix endowed with nanohydroxyapatite (nHA) to confer bioactivity as required in bone tissue engi-

neering (BTE). MC-nHA aerogels were obtained through the 3D-printing of hydrogel-based scaffolds followed by
scCO4 drying. Aerogels were loaded with vancomycin (VAN), an antibiotic employed in the management of bone
infections. Textural properties and printing fidelity of scaffolds were studied as well as VAN release, long-term
bioactivity, and pre-osteoblasts mineralization. In vitro cell studies and in vivo Artemia salina tests were carried
out to evaluate the potential toxicity of the antibiotic-loaded aerogels. Aerogels efficacy in inhibiting bacterial
growth was assessed by antimicrobial tests with Staphylococcus aureus. Textural stability of the aerogels after 7
months of storage was also evaluated. Obtained results showed that the scaffolds promoted the intended two-in-
one effect (bone repair and infection management simultaneously) in a personalized way, regulating formulation

design, drug dose, and porosity.

1. Introduction

The incidence of bone lesions due to falls and traffic accidents is
increasing with the progressive ageing of the population as major cause.
Patients usually present open wounds and bone defects, commonly
accompanied with the activation of infection and inflammation molec-
ular pathways, that significantly hamper the natural healing process
(Spellberg & Lipsky, 2012). Furthermore, implant-associated post-
operative and post-traumatic bone infections commonly come up with
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antibiotics side effects, hospitalization, and the subsequent health eco-
nomics costs (Trampuz & Zimmerli, 2008). S. aureus is the most prev-
alent microorganism leading to graft-associated bone infections
(Gallarate et al., 2021). Debridement and intravenous administration of
antibiotics is the conventional treatment for open bone injuries with
important drawbacks, like the low antibiotic concentration at the wound
site that can promote the development of methicillin-resistant S. aureus
(MRSA) resulting in repeated bacterial infections (Barakat et al., 2019;
Poeppl et al., 2014). Vancomycin (VAN) is the only antibiotic sensitive
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to MRSA and effective in inhibiting inflammatory reactions in bone in-
fections (Lv et al., 2022). Advanced on-site delivery systems of VAN are
required for an effective treatment of orthopaedical surgery-related
bone infections, avoiding or reducing VAN side effects.

Three-dimensional (3D) printing is a simple and versatile
manufacturing technology that enables the production of intricate and
multicomponent grafts employed as provisional supports for new tissue
formation (Shin et al., 2020). Different 3D-printing strategies have been
used in different biomedical fields (Jiang et al., 2021). Specifically,
extrusion-based 3D-printing is the most widely employed for tissue
scaffolding (Derakhshanfar et al., 2018), allowing the generation of
well-organized, and hierarchical tissue equivalents composed by poly-
mers, bioactive molecules and cells (Ahlfeld et al., 2020). Methylcellu-
lose (MC) is a biocompatible and biodegradable cellulose derivative
commonly used as 3D graft matrix (Ahlfeld et al., 2020; Shin et al.,
2020). MC is a thermo-gelling polysaccharide with a fully reversible
gelation in aqueous media.

Aerogels are low density and highly mesoporous materials inten-
sively employed for medical (e.g., tissue scaffolds or drug delivery sys-
tems) and non-medical (e.g., water purification or thermal insulation)
applications (Tetik et al., 2021; Yahya et al., 2021). They are obtained
from wet gels by processing techniques (typically, scCO5 drying) able to
replace the liquid inside these gel networks with a gas under mild
operating conditions (Garcia-Gonzdlez et al., 2021). Particularly, the
outstanding structural performance of aerogels and the excellent bio-
logical behavior of polysaccharides (biocompatibility, biodegradability)
unveiled polysaccharide aerogels as promising candidates for the
development of advanced tissue engineering scaffolds for regenerative
medicine (Bernardes et al., 2021; Iglesias-Mejuto & Garcia-Gonzalez,
2021; Ng et al., 2022). Moreover, the recently proposed dual processing
strategy combining 3D printing and scCO5 drying leads to personalized
aerogels with dual porosity adequate for BTE (Iglesias-Mejuto & Garcia-
Gonzalez, 2021, 2022).

New formulations for an efficient delivery of VAN triggered by im-
plantation to reach and maintain antibiotic therapeutic levels in the
injury site, while promoting long-term osseointegration and ensuring
biocompatibility are needed for the treatment of infections associated to
bone defects. In this work, 3D-printed and VAN-loaded polysaccharide
aerogels were manufactured for the first time with a personalized shape
and drug content and specifically evaluated for simultaneous bone tissue
engineering (BTE) and infection management. Aerogels were loaded
with nanohydroxyapatite (nHA), a common bone repair component
with good osteoconduction and osteoinduction (Kohyama et al., 2018).
scCO, drying was performed to obtain the drug-loaded aerogels. The
textural characteristics of the aerogels were obtained by BET and SEM
analyses, the printing fidelity was evaluated with respect to the original
design and their mechanical performance was assessed by dynamic
mechanical analysis (DMA). Bioactivity of aerogels was tested by im-
mersion in simulated body fluid (SBF), biocompatibility and minerali-
zation by cellular assays, hemocompatibility by Hen's egg test on the
chorioallantoic membrane (HET-CAM) tests and their safety by A. salina
assays. Microbiological tests against S. aureus, loading efficiency,
entrapment yield and VAN release tests were also carried out. A spatial
personalization in the drug dose (with two different VAN contents in one
structure) and in the morphology of the aerogels were achieved for the
first time by the dual processing strategy herein used. 3D-printed aero-
gels exhibited a sustained VAN release profile essential for bone infec-
tion management as well as the long-term bioactivity required for BTE
applications.

2. Materials and methods
2.1. Materials

MC (viscosity: 15 cP), nHA (M,: 502.31 g/mol, purity >97 %),
alizarin red and cetylpyridinium chloride were provided by Sigma-
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Aldrich (Steinheim, Germany). Hydroxyapatite (HA, M,, 502.31 g/
mol, reagent grade purity, micropowder) was supplied by Fluidinova
(Moreira da Maia, Portugal). VAN hydrochloride (M,,: 486.0 g/mol,
purity: 94.3 %) was provided by Guinama (La Pobla de Vallbona, Spain).
CO; (purity >99.9 %) was supplied by Nippon Gases (Madrid, Spain)
and absolute ethanol (EtOH) by VWR (Radnor, PA, USA). Water was
purified by reverse osmosis (resistivity >18 MQ-cm; Milli-Q, Millipore®,
Madrid, Spain).

2.2. 3D-printing of hydrogels

Milli-Q water was used as solvent to prepare aqueous inks. Different
concentrations of MC (12, 15, 18 and 20 wt%), nHA/HA (0, 6, 12 and 24
wt%) and/or VAN (0, 5, 10 and 15 wt%) with respect to water were
employed. MC solutions were firstly prepared, and nHA/HA and/or VAN
were then added. Inks were prepared under vigorous agitation (600
rpm) employing a homogenizer (VWR vos 60, Radnor, PA, USA) for at
least 1 h at room temperature (RT). They were degassed in a sonication
bath (Branson 3510 Emerson, Ferguson, MO, USA) for 10 min to elim-
inate air bubbles prior to their use as inks for their rheological evalua-
tion and subsequent 3D-printing.

3D-printed hydrogels were obtained with a Cellink BIOX Bioprinter
(Boston, MA, USA) using an extrusion printhead at 40 °C, a 3-mL syringe
and a 410-um nozzle at a printing pressure of 40 kPa and a printing
velocity of 3 mm/s. Hydrogel dimensions were 20x20x3 mm with a grid
pattern and 8 layers. After the printing process, all scaffolds were put in
contact with ethanol and alcogels were thus obtained.

2.3. Rheological evaluation of inks

Flow behavior of inks was recorded at 20 and 40 °C between 0.05
and 200 rad/s in a Rheolyst AR-1000 N rheometer (TA Instruments,
Newcastle, UK) equipped with a Peltier plate and a cone geometry (40
mm diameter, 2°) with a solvent trap. For each formulation, at least four
replicates were evaluated. The Eq. (1) (power law) was fitted to the
linear region of the viscosity () vs shear rate (y) curves.

n=>br @

where b and c are the consistency and flow indices, respectively.
2.4. scCO2 drying of 3D-printed alcogels

Alcogels were placed into a 100-mL stainless steel autoclave (Thar
Process, Pittsburg, PA, USA) and immersed in 25 mL of EtOH. A
continuous CO» flow rate (5-7 g/min) at 120 bar was supplied for 4 h
into the autoclave, maintained at 40 °C. After CO5 depressurization to
atmospheric pressure at a constant rate of 2 bar/min, aerogels were
collected from the autoclave and stored at RT for further analysis. Aer-
ogels obtained were described in Table 1 and denoted as MC x nHA (or
HA) y VAN z (being x = 12, 15, 18, 20 wt%; y = 6, 12, 24 wt%; z = 5, 10,
15, 5/15 wt%- 5 and 15 wt% in alternative layers-). When the formu-
lation contained MC and nHA/HA/VAN, the MC percentage was set
always to 12 wt% and simply denoted as “MC” (i.e. without x).

2.5. Physicochemical characterization of 3D-printed aerogels

Skeletal density of aerogels (pske]) Was measured at RT with a helium
pycnometer (Quantachrome, Boynton Beach, FL, USA) at the pressure of
1.01 bar. Values were obtained from five replicates. Apparent density
(papp) was calculated from Eq. (2), and scaffold porosity (¢) was deter-
mined according to Eq. (3):

Papp = acrogel mass / aerogel volume (2)

e(%)=[1- (papp//]ske])} x 100 3
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Table 1
MC aerogel formulations studied.

Aerogel scaffold Ink composition

MC (wt HA (wt nHA (wt VAN (wt%)
%) %) %)
MC 12 - - -
MC 15 15 - - -
MC 18 18 - - -
MC 20 20 - - -
MCHA 6 12 6 - -
MC HA 12 12 12 - -
MC HA 24 12 24 - -
MC nHA 6 12 - 6 -
MC nHA 12 12 - 12 -
MC nHA 24 12 - 24 -
MC VAN 5 12 - - 5
MC VAN 10 12 - - 10
MC VAN 15 12 - - 15
MC nHA 24 VAN 12 - 24 10
10
MC VAN 5/15 12 - - 5 (4 layers); 15 (4

layers)

External dimensions of scaffolds were measured to determine step
and overall volume shrinkages following Egs. (4) and (5), respectively:
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SFF = A/A (6)

where Aj is the hydrogel, alcogel or aerogel printed area, and A is the
computer aided design (CAD) area, as defined in the printing file.

2.7. Mechanical evaluation by DMA

Storage modulus (E'), loss modulus (E"), and damping ratio (tan § =
E"/E) of 3D-printed biocomposites were measured at RT. Compression
tests were performed using a DMA RSA-G2 equipment (TA Instruments,
Waters, New Castle, DE, USA) with a 5 mm compression geometry. A
0.01 N pre-load was applied to ensure contact between the samples and
the adapted parallel plates at a strain value of 0.5 % and from 0.1 to 50
Hz as frequency range. At least three measurements were performed for
each formulation.

2.8. Bioactivity tests

SBF medium was prepared with ion concentrations nearly equal to
those of human plasma and adjusted to pH 7.4 (Kokubo & Takadama,
2006). Aerogels were cut into 1 x 1 x 0.3 cm samples, placed into plastic
conical tubes and immersed in 35 mL of SBF at 37 °C to evaluate aerogels
bioactivity. After 13 and 26 days, wet gels were immediately rinsed

Step volume shrinkage (%) = [(Alcogel volume — Aerogel volume)/Alcogel volume | x 100 “4)

Overall volume shrinkage (%) = [(Hydrogel volume — Aerogel volume)/Hydrogel volume | x 100 5)

Low-temperature N5 adsorption-desorption analysis (ASAP 2000
Micromeritics Inc.; Norcross, GA, USA) was employed to evaluate aer-
ogels' textural parameters. Samples were degassed under vacuum at RT
for 24 h before being analyzed. Specific surface area (Aggr) of aerogels
was obtained applying the BET (Brunauer-Emmett-Teller) method.
Specific pore volume (V}), pore size distribution and mean pore diam-
eter (dp) were calculated by using the BJH (Barrett-Joyner—Halenda)
method. Morphology of aerogels was assessed by scanning electron
microscopy (SEM, EVO LS15, Zeiss, Oberkochen, Germany). Samples
were iridium-sputtered before being imaged to improve image quality
by decreasing charging. 7-month textural stability tests of the most
promising formulation (MC nHA 24 VAN 10) and MC aerogels (control)
were also performed by Nj adsorption-desorption and SEM studies after
storage of the aerogels in closed plastic jars, at RT and protected from
light.

Attenuated Total Reflectance/Fourier-Transform Infrared Spectros-
copy (ATR-FTIR) was performed with a Gladi-ATR accessory using a
diamond crystal (Pike, Madison, WI, USA) to evaluate the chemical
structure and confirm the presence of all components on the end
structures. Raw materials and aerogels were characterized in the mid-IR
spectrum range (400-4000 cm 1) using 32 scans and at a resolution of 2
em L. X-ray diffraction (XRD, PW-1710, Philips, Eindhoven, The
Netherlands) was used to test possible physical modifications in aerogels
when VAN was incorporated. Diffractograms were collected in the 2-50°
(26-range) using a 0.02° step and CuKa; radiation.

2.6. Printing fidelity tests

Shape fidelity factor (SFF) index was employed to assess the fidelity
of hydrogels, alcogels and aerogels with respect to the original printing
file. SFF was calculated from Eq. (6):

three times with deionized water and dried by lyophilization. Bioactivity
was assessed by SEM and EDX focusing on surface mineral depositions
(Duarte et al., 2009).

2.9. VAN loading and entrapment yield on aerogels

VAN entrapment yield was assessed by immersing VAN-loaded aer-
ogels of known dimensions (1 x 1 x 0.3 cm) and weight (ca. 50 mg) in
25 mL of phosphate buffer saline (PBS) pH 7.4. Samples were kept under
magnetic stirring (1000 rpm) until being completely dissolved. Obtained
solutions were measured by UV/Vis spectroscopy (8453, Agilent, Santa
Clara, CA, USA) at a wavelength of 281 nm. Tests were carried out in
triplicate and aerogels without VAN were also tested to eliminate the
interference of MC or nHA in UV/Vis measurements. VAN loading and
entrapment yield were obtained from Egs. (7) and (8), respectively.

Drug loading (%) = (W, /Wae) x 100 )
Drug entrapment yield (%) = (W, /W;) x 100 (8)

where W, is the VAN amount in aerogels measured by UV/Vis analysis,
Waer is the total weight of aerogels, and W, is the initial VAN amount
added for aerogels preparation. VAN calibration curve in PBS pH 7.4
medium was obtained and validated in the 0.05-0.22 mg/mL range (R>
> 0.99).

2.10. VAN release tests from aerogels

VAN-loaded aerogels of known weight (ca. 20 mg) were placed into
plastic conical tubes with 25 mL of PBS pH 7.4. Samples were put into an
oscillating bath (P Selecta Unitronic 320 OR, Barcelona, Spain) at 37°C
and 100 rpm for 72 h. 1-mL aliquots of medium were sampled at selected
times (0, 0.25, 0.5, 1, 2, 4, 8, 24, 48 and 72h), measured by UV/Vis
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spectroscopy at the wavelength of 281 nm (8453, Agilent, Santa Clara,
CA, USA), and replaced with 1 mL of fresh PBS. VAN release profiles
were fitted to the first-order release pharmacokinetic model according to
Eq. (9).

%V AN released = 100 x (1-e™) 9

where k is the kinetic coefficient and t is the elapsed release time.

2.11. Cell viability and mineralization tests

Cytocompatibility of 3D-printed aerogels was determined by
assessing the viability of mouse embryo fibroblasts (NIH/3T3) after 24
and 72 h of culture in the presence of aerogels employing a resazurin
assay, based on mitochondrial activity of living cells. Fibroblasts (2000
cells/cm?) were seeded in 24-well plates containing 600 L of Dulbecco's
Modified Eagle's Medium growth media supplemented with 10 % bovine
calf serum, penicillin 100 U/mL and streptomycin 100 g/mL and were
incubated at 37 °C in a humidified atmosphere enriched with 5 % CO,.
Aerogels (0.5 x 0.5 x 0.3 cm) were UV-sterilized for 30 min and then
placed in the wells with cells using culture inserts. Positive controls of
cells without aerogels exposure were maintained at the same conditions
and all tests were performed in triplicate. After 24 and 72 h of culture,
aerogels were removed, growth medium was aspirated and 100 pL of 44
pM resazurin in growth medium was added into each well. Resazurin
solution alone was tested as blank. After 3 h incubation under same
conditions, fluorescence was measured at an excitation wavelength of
544 nm and emission wavelength of 590 nm in a microplate reader
(Infinite® M200, Tecan Group Ltd., Mannedorf, Switzerland).

MC3T3-E1 pre-osteoblastic cells were also employed to perform
alizarin red staining test. Cells were incubated at 37 °C in a humidified
atmosphere enriched with 5 % CO, and cultured with alpha minimum
essential medium supplemented with 10 % fetal bovine calf serum,
penicillin 100 U/mL and streptomycin 100 g/mL, at a cell density of 1 x
10° cells/well in 12-well plates. After 24 h of culture, 3D-printed aero-
gels (0.5 x 0.5 x 0.3 cm) were UV-sterilized for 30 min and then placed
in the wells with cells using culture inserts. Experiments were carried
out in triplicate for each formulation tested. Osteogenic medium was
prepared by the addition of 50 pg/mL ascorbic acid, 10 mM glycer-
ophosphate, and 100 nM dexamethasone to the previous medium, added
to pre-osteoblastic cells and subsequently replaced every 2-3 days. After
14, 21 and 28 days, cells were washed 3 times with PBS to remove cells
debris and fixed with EtOH at 4 °C for 1 h. Cells were then washed twice
with water and stained with 40 mM alizarin red (pH 4.2) by incubating
at RT for 10 min. Cells were washed once with water and three times
with PBS and optical microscopy images were taken in the wet and dry
states using Operetta CLS equipment (PerkinElmer, Waltham, MA, USA).
Residual stain was removed with 10 % cetylpyridinium chloride for 15
min and, after shaking plates moderately, the absorbance was measured
at 562 nm using a microplate reader (Infinite® M200, Tecan Group Ltd.,
Mannedorf, Switzerland).

2.12. Safety tests using A. salina model

All in vivo studies were conducted in accordance with the European
regulation (Directive 2010/63/EU) on care and use of animals in
experimental procedures and the ARRIVE guidelines. Experiments were
reviewed and approved by the Animal Experiment Ethics Committee
(ORBEA) of the Faculty of Pharmacy of the University of Lisbon. Safety
of VAN-loaded aerogels was evaluated by measuring the mortality of
A. salina after 24 h of contact with aerogels as a preliminary in vivo
model (Ferreira-Gongalves et al., 2022; Hamidi et al., 2014). Commer-
cial sea water salt was dissolved in tap water according to the in-
structions of the supplier. A. salina eggs were left to hatch in that
solution at 25-30 °C for 48 h, under aeration and illumination. 1 mL of
sea water with 10-15 nauplii was transferred to individual wells of a 24-
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well plate and aerogels (0.5 x 0.5 x 0.3 cm) were also added to wells
using six replicates per formulation. 100 pL of artificial sea water and
100 pL of DMSO 100 % were used as negative and positive controls,
respectively. Nauplii in contact with aerogels were incubated for 24 h
under the same conditions and dead A. salina per well were counted.
100 pL of DMSO 100 % was added to kill the remaining alive nauplii
after 24 h, total A. salina per well were counted and the mortality was
then calculated according to Eq. (10).

Mortality (%) = (Dead 24 h/Dead Total) x 100 10)

where Dead 24 h is the number of dead nauplii after 24 h of contact with
aerogels and Dead Total is the total number of nauplii per well.

2.13. HET-CAM tests

VAN-loaded aerogels were evaluated by HET-CAM tests according to
Interagency Coordinating Committee on the Validation of Alternative
Methods (ICCVAM) guidelines (Recommended Test Method Protocol:
Hen's Egg Test — Chorioallantoic Membrane (HET-CAM) Test Method,
2010; Salerno et al., 2017). Tests were carried out using fresh and
fertilized hens' eggs (50-60 g, Coren, Ourense, Spain) after horizontal
incubation in a climatic chamber (Ineltec CC SR 0150, Barcelona, Spain)
at 37 °C and 60 % humidified atmosphere with an 8-h scheduled rota-
tion. On day 9, a small window was open in the eggshell with a scalpel to
access the CAM. 300 pL of 0.1 N NaOH and 0.9 % NaCl were put in
contact with CAM as positive and negative controls, respectively. Aer-
ogels were also put in contact with CAM and each test was carried out in
triplicate. Vessels of CAM were observed for 5 min to evaluate the
appearance of hemorrhage (vessels bleeding), vascular lysis (vessels
disintegration), clotting (denaturalization of intra and extravascular
proteins), hyperemia (increase of blood flow) or changes in small vessels
diameter of CAM by visual inspection and compared to controls.

2.14. Antimicrobial tests of 3D-printed aerogels

Sterile VAN-loaded aerogels were put in contact with a susceptible
strain of S. aureus (ATCC 25923) previously seeded in a tryptic soy agar
(TSA) plate for inhibition zone (halo) evaluation after 24 h of incubation
at 37°C. Same procedure was performed using tryptocasein soy broth
(TSB) tubes (S. aureus concentration: 6 x 10® colony forming units per
mL -CFU/mL-). Sterile aerogels without VAN were used as controls.

2.15. scCOg sterilization of 3D-printed aerogels

Aerogels were introduced into thermally sealed sterilization pouches
and placed in a high-pressure 600-mL autoclave (NovaGenesis, NovaS-
terilis Inc., Ithaca, NY, USA) at 40 °C. 1200 ppm of H>02 were loaded
into the autoclave before being pressurized with CO2 until 100 bar. After
30 min of contact time, the system was depressurized at a constant flow
rate of 5 bar/min until atmospheric pressure. Sterilization efficacy was
confirmed by seeding the thus sterilized aerogels in a TSA plate and in
TSB tubes for CFU quantification, at 37°C for 24 h. Textural properties
of the sterilized aerogels were compared with the corresponding un-
treated formulations.

2.16. Statistical analysis

Results were reported as mean value + standard deviation and post
hoc Tukey HSD multiple comparison tests were carried out to determine
the statistical significance of the differences among groups and the
concerning controls. Values of p < 0.05 were considered as statistically
significant.
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Fig. 1. Rheological evaluation of different ink formulations by (a) overall viscosity variation with respect to the shear rate and (b) shear stress with respect to shear
rate. (¢) MC hydrogel scaffolds during the 3D-printing process, CAD printing file (intake in c¢), and (d) MC gel scaffolds after solvent exchange to ethanol. (e) SFF
index of MC hydrogel, alcogel and aerogels. (f) Overall and step volume shrinkage of MC aerogels. (g) DMA frequency sweep of tan & for aerogels with increasing nHA
content. Significant differences among groups were represented as * or ** (post hoc Tukey HSD multiple comparison test, p < 0.05 or p < 0.01, respectively).

3. Results and discussion
3.1. Rheological evaluation of inks
MC inks were homogeneously manufactured with different concen-

trations of nHA and/or VAN and the 3D-printing was performed without
relevant clogging for all the studied formulations (Table 1). Extrusion-

Table 2
Shear thinning coefficient values of inks calculated through power law model.
Aerogel formulations 20°C 40 °C
b c b c
MC 6.95 0.80 61.74 0.43
MC nHA 6 12.19 0.76 85.85 0.38
MC nHA 24 19.86 0.74 203.80 0.27
MC nHA 24 VAN 10 33.96 0.58 223.50 0.22

based 3D-printing process was simulated by analyzing the viscosity of
the inks with respect to the shear rate (Corker et al., 2019). Flow tests of
the inks demonstrated the shear-thinning behavior at low shear-stress
conditions (Fig. 1a), which should facilitate the extrusion during the
3D-printing at moderate pressures. Shear thinning properties are
essential to promote 3D-printing fidelity and a homogeneous distribu-
tion of the drug in the end structures. All formulations reached higher
viscosities at 40 °C than at 20 °C, which is coherent with the thermal-
responsiveness behavior of MC (Cochis et al., 2018; Shin et al., 2020).
Moreover, a non-linear relation between shear stress and shear rate was
observed for all formulations (Fig. 1b), thus suggesting a pseudoplastic
behavior.

All rheological measurements were fitted to the power law equation
(Eq. (1)). b values suggest higher extrudability at 20 °C (Table 2),
probably due to the lower viscosities reached by MC at lower temper-
atures (Fig. 1a). ¢ values obtained were closer to 0 when the rheology
tests were performed at 40 °C (Table 2), indicating a more pronounced
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Fig. 2. SEM images of MC nHA-loaded aerogels: (a,b) MC 12; (c,d) MC nHA 6; (e,f) MC nHA 12; (g,h) MC nHA 24. Intake in a,c,e,g: Visual appearance of the 3D-

pattern of aerogels (scale bar: 1 cm).

Table 3
Textural properties of MC nHA-loaded aerogels.

Aerogel Aper d, Vo (em®/  payp (8/ pska &/ € (%)
scaffold m*/g) (nm) 2 mL) cm?)
MC 268 + 19 + 1.71 £ 0.18 £ 135+ 87+

13 1 0.09 0.04 0.03 3

MC nHA 6 259 + 24 + 1.83 + 0.22 & 1.54 + 86 +
13 1 0.09 0.02 0.04 1

MC nHA 12 235 + 23 + 1.76 + 0.31 + 1.76 £ 83 +
12 1 0.09 0.01 0.02 1

MC nHA 24 165+ 8 24 + 1.36 + 0.32 + 1.92 + 83 +
1 0.07 0.03 0.02 2

Notation: Aggr: specific BET surface area, d,: BJH-mean pore diameter, V,,: BJH-
specific pore volume, pqyp: apparent density, pser: skeletal density and e: porosity.

shear thinning behavior and a better suitability for extrusion-based 3D-
printing.

3.2. Physicochemical characterization of 3D-printed aerogels

Highly mesoporous 3D-printed MC aerogel scaffolds were manufac-
tured with different MC concentrations (12 to 20 wt%; Fig. 2a and
Fig. S1). The high textural properties obtained in all cases confirmed
that the filaments of the 3D-printed structure were highly mesoporous
(Table 3 and Table S1). Similar textural parameters, porous morphology
and distribution to those obtained for these filaments of the MC aerogels
were also described for nanofibrous cellulose aerogels (Wang et al.,
2020). MC concentration was set at 12 wt% for ulterior tests in combi-
nation with nHA/HA and/or VAN as the 3D-printing process was diffi-
cult (frequent clogging of the printhead upon printing) when higher MC
concentrations were employed.

MC aerogels containing nHA showed good textural properties
regardless of the nHA content (Table 3). nHA has been previously linked
to higher specific surface areas, bioactivity and closer elasticity to the
cortical bone with respect to HA, being able to address HA poor
toughness and better repair bone defects (Chen et al., 2021). HA was
incorporated into MC aerogels, i.e. alternatively to nHA, for the sake of
textural properties comparison (Table S1 and Fig. S2). The addition of
HA caused a dramatic decrease in Apgr proportional to HA content
(Table S1), as previously reported for alginate-HA scaffolds (Iglesias-
Mejuto & Garcia-Gonzalez, 2021). Nevertheless, the incorporation of
nHA in MC aerogels did not cause such a sharp decline in textural
properties (Table 3) resulting in MC nHA scaffolds with improved
textural properties with respect to their MC HA counterparts. Moreover,
macroscopical SEM images show an accuracy loss in the 3D-pattern
when HA was employed (Fig. S2a,c,e) maybe due to the increase of
the ink viscosity with the HA content. For all these reasons, nHA-loaded

aerogels were selected for further physicochemical and biological
characterizations as well as for VAN incorporation.

Aerogels porosity (83-87 %, Table 3) is higher than those reported
for other cellulose aerogels (60-90 %) (Lin et al., 2015), maybe due to
the presence of large macropores originated from the 3D-pattern design
on the herein manufactured structures.

A highly porous and interconnected microstructure was observed by
SEM imaging for all nHA-loaded aerogels with a rougher pore structure
when higher nHA contents were incorporated with respect to lower nHA
contents (Fig. 2b,d vs Fig. 2f,h). Similar findings were reported for cel-
lulose aerogels (Chen et al., 2021) and for alginate-cellulose scaffolds
loaded with different HA concentrations (Tohamy, Soliman, et al.,
2018).

Direct solvent exchange to ethanol results in aerogels with low step
and overall volume shrinkages (Fig. 1f). Aerogels with the highest nHA
content present the lowest step and overall volume shrinkages, with
statistically significant differences with respect to the other formulations
studied (p < 0.01). Higher volume shrinkages were reported for aero-
gels with lower nHA content, similar to those herein obtained for MC
aerogels and also found for nanocellulose-based aerogels (50 %) (Zhang
et al., 2021).

Good textural properties were found for VAN-loaded aerogels, with a
slight increase in Aggr (Table 4). Highly interconnected and irregular
pores with a dual size (mesopores and macropores) were found in nHA-
VAN aerogels (Fig. 3b,d,f), suggesting that VAN incorporation did not
induce relevant modifications in the porous structure of aerogels. An
absence of relevant morphological changes due to VAN addition was
also reported in chitosan-HA aerogels (Zhang et al., 2012). Finally, 3D-

Table 4

Textural properties of VAN-loaded polysaccharide aerogels.
Aerogel scaffold Aggr (M?/g) d, (nm) V, (cm®/9)
MC VAN 5 376 £ 19 17.1 £ 0.8 2.20 £ 0.11
MC VAN 10 374 + 19 233+ 1.2 2.75 £ 0.14
MC VAN 15 326 + 16 246 £ 1.2 2.68 £0.13
MC VAN 5/15 174 £ 9 19.3+ 1.0 1.12 + 0.06
MC nHA 6 VAN 10 254 + 13 17.0 +£ 0.8 1.46 + 0.07
MC nHA 12 VAN 10 163 + 8 21.7 £1.1 1.20 + 0.06
MC nHA 24 VAN 10 106 +£ 5 231+1.2 0.82 £ 0.04
MC 12 st 170 £ 9 17.4 £ 0.9 1.04 + 0.05
MC 12 nHA 6 st 139+ 7 18.8 + 0.9 0.89 + 0.04
MC 12 nHA 12 st 192 £ 10 20.9 £ 1.0 1.33 £ 0.07
MC 12 nHA 24 st 227 £ 11 235+ 1.2 1.78 + 0.09
MC12S 213 + 11 224 +1.1 1.59 + 0.08
MC nHA 24 VAN 10 S 93+5 20.8 + 1.0 0.66 + 0.03

Notation: st: scCO, sterilized aerogels, S: aerogels after 7 months of storage.
Aggr: specific BET surface area, d,: BJH-mean pore diameter, V;,: BJH-specific
pore volume.



A. Iglesias-Mejuto et al.

Carbohydrate Polymers 324 (2024) 121536

Fig. 3. SEM images of MC nHA-VAN aerogels: (a,b) MC nHA 6 VAN 10; (c,d) MC nHA 12 VAN 10; (e,f) MC nHA 24 VAN 10. Intake in a,c,e: Visual appearance of the

3D-pattern of aerogels (scale bar: 1 cm).

printed MC aerogels consisting of alternative layers containing two
different VAN concentrations (5 and 15 wt%) were successfully manu-
factured (MC VAN 5/15) with a good textural performance. The low
impact in the microstructure due to the customization of the drug con-
tent distribution within the scaffolds opens the possibility of developing
specific gradient concentration profiles adapted to patient therapies
necessities. Moreover, textural parameters after 7 months of storage had
no relevant differences with respect to the same formulations evaluated
just after their preparation (Table 4). SEM images still showed the dual
porous structure essential for bone tissue engineering after storage in
mild conditions (Fig. S3) and endorses the mid-term storage stability of
MC and MC nHA 24 VAN 10 aerogels.

The XRD diffractograms of aerogels (Fig. S4a) exhibit its amorphous
nature with two amorphous halos (7-15° and 15-25°) that could be
attributed to the MC polymer network (Tohamy, Mabrouk, et al., 2018).
Similar XRD patterns were obtained for MC and MC VAN 10 aerogels,
suggesting that the amorphous structure of aerogels did not change due
to VAN incorporation. ATR-FTIR spectroscopy was also performed to
evaluate the effect of VAN incorporation on the chemical structure of
aerogels. Interactions between aerogel components were observed in
formulations loaded with VAN and/or nHA (Fig. S4b). Absorption bands
detected at 3430 cm™! and at 1631 cm™ ! were assigned to hydroxyl
groups and to Hy0, respectively, both present on nHA surface and pre-
viously described as essential for VAN bonding (Zhang et al., 2012).
Absorption bands of the VAN are present on ATR-FTIR spectra at 3450,
1654, 1540 and 1230 cm ™! due to hydroxyl stretching, C=0 stretching,
C—=C and phenol groups. These bands were in the spectra of VAN raw
powder as well as on VAN-loaded 3D-printed aerogels, thus confirming
the effective incorporation of VAN on aerogels. Finally, three specific
nHA bands were clearly detected in the region close to 600 cm ™! of nHA
raw powder and nHA-loaded aerogels, thus confirming the correct
incorporation of nHA after all processing steps into the 3D-printed
aerogels.

3.3. Printing fidelity evaluation

High printing fidelity was observed during the 3D-printing process
(Fig. 1c) and after solvent exchange to ethanol (Fig. 1d). SFF is an index
employed to assess the fidelity of 3D-printed structures with respect to
the original CAD (Panraksa et al., 2020). The highest SFF values for
aerogels were found at the highest nHA content (p < 0.01, Fig. le).

Table 5
E, E’, and tan § at 1 Hz for aerogels with increasing nHA content.
Aerogel scaffold tan & E (MPa) E’ (MPa)
MC 12 0.061 + 0.002 7.8+ 1.6 0.47 + 0.09
MC nHA 6 0.089 + 0.012 85+27 0.75 £ 0.20
MC nHA 12 0.100 + 0.009 13.2+4.7 1.33 +£ 0.52
MC nHA 24 0.131 + 0.015 15.4 + 3.2 2.06 +1.70

Lower SFF was observed in aerogels with respect to the corresponding
alcogels precursors, as also described for alginate-HA scaffolds (Iglesias-
Mejuto & Garcia-Gonzalez, 2021). Similar fidelity values were described
for alginate-gelatin hydrogels, pointing out the high accuracy with
respect to the CAD as well as the absence of a fidelity loss due to the
solvent exchange (Giuseppe et al., 2018). Finally, SFF of MC nHA 24
alcogels is close to the described for cellulose hydrogels with similar
cellulose content (12.5 %) but without nHA, thus indicating the lack of a
negative impact on the printing fidelity due to nHA incorporation
(Panraksa et al., 2020). These results further endorse the choice for nHA.

3.4. Mechanical analysis

The compressive modulus of the 3D-printed biocomposites was
greatly influenced by its composition, displaying the best values with the
highest nHA content in aerogels (Table 5). The internal friction between
nHA and MC chains have previously resulted in the increment of E'
(Trakulsujaritchok & Hourston, 2006). A similar trend was observed
after quantifying energy dissipation by damping measurements
(Fig. 1g), phenomena occurring also in natural bone (Buechner & Lakes,
2003). Those data indicate a more elastic than viscous response with an
increase in the inorganic content, tendency previously observed in the
literature (Chen et al., 2019b; Kumar et al., 2014). It is important to note
that natural bone is also a viscoelastic material with moduli depending
on frequency, behavior also displayed by the aerogel formulations
herein studied. Changes in bone damping factor are more relevant than
changes in bone density as a consequence of strength because bone
damping could attenuate locomotion impacts and it has been considered
as indicative of integrity (Buechner & Lakes, 2003).
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Fig. 4. (a) MC, (b) MC nHA 6, (c) MC nHA 12, and (d) MC nHA 24 aerogels after 13 days of bioactivity tests. (¢) MC nHA 24 and (f) MC nHA 24 VAN 10 aerogels after
26 days of bioactivity tests. (g) EDX spectra of MC nHA 12 aerogels after 13 days in SBF in an apatite deposition zone (Spectrum 1), in a background zone (Spectrum
2), in general (Spectrum 3) and of MC nHA 24 VAN10 aerogels after 26 days in SBF (Spectrum 4). (h) EDX mapping of MC nHA 12 aerogels after 13 days in SBF. Red

circles represent zones where the apatite depositions were detected by visual inspection.
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3.5. Bioactivity assessment

After 13 days in SBF, a smooth porous surface was observed in MC
aerogels (Fig. 4a), whereas small apatite depositions in the granular
form were found dispersed only in the surface of nHA-loaded aerogels
(Fig. 4b,c,d,e,f). The EDX spectrum of the granules presents marked
peaks for Ca, P and O (Fig. 4g, Spectrum 1) confirming the presence of
apatite depositions, while different peaks were detected in other regions
of the same formulation (Na, Cl and Ca; Fig. 4g, Spectrum 2). The EDX
spectrum for a wider region of nHA-loaded aerogels revealed peaks for
Ca, P, O, Cl, K and Na (Fig. 4g, Spectrum 3), also described for alginate-
cellulose scaffolds loaded with HA after SBF immersion (Tohamy, Soli-
man, et al., 2018). The EDX mapping of nHA-loaded aerogels (Fig. 4h)
and the high Ca/P molar ratio suggest a good integrity and bonding
between the organic and inorganic aerogel components, as well as the
stimulation of bone tissue formation and functionality.

Apatite depositions found in nHA-loaded aerogels increased in size
and number after 26 days (Fig. 4e,f; red circles). This apatite layer
covering aerogel surface in a flower-like morphology in formulations
loaded with nHA was previously described in MC nHA composites and
was related to the presence of bone-like apatite (Drouet, 2013; Valar-
mathi & Sumathi, 2022). Change in intensity of Ca, P and O peaks
(Fig. 4g, Spectrum 1) was very noticeable with respect to zones where
apatite depositions were not found (i.e. without nHA) (Fig. 4g, Spectrum
2) endorsing that nHA presence clearly enhanced apatite formation.
Aerogels exhibiting higher bioactivity (MC nHA24) were loaded with
VAN for implement a strategy of advanced bone tissue engineering,
combining bone infection treatment and tissue engineering simulta-
neously. MC nHA24 scaffolds show similar apatite depositions in num-
ber and size with (Fig. 4f) and without VAN (Fig. 4e) after immersion in
SBF for 26 days. This finding indicates the absence of VAN interaction
with the bioactivity process and suggests the suitability of this formu-
lation for advanced bone tissue engineering.

3.6. VAN loading, entrapment yield and release from aerogels

PBS was used as release medium to mimic the continuously renewed
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biological fluid (Oungeun et al., 2019). VAN release tests (Fig. 5)
exhibited a two-stage profile with a 3-day sustained release (Fig. 5a,c)
occurring after an initial burst release (Fig. 5b,d) for all formulations.
VAN minimum inhibitory concentration (MIC) against S. aureus is 2.0
pg/mL (Oungeun et al., 2019), so an effective VAN concentration was
maintained for all formulations from the beginning of the drug release.
Thereby, aerogels provided concentrations above MIC upon implanta-
tion, potentially preventing bacterial growth over time. Similar release
profiles were found for VAN-loaded nanocellulose scaffolds (Vismara
et al., 2019) and chitosan-HA scaffolds (J. Zhang et al., 2012). Initial
burst release was attributed to VAN release weakly adsorbed in the
mesopores, while the subsequent slow VAN release was assigned to the
strong interaction between the gel matrix and the VAN that retards the
diffusion of the drug to the medium (Zhang et al., 2012).

VAN release profiles were similar regardless of the VAN content
(Fig. 5). Interestingly, aerogels formed by alternative layers of different
VAN content (MC VAN 5/15) showed a slower release than other aer-
ogels of similar VAN content but with a homogeneous distribution of the
drug (MC VAN 15). On the other hand, the comparison of the release
profiles of MC nHA24 VAN10 and MC VAN10 aerogels (Fig. 5) unveiled
that the presence of nHA seems to retard the VAN release from the

Table 6
VAN loading, entrapment yield and kinetic fitting parameters (k and R?) of VAN
release profiles of different aerogel formulations.

Aerogel k(H R?

formulation

Loading (%) Entrapment yield

(%)

MC VAN 5 21.99 +
0.04
30.71 +
2.09
36.02 +
1.55
34.77 £
0.19
13.77 +
4.25

74.78 £ 0.12 5.53 +
1.25
4.32 +
1.52
1.90 +
0.60
2,94 +
0.64
8.11 +
1.25

0.90

MC VAN 10 67.57 + 4.61 0.79

MC VAN 15 64.84 + 2.80 0.83

MC VAN 5/15 81.83 £ 0.44 0.86

MCnHA 24 VAN 10 63.36 + 19.57 0.92
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Fig. 5. VAN release profiles from different aerogel formulations in PBS pH 7.4, at 37 °C and 100 rpm for 3 days (left) and close up during the first 8 h (right).
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Fig. 6. Biological evaluation of 3D-printed aerogel scaffolds: (a) Cell viability tests of aerogels. Viability (expressed in %) of NIH/3T3 cells after 24 and 72 h of
contact with scaffolds determined by the Resazurin cytotoxicity assay. There were no statistically significant differences among groups. (b) Mortality of A. salina after
24 h in contact with aerogels. Positive control: DMSO; negative control: artificial sea water. (c¢) HET-CAM test of aerogels. Negative control: 0.9 % (w/v) NaCl;
positive control: 0.1 N NaOH. (d) Aerogels after 24 h of culture on TSA plates (top) and on the corresponding TSB tubes (down) seeded with S. aureus. (e)
Mineralization values obtained after 14, 21 and 28 days for different aerogel formulations by Alizarin red staining test. (f) Optical images of MC3T3 cells in contact
with aerogels after Alizarin tests (28 days) in the wet (top) and in the dry (bottom) forms (scale bar: 200 pm). Intakes: images of the same formulations after removing
the dye with cetylpyridinium chloride (scale bar: 200 pm). Post hoc Tukey HSD multiple comparison tests were performed and significant differences among groups

were reported as * or *** for p < 0.05 or p < 0.001, respectively.

scaffolds into the liquid medium.

High VAN entrapment yields were achieved (Table 6), indicating the
suitability of the dual processing strategy to effectively load VAN in MC
aerogels maybe due to the no necessity of a gelation bath in which VAN
could be solubilized. All VAN release profiles fitted to the first-order
pharmacokinetic model (Table 6), where the amount of drug released
decreased with time and it is proportional to the amount of drug
remaining in the matrix (Lopez-Iglesias et al., 2020). VAN dissolution in
PBS medium is faster than the drug release from VAN-loaded aerogels,

10

so aerogels promoted sustained VAN release. Similar release patterns
were reported for VAN-loaded chitosan aerogels (Lopez-Iglesias et al.,
2019).

3.7. Biocompatibility tests

Good biocompatibility was obtained for all formulations at different
timepoints after contact with fibroblasts without statistically significant
differences between aerogels and positive controls (Fig. 6a). Cell
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viability results are close to previously reported ones for 3D-printed MC
structures after contact with NIH/3T3 cells for 24 and 48 h (Cochis et al.,
2018). Similar cytocompatibility was also reported for composite scaf-
folds loaded with same VAN concentrations after 24 h in contact with
mesenchymal stem cells (Krishnan et al., 2020), thus suggesting that the
drug released from the matrix do not present an impact on cell survival.
The high cell viability obtained suggest that neither aerogel composition
(MC, nHA and/or VAN, at the component contents studied) nor material
processing strategies (3D-printing and scCO5 drying) compromised the
biocompatibility of the 3D-printed aerogels (ISO 10993-5:2009 Biolog-
ical Evaluation of Medical Devices — Part 5: Tests for in Vitro Cyto-
toxicity, 2009).

3.8. Safety tests using A. salina model

A. salina model is employed as a method to check the safety of aer-
ogels (Ferreira-Goncalves et al., 2022). Statistically significant differ-
ences were found between the mortality of A. salina due to 24 h of
contact with aerogel formulations and the positive control (DMSO)
(Fig. 6b). These results confirm the safety of VAN and/or nHA-loaded
aerogels and are coherent with the ones previously reported for
A. salina in contact with the drug, being VAN extremely toxic at 10 g/L
(100 % mortality of A. salina) and moderately toxic or non-toxic at
decreasing concentrations like the herein employed (1.8-3.9 g/L)
(Hernandez Martinez et al., 2018).

3.9. HET-CAM assay

3D-printed aerogels were evaluated regarding their irritative po-
tential for being used as medical devices by HET-CAM test (Coelho et al.,
2019). No visual signs of hemorrhage or vascular lysis were observed
after 5 min of aerogels contact with CAM, in contrast to the positive
control where CAM vessels bleeding and clotting were clearly present
(Fig. 6¢). The same CAM structures were observed in negative controls
and in CAM contacted with aerogels, suggesting the absence of impact in
CAM morphology due to aerogels contact.

3.10. Antimicrobial assessment of 3D-printed aerogels

VAN-loaded aerogels were able to induce an inhibition zone in TSA
plates seeded with S. aureus (Fig. 6d). The remarkable halos herein
observed are more pronounced than the ones previously reported for
other VAN-loaded scaffolds (Chen et al., 2019a; Krishnan et al., 2020;
Vismara et al., 2019), maybe due to the increased contact area of aerogel
formulations with TSA plates. VAN-loaded aerogels also show absence of
bacterial growth in TSB tubes (Fig. 6d) confirming the high potential of
these formulations as effective antimicrobial composites against
S. aureus. Scaffolds aimed to be used as an effective treatment for bone
pathologies must have dual antibacterial properties: contact bactericidal
ability and drug release from the material (Fang et al., 2021). The
release profile must consist on an initial rapid bactericidal ability fol-
lowed by a sustained antibacterial release to prevent from infection
recurrence. All VAN-loaded aerogels present contact bactericidal ability
(Fig. 6d) as well as the initial and sustained antibiotic release (Fig. 5),
critical for successful bone repair.

3.11. Mineralization assay

Alizarin red staining experiment was performed with relevant dif-
ferences after 21 days of mineralization between the positive control
(osteoblast-like cells, MC3T3 cells) and the cells in contact with MC nHA
24 aerogels (Fig. 6e). Significantly higher levels of calcium deposition (p
< 0.05) were found for MC nHA 24 formulations thus suggesting the
triggering of the mineralization process. Scaffolds with the same nHA
content but also loaded with VAN (MC nHA24 VAN10) only had rele-
vant differences in the mineralization process with respect to the
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controls after 28 days. This was related to a decrease in the early pro-
liferation rate of bone marrow mesenchymal stem cells in the presence
of VAN as previously reported in the 0-2000 pg/mL range, followed by
an enhancement in the pre-osteoblast to osteoblast differentiation due to
VAN release (Antoci et al., 2007; Garcia-Gonzalez et al., 2018; Man-
tripragada & Jayasuriya, 2016). Finally, scaffolds without nHA (MC in
Fig. 6e) had no statistically significant influence on mineralization in
comparison to the control, thus highlighting the key effect of nHA in the
mineralization promotion. Moreover, bone foci observed by optical
imaging were particularly dense in the aerogel formulations containing
nHA (Fig. 6f), thus confirming its role in the mineralization process.
Results are coherent with previous studies where different biopolymers
(regenerated cellulose, chitosan) induced mineralization after 14 and
21 days in culture with MC3T3 cells when nHA was incorporated in the
formulation (Maharjan et al., 2021; Ryu et al., 2020).

3.12. Sterility procedure evaluation

Sterility assurance levels (SAL 6) against bacterial endospores are
required for biomaterials prior to be implanted (ISO 14937:2009 Ster-
ilization of Health Care Products — General Requirements for Charac-
terization of a Sterilizing Agent and the Development, Validation and
Routine Control of a Sterilization Process for Medical Devices, 2009, p.
14). Different processes have been employed for medical devices ster-
ilization but most of them are not suitable for polymeric materials as
they induce changes in important features like rheological properties or
stability (Ahlfeld et al., 2020). scCO;, is effective for inhibiting bacterial
growth arising as a green, rapid, and economic method adequate for
biomaterials sterilization (Ribeiro et al., 2020; Spilimbergo et al., 2003;
Sun et al., 2020). Cytoplasm and extracellular medium acidification due
to CO, dissolution have been described as most important inactivation
mechanisms of microorganisms due to the presence of scCOy (Spi-
limbergo et al., 2003).

No relevant changes in aerogels morphology, pore size and pore
distribution were observed before (Fig. 2) and after scCO, sterilization
(Fig. 7b,c,d,e). Adequate textural parameters for BTE were obtained for
sterilized aerogels (Table 4), with similar values with respect to the
untreated ones (Table 3). Finally, aerogels were immersed in TSB tubes
and put in contact with TSA plates to evaluate the bacterial growth on
scCO; sterilized aerogel structures (Fig. 7a). After 24 h of culture, TSB
medium was cultured in a TSA plate for 24 h and absence of bacterial
growth was observed. Sterility of biomaterials was thus confirmed by
both tests.

4. Conclusions

VAN-loaded polymer-based bone scaffolds obtained by the combi-
nation of 3D-printing and aerogel technologies promise to promote bone
defects repair while controlling bone infection progress in a personal-
ized way. 3D-printed aerogels present excellent physicochemical per-
formance (macro- and mesoporosity), high printing fidelity with respect
to the original design and high drug entrapment yields, which endorse
the suitability of this technological combination for the manufacturing
of drug-loaded nanostructured scaffolds. Biological performances of
aerogels containing nHA and/or VAN are very attractive for bone repair
(high apatite mineralization appeared after bioactivity and alizarin red
staining tests) and bone infection mitigation (two-stage VAN release
profile providing drug therapeutic levels, and antimicrobial efficacy
against S. aureus). In vitro assays in murine fibroblasts, in vivo tests in
A. salina model and in ovo HET-CAM tests preliminarily revealed the
safety of VAN-loaded aerogels. In vivo efficacy of the VAN-loaded aer-
ogel scaffolds in bone infection treatments need to be evaluated. Ster-
ilization of 3D-printed aerogels using scCO- as sterilant agent turn out to
be very adequate, as it resulted in minor physicochemical changes of
scaffolds. Furthermore, no relevant textural changes were observed in
the scaffolds after 7 months of storage under mild conditions. Finally,



A. Iglesias-Mejuto et al.

a)

Carbohydrate Polymers 324 (2024) 121536

Fig. 7. (a) Microbiological tests of sterilized MC nHA24 aerogels seeded on TSB tubes (top) and on TSA plates (down) after 24 h of culture. No microbial growth was
observed in none of the tested cases. SEM images of sterilized aerogels: (b,c) MC, and (d,e) MC nHA 24.

the absence of a negative impact in the microstructure due to the cus-
tomization of the drug content distribution within the aerogels offer new
personalized applications, e.g., scaffolds with patient specific external
dimensions fitting the defect and with tailored gradient drug concen-
tration profiles to optimize the long-term performance of aerogels.
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