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PLA/Hydroxyapatite scaffolds
exhibit in vitro immunological
inertness and promote robust
osteogenic differentiation

of human mesenchymal stem cells
without osteogenic stimuli
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Marcelo A. S. de Toledo3, Carmen Schalla?, Stephan Ritten®, Roman Goetzke®,
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Bone defects stand out as one of the greatest challenges of reconstructive surgery. Fused deposition
modelling (FDM) allows for the printing of 3D scaffolds tailored to the morphology and size of bone
damage in a patient-specific and high-precision manner. However, FDM still suffers from the lack

of materials capable of efficiently supporting osteogenesis. In this study, we developed 3D-printed
porous scaffolds composed of polylactic acid/hydroxyapatite (PLA/HA) composites with high

ceramic contents (above 20%, w/w) by FDM. The mechanical properties of the PLA/HA scaffolds

were compatible with those of trabecular bone. In vitro degradation tests revealed that HA can
neutralize the acidification effect caused by PLA degradation, while simultaneously releasing calcium
and phosphate ions. Importantly, 3D-printed PLA/HA did not induce the upregulation of activation
markers nor the expression of inflammatory cytokines in dendritic cells thus exhibiting no immune-
stimulatory properties in vitro. Evaluations using human mesenchymal stem cells (MSC) showed that
pure PLA scaffolds exerted an osteoconductive effect, whereas PLA/HA scaffolds efficiently induced
osteogenic differentiation of MSC even in the absence of any classical osteogenic stimuli. Our findings
indicate that 3D-printed PLA scaffolds loaded with high concentrations of HA are most suitable for
future applications in bone tissue engineering.

Bone is one of the most widely transplanted tissues worldwide, with over 4 million medical interventions per
year'. The incidence of orthopedic procedures has gained attention due to several aspects, including the increase
of life expectancy, trauma, inflammation and tumors®. However, the treatment of bone fractures remains a great
challenge in the context of surgical procedures’. Autografting is currently the standard procedure used for bone
repair, however this method has many drawbacks, such as limited tissue availability, pain, donor site morbidity,
need for a second surgical treatment, difficulty in producing anatomically shaped grafts, and up to 50% failure
rate for specific sites®. These disadvantages make the development of engineered implants or scaffolds an urgent
requirement. Engineered scaffolds aim to revive bone tissues rather than simply replace them?®.

Biomaterials have been extensively studied in tissue engineering processes, especially for bone replacement,
to replicate the strength, bioactivity, morphology, porosity, and load-bearing ability of living bone tissues, leading
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to the reconstruction, regeneration and repair of injured bones®”. Ideally, biomaterials should provide a physi-
ological environment for endogenous bone cells, and be resorbed at the same rate at which the new bone tissue
is formed®. Currently, only a few polymeric biomaterials that are nontoxic, resorbable and approved by the FDA
(Food and Drug Administration) are available for the production of scaffolds for clinical use. Among them,
polylactic acid (PLA) stands out as a semicrystalline, biobased polyester that displays good biocompatibility
and biodegradability’. However, the major limitations of PLA that restrict the fabrication of bone scaffolds
include its poor mechanical strength and low cell affinity’®!". Interestingly, the incorporation of ceramics can
overcome the hydrophobicity of PLA, improve its mechanical properties, and stimulate the osteoinduction and
osteointegration of the implanted scaffold!?.

Hydroxyapatite (HA, Cas(OH)(PO,);), is categorized as a bioactive, nontoxic, osteoinductive, and osteocon-
ductive ceramic of great importance for bone scaffolds due to its close analogy to the mineral portion of bones
and teeth, and its capacity to form direct chemical bonds with living tissues'. In this context, the combination of
PLA with HA could result in polymer composites with increased level of bioactivity and regeneration potential
for bone tissue engineering®*. In such composites, the PLA phase could provide physical support for cell growth,
whereas the HA phase could support cell proliferation and osteoinduction'®. Furthermore, the incorporation of
HA was found to enhance the mechanical properties, fiber diameter and pore size of PLA nanofibers'®. Kim et al.
produced nanocomposite fibers by electrospinning and reported an excellent cell attachment and proliferation'’.
However, electrospun composite fibers are not adequate for producing bone grafts, especially for critical-sized
bone defects'.

Several technologies have been exploited for fabricating bone grafts based on polymer composite, such as
solvent casting, leaching, freeze-drying, thermally induced phase separation and gas foaming'®. However, these
techniques have various limitations, including difficulties in controlling the internal micro-architecture (shape,
size and distribution of pores), and the presence of residual cytotoxic solvents®®. Additive manufacturing tech-
niques, like Fused Deposition Modelling (FDM), are better suited to produce scaffolds individually tailored to
fit the morphology of specific tissue defects. The scaffolds can be fabricated by FDM in a controllable way with
precise spatial deposition of material components, enabling a customized external shape with predefined internal
porosity and interconnectivity to mimic the natural microarchitecture of bones?!.

Regarding the cellular component of scaffolds for bone repair, mesenchymal stem cells are widely used due
to their ability to easily differentiate towards osteoblasts**~**. Standard differentiation protocols include the use
of osteogenic media additives®. However, variations of osteogenic media induce variations in the response of
MSC towards osteoblast differentiation, thus calling for media-independent osteogenic stimuli®®. Furthermore,
when designing scaffolds for bone repair, it should be given particular attention to the immunological aspect of
their implantation since immune cells, particularly dendritic cells, are known to be influenced, to a large extent,
by biomaterials?*?.

Taking into consideration the above issues, 3D polymer composites could be designed to exhibit adequate
porosity and pore size, degradation rate, mechanical strength, and biological properties tailored for bone tis-
sue engineering® such that the variability introduced by classic soluble osteogenic factors is eliminated. In this
context, Soheilmoghaddam and colleagues® have shown that scaffolds composed of poly(lactic-co-glycolic acid)
(PLGA) and HA scaffolds can support osteogenic differentiation of human MSC under osteogenic-free condi-
tions. Other studies have also developed PLGA-based scaffolds to support human MSC osteogenic differentiation.
For instance, PLGA can be combined with PEG™, collagen®!, grafted HA***, or beta-tricalcium phosphate** to
achieve a significant osteoinductive effect. In addition, PLA was combined with gelatin and alginate® or PCL to
support osteogenic differentiation of human MSC and C3H10T1/2 cells, without differentiation media®. Scaffold
pore size is also an important factor with influence at cellular proliferation, ECM production and vasculariza-
tion. Despite a consensus has not been defined yet, a pore size of 100-500 pm allows the cell penetration and
migration, new tissue deposition and nutrient delivery*”.

Even though PLA/HA composites have been widely studied, there are only a few studies regarding the incor-
poration of high HA loadings in PLA*-*2, Furthermore, their osteogenic potential and the response of immune
cells to PLA/HA composites are still not fully investigated. In this study, we aimed at evaluating for the first
time the efficacy of high HA concentrations (between 20 and 25% w/w) on the osteogenic response induced
by 3D-printed PLA/HA composites on human mesenchymal stem cells. In addition, we analyzed the influence
of the 3D-printed PLA/HA composites on the activation status of dendritic cells, a class of immune cells that
play a pivotal role in the immune response. Our findings show that the 3D-printed PLA/HA composites do not
induce an active, immune-competent state in dendritic cells. Moreover, all 3D-printed PLA/HA composites
induce a robust osteogenic differentiation of human mesenchymal stem cells even in the absence of classical
soluble osteogenic stimuli.

Materials and methods

Materials. Pellets of poly(lactic acid) (PLA, Ingeo biopolymer 2003D, with 4.3% of D-lactic acid and melt
flow index of 6.0 g/10 min (210 °C, 2.16 kg); number average molecular weight (Mn) 100,422 g/mol, average
molecular weight (Mw) 180,477 g/mol and polydispersity index, 1.79) were purchased from NatureWorks LLC
(Minnesota, EUA). Powder hydroxyapatite was obtained from Sigma-Aldrich (St. Louis, MO, USA), reference
number 21223, purity >90% and ds,=3.73 pm. For other materials, see Supplementary Information S1.

Preparation of polylactic-based composite filaments. Different PLA/HA weight ratio composites
(see Table S1) were obtained using the solution casting method, as described in Bernardo et al.'*. Filaments suit-
able for 3D printing were obtained by melt extrusion, using a twin-screw extruder (Baker and Perkins, Process
Equipment and Systems) divided into 5 heating zones running at 180 °C. The screw diameter was 19 mm, and
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the L/D of the extruder was constant and equal to 25 mm. The molten filament was immediately cooled in a
water bath at the circular die outlet (2 mm in diameter). To obtain a filament with diameter compatible for the
3D printer (D =1.75 mm), the stretching speed of the molten filament was adjusted for each composition. Print-
ing was performed using a Cliever Cl1 3D printer (Brazil) using the following printing parameters: nozzle size,
0.3 mm; layer height, 0.1 mm; distance between layers, 0.25 mm. The nozzle and table temperatures were set at
180 °C and 50 °C, respectively.

Characterizations. The methods for characterization of filaments and 3D-printed scaffold are reported in
Supplementary Information S1.

Mechanical tests. Tensile tests were carried out following the ASTM D638-14 standard (Fig. S1A) on the
universal testing machine EMIC DL3000 (EMIC Equipamento & Ensaio Ltda, PR, Brazil) equipped with a 500
kgf (4903.32 N) load cell. The true tensile strength (o), true elongation break (e3) and Young’s modulus (Er) of
the scaffold samples were determined from stress (0)-strain (¢) curves. o was calculated as oy =0 A, where o is
the engineering tensile strength and A denotes the extensional ratio defined as A = L/L,, where L and L, represents
the final and initial specimen lengths, respectively. ez was obtained as eg=In A, while the Young’s modulus (E)
was determined through linear regression of the o-¢ curves in the limit 0=¢=0 ([do/de]e=0). Average scaf-
fold thickness was determined measuring five random positions in each specimen using a digital micrometer
(Mitutoyo Manufacturing, Japan). Compression tests were performed following the ASTM D695-10 standard
(Fig. S1B) on the universal testing machine EMIC DL3000 equipped with 3000 kgf (29,419.25 N), with head
velocity of 1.0 mm min™'. Young’s modulus (Ec) and yield strength (o.) under compression were calculated
similarly to the properties calculated from the tensile tests. Each mechanical test (tensile and compression) was
performed with at least 10 replicates.

Tests of degradation. The degradation behavior of 3D-printed polymer composites was characterized
through in vitro degradation tests, as described in the Supplementary Information S1.

Generation and culture of dendritic cells. Murine dendritic cells were cultivated from bone marrow
progenitor cells isolated from mouse hind legs as described previously?® (Supplementary Information S1). All
animal experimental protocols were approved by local authorities at RWTH Aachen University in compliance
with the German animal protection law and EU guidelines (2010/63/EU) for animal protection, as well as all
methods were carried out in accordance with the relevant guidelines and regulations. Anesthesia and euthanasia
were performed in the context of paragraph 4, section 3 of the German animal welfare act (killing of animals for

scientific purposes). Additionally, the study was carried out in compliance with the ARRIVE guidelines.

Culture of human mesenchymal stem cells (MSC). MSC were isolated from the bone marrow of two
donors (28 and 68 years of age) after orthopedic femoral head replacement surgery. All samples were taken after
written informed consent. The study was approved by local ethics committees of RWTH Aachen University
(RWTH Aachen; EK128/09). All experimental protocols were performed in accordance with relevant guidelines
and regulations of the RWTH Aachen University. MSC were isolated and cultivated as described before* (Sup-
plementary Information S1).

Invitro biocompatibility. Beforeallbiological assessments, the 3D-printed scaffolds (7mm x 7 mm x 1 mm,
height xlength x thickness, with pore size of 300 um; see Fig. S2) were sterilized under UVC radiation (A =254 nm)
in a laminar flow cabinet for 30 min and incubated with cell culture medium for at least 24 h. The cytotoxicity of
the 3D printed samples (PLA, 80:20S and 75:25S) was quantified using the (3-[4,5-dimethyl- 2-thiazol]-2,5-di-
phenyl-2H-tetrazolium bromide) (MTT) assay, as described in the Supplementary Information SI.

FACS analysis. Briefly, immature dendritic cells (1 x 10° cells/scaffold) were incubated on scaffolds for 24 h
or 48 h, while MSC (1.5 x 10° cells/scaffold) were incubated for 14 or 21 days in a 48-well plate at 37 °C, 5% CO,.
Cells seeded on empty wells (without scaffolds) served as the controls. Afterwards, cells were gently removed
from the scaffold surface, collected and washed with FACS buffer (PBS supplemented with 0.5% FCS and 2 mM
EDTA). The cells were resuspended in 50 pL FACS buffer and incubated with the selected antibodies for 30 min
at 4 °C. The cells were then washed with 1 mL of FACS buffer, re-suspended in 200 pL FACS buffer and kept on
ice. The following surface proteins were analyzed: for dendritic cells MHC-II, CD40, CD80 and CD86, and for
MSC CD10, CD105 and CD90. In both cases, surface marker expression was analyzed by flow cytometry using
a FACS Canto II (BD Bioscience, Germany). Data were collected from 50,000 viable cells and analyzed using
FlowJo software (Flow]Jo, LLC, USA). All experiments were repeated in duplicates using three replicates for each
experiment.

RNA isolation and RT-PCR. RNA isolation and cDNA synthesis were performed as previously described®.
For dendritic cells, the expression of the cytokines IL-1p, IL-6, IL-10, IL- 12p40, and RANTES was analyzed
after 24 or 48 h of incubation with the scaffolds. Immature dendritic cells were treated with 1 pg/mL LPS and
served as the positive controls. For MSC, the expression of BMP-2, runt related gene-2 (RUNX-2), osteocalcin
(OCN), and type I collagen (COL1A1) was assessed after 7, 14 or 21 days of culture with the scaffolds. In both
cases, gene expression was determined by RT-qPCR (Thermocycler, Eppendorf, Hamburg, Germany) using the
primers listed in Table S2. The relative quantification of each targeted gene was normalized to GAPDH levels
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First heating scan Second heating scan
Samples | T, (°C) |T,(°C) |T.(°C) |T,(°C) |T,(°C) |T.(°C) |AH, (J/g) | AH.(J/g) | X (%)
PLA 59.7 150.4 116.8 58.0 151.5 121.7 13.7 10.0 39
80:20 S 52.1 145.1 110.6 55.0 148.9 125.0 15.1 09.5 7.4
75:258S 56.8 146.0 109.4 55.7 150.8 128.1 13.1 08.4 6.7

Table 1. DSC data of neat PLA and PLA-HA polymer composite filaments. T, glass transition temperature,
T, cold crystallization temperature, T, melting temperature, AH,, enthalpy of melting, AH, cold enthalpy, X
crystallinity degree.

and calculated via the 2722t method. All experiments were performed twice including three replicates for each
experiment.

MSC differentiation on scaffolds. To determine MSC differentiation, cells were seed at the density of
1x10%/scaffold (at passage 5) on sterile scaffolds. The medium was replaced 24 h after seeding for determin-
ing the MSC differentiation under osteogenic conditions. The medium was refreshed every second day over
21 days of analysis. For ALP (alkaline phosphatase) quantification, cells were lysed with 1% Triton X-100 solu-
tion. Immediately after lysis, the protein content was determined using the Bradford Protein Assay, as reported
elsewhere*!. The ALP concentration was determined according to a previously reported procedure* (Supple-
mentary Information S1).

Alizarin Red staining was used to evaluate the MSC mineralization at day 21 of the osteogenic differentia-
tion. Cells were washed three times with PBS, fixed with 4% paraformaldehyde (PFA) for 15 min, stained with
alizarin red solution (0.5%, Sigma-Aldrich, MO, USA) for 20 min at 37 °C, and then washed several times with
deionized water to remove the excess of stain. The images were acquired with an Evos Microscope (Thermo
Fisher, Germany). For the quantification of Alizarin Red, the stain was removed using 10% of acetic acid solu-
tion for 30 min. Afterwards, the solution thus obtained was transferred to an Eppendorf tube and heated at
85 °C for 10 min, followed by centrifugation at 12.500 rpm for 15 min. Then, 100 pl of the supernatant was used
for absorbance measurements at 405 nm using a microplate reader (Molecular Devices SpectraMax M2e). For
quantification, background staining from scaffolds without cells was subtracted from the values obtained from
the scaffolds with cells. All experiments were repeated in triplicate.

Confocal and scanning electron microscopy. For confocal microscopy, cells were fixed with 4% PFA
for 30 min at 25 °C and then permeabilizated with 0.1% Triton X-100 for 1 min. The samples were stained with
Alexa Fluor 647-phalloidin (Sigma- Aldrich, St. Louis, MO) to visualize the actin cytoskeleton. All samples were
mounted on glass slides using ProLong (Molecular Probes Life technologies). Images were acquired using a
LSM700 confocal microscope (Zeiss, Germany) equipped with a 63X oil immersion objective and 633 nm laser
line. Confocal images were processed using Image]. The SEM imaging was carried out as reported elsewhere?.

Statistical analysis. Data were subjected to analysis of variance and Duncan multiple or Games-Howell
comparation test using the software R, version 3.6.0 (https://www.R-project.org/). The Games-Howell method
was adopted following the variance heterogeneity of samples regarding the mechanical property deformation at
break. The Bartlett test was used to verify the variance homogeneity condition. For the biological studies, the
statistical analyses were done with Prism 8 (GraphPad, Software Inc., USA) using the one-way ANOVA in com-
bination with the Tukey method with a statistically significant difference set at p <0.05.

Results and discussion
Characterization of PLA-HA filaments and 3D-printed scaffolds. Thermal analysis is essential to
characterize the behavior of the PLA-HA polymer composites. DSC showed that for both, first and second heat-
ing scans, the glass transition temperature (T,) of the PLA-HA composites decreased in comparison with that
of neat PLA (Table 1; for the DSC curves, see Fig. S3). In this context, the increase of HA amount may increase
the interfacial area with PLA, thus affecting the mobility of the polymer chains and leading to the decrease of the
T, in the PLA-HA composites”. The slight difference observed between the T, of 80:20S and 75:25S composite
could be explained by the different distribution of HA particles. In 75:25S composites, the HA particles may
be more uniformly distributed leading to stronger interfacial interactions between HA particles and polymer
chains, thus increasing the chain organization and, therefore, the glass transition temperature, in comparison
to the 80:20S*. In addition, the formation of homogenous crystals likely caused the reduction in the melting
temperature (T,,) (i.e., less energy is required to melt the PLA chains) of the PLA/HA composites (Table 1). It is
also important to note that the crystallinity degree was higher for the PLA/HA polymer composites than for neat
PLA (Table 1) suggesting that HA particles may have acted as a nucleating agent, thus supporting the increase
in the crystallinity, which could result in the improvement of the mechanical properties of composites**°. This
aspect is critical for bone replacement applications since the mismatch of the mechanical properties between the
bone tissue and the scaffolds could lead to implant failure.

TGA analysis of the 3D-printed scaffolds enabled the precise determination of the HA percentage in the com-
posites, and the influence of HA content on the degradation temperature of neat PLA and the thermal stability
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Tensile properties Compressive properties
Samples E; (MPa) oy (MPa) e (%) E. (MPa) o, (MPa)
PLA 96.2 (3.2)° 25.52 (1.1)* 0.07 (0.003)* 108.1 (1.6)° 42.06 (0.6)°
80:20S 117.7 (7.3)* 20.35 (3.1)% 0.06 (0.006)" 160.2 (6.7)* 61.67 (3.4)
75:25S 1214 (7.3)* 20.62 (1.9)¢ 0.05 (0.004)® 125.0 (6.2)® 49.40 (0.9)*

Table 2. Mechanical properties of 3D-printed scaffolds. E; tensile elastic modulus, o7 tensile strength, &
elongation at break, E, compression elastic modulus, o, compressive yield strength. Mean value (standard
error). Means in the same column bearing the same letter are not significantly different (p>0.05).

of the printed samples (Fig. S4). The temperature of the maximal degradation rate of the 3D-printed polymer
composites was 25-30 °C higher than that for neat PLA. This may be related to the carrier effect of HA toward
the polymer decomposition ablation products®. It is important to note that the degradation temperature for
all samples was significantly higher than the printing temperature. Thus, the polymer composites should not
undergo any degradation during the 3D-printing process. The inorganic content of the 3D-printed samples
corresponded to the expected HA contents indicating that the extrusion and 3D-printing process had no effect
on the amount of HA in the polymer composites.

Mechanical properties of 3D-printed composites scaffolds. Tensile and compression tests were car-
ried out to assess the mechanical strength and elastic modulus of the 3D-printed scaffolds (Table 2). Both, tensile
and compression elastic moduli, significantly increased with the presence of HA. As expected, in 3D-printed
composites the tensile elongation at break decreased as the elastic modulus increased in comparison to neat
PLA. The PLA/HA composites were found to have a slight difference in tensile strength compared to the neat
polymer. Moreover, the compressive yield strength of the composites also increased indicating that the PLA/HA
composites were more mechanically resistant than neat PLA. These results may be related to the increase of the
crystallinity of PLA/HA composites® (Table 1) and to the good dispersion of HA particles at the composites™.

Ideal bone substitutes should exhibit mechanical properties similar to those of the bone tissue that they
are intended to substitute®. It is worth noting that the measured compression elastic modulus of the PLA/HA
composites were comparable to the values reported for trabecular bone (129.07 +49.48 MPa)>*. We envisage
that further tuning of the properties of PLA/HA composite could lead to compression elastic moduli matching
those of the more compact cortical bone. Hence, this achievement overcome one of the main limiting factors
for real applications of 3D-printed composite scaffolds: the mismatch of elastic modulus with the surrounding
bone, which can lead to implant failure.

Porosity is a key factor for an efficient scaffold/tissue interaction, because cell infiltration, nutrient diffusion
and proper vascularization of the forming tissue are facilitated in porous scaffolds'®. Table S3 shows the porosity
values of the 3D-printed polymer composite scaffolds (Fig. S1D). Generally, it is expected that an increase of
the porosity leads to a decrease of the mechanical properties, due to the reduced number of support points and
the overall contact area between the layers of the 3D-printed scaffold, thus increasing the scaffold brittleness™.
The presence of HA increased the porosity of the 3D-printed scaffolds by a factor of 3, whereas the tensile
strength and elongation at break were only slightly reduced. However, the other mechanical parameters were not
decreased due to increased porosity. In contrast with previous studies®*~>%, we observed an increase of most of the
mechanical properties of the 3D composites and, at the same time, an increase of their porosity. Nevertheless,
after implantation, a higher porosity could improve the mechanical interlocking between the scaffold and the
surrounding biological tissue, providing greater mechanical stability of the of scaffold/bone tissue interface®.
Therefore, scaffolds with the highest porosity at the expense of a slightly reduced mechanical properties are to
be preferred as substitute of injured bone tissues, as in the case of the 3D-printed scaffold with 20% HA.

In vitro degradation. An ideal scaffold should be characterized by a balanced resorption rate such that
space for the newly forming bone tissue is created in a timely manner®. Therefore, we investigated the evolution
of mass loss, pH change, calcium and phosphate release from the 3D scaffolds over a period of 11-week (Fig. 1).

All scaffolds underwent an increasing mass loss over time, but each scaffold exhibited a specific behavior. For
the PLA/HA composite scaffolds, the degradation rate increased with increasing the HA content. Nevertheless,
the PLA/HA scaffolds exhibited higher degradation rates rather than neat PLA (Fig. 1A). The incorporation of
HA improved the hydrophilicity of the scaffold, resulting in an accelerated degradation process (For contact
angle images, Fig. S5). Also, the composite scaffolds exhibited increased porosity, which favors water absorption
and therefore increases the degradation rate. As the PLA/HA composite scaffolds, showed similar porosity, both
samples ascribes a superior degradation rate in comparison to neat PLA, but no changes were noticed among
the samples*>>°.

The PLA hydrolysis generates acidic products, mainly lactic acid, that decreases the solution pH, as observed
in Fig. 1B. The decrease in pH could accelerate the degradation in an autocatalytic way, as observed for the neat
PLA scaffold. The PLA/HA scaffolds also presented a decrease in pH over time, but the decreasing rate was slower
due to the HA neutralization effect. As the mass loss percentage was low for the 80:208, the acidification effect was
easily neutralized by the HA particles. The increased HA content in the 75:25S led to high mass loss percentage,
followed by the increase of PLA degradation, thus generating greater acidification. Nevertheless, the HA has also
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Figure 1. In vitro analysis of (A) mass loss, (B) pH change, (C) calcium and (D) phosphate release for
3D-printed scaffolds. Error bars indicate one standard deviation above and below the means.

a neutralizing effect at the solution pH. Low pH values (below 7.4) could negatively influence the bone tissue
development, whose cells are pH sensible*2. Thus, 20% HA content are ideal for the 3D-printed PLA/HA scaffolds,
due to the intermediate degradation rates that lead to adequate HA solubilization in the medium to neutralize
the excess of lactic acid. 20% HA contents also provide the required environment and elements for bone tissue
regeneration (Fig. 1C,D), in addition to the adequate mechanical properties and porosity for the scaffold.

3D-printed scaffolds do not activate dendritic cells. Dendritic cells (DC) are the most potent anti-
gen-presenting cells that activate T-cells and bridge innate and adaptive immunity. In light of future applications
of the PLA/HA scaffolds as bone replacements, it is important to test if scaffolds trigger an immune response. To
this end, we incubated DC with the scaffolds for 24 or 48 h at 37 °C. The choice of these incubation times was
dictated by the limited life span of DC®. Untreated cells (not exposed to scaffolds) were used as the control. We
found that the viability of DC was not affected by incubation with all 3D-printed scaffolds, indicating an excel-
lent biocompatibility of the scaffolds towards DC (Fig. S6).

Several biomaterials can induce immune reactions, despite their frequent use in clinical applications*. From
the perspective of using the 3D-printed scaffolds as bone substitutes, we aimed at evaluating the functional
status of DC based on two parameters, namely, the surface markers and cytokine expression levels. Immature
DC express very low levels of surface activation markers, such as CD 40, CD 80, CD 86, and MHC class II, and
do not have notable expression of cytokines, such as IL-6, IL-10, IL-12p40, RANTES, and IL-1f°". As shown in
Fig. 2, the expression levels of the selected surface markers showed no increase after 24 or 48 h of DC incubation
with all 3D-printed scaffolds, in comparison with untreated DC, indicating that PLA and PLA/HA scaffolds do
not activate DC. Treatment with LPS (a bacterial cell wall component) was used as reference for DC activation
and showed a robust increased of all surface markers.

Next, we investigated the impact of 3D-printed scaffolds on DC activation by analyzing gene expression
of cytokines by RT-qPCR analysis (Fig. 3). In these studies, LPS stimulation was also used as control for DC
activation. As for the analysis of surface markers above, the expression levels of the cytokines in DC incubated
with the scaffolds were the same as untreated cells (control). DC can be expected to be activated by exogenous
biomaterials due to their essential function to sense foreign materials. In fact, some authors have reported that
PLA can activate DC due to the PLA surface hydrophobicity®. Similarly, DC cultured in a medium with high
calcium content showed enhanced DC expression of MHC-II, CD 86 and IL-1f%. On the other hand, it has been
also demonstrated that the biomaterials-DC interactions are influenced by physical and chemical properties of
biomaterials, such as spatial structure, topography, and composition®. In this work, we show that the 3D-printed
scaffolds composed of neat PLA or PLA/HA, at different PLA/HA weight ratio, do not lead to upregulation of the
activation surface markers or inflammatory cytokines in DC. Thus, the unaffected DC state following interaction
with scaffolds supports the application of such 3D scaffold for bone tissue replacement applications.
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Figure 2. Surface markers expression of DC exposed to 3D-printed scaffolds for 24 (A) or 48 h (B). Results of
two independent experiments using three-well replicates for each repetition are shown. Lines set to 1 represent
the control (immature not activated DC). Ns no statistical difference; *p < 0.05. Please note that the statistical
analysis refers to the comparison with the control.

3D-printed scaffolds are well tolerated by MSC and promote MSC adhesion. The biocompat-
ibility of 3D-printed PLA and PLA/HA scaffolds toward human MSC was assessed by incubating MSC with
scaffolds under normal MSC growth condition for up to 21 days according to the ISO 10993-5:2009 protocol
(Fig. S7). In line with the excellent biocompatibility of the scaffolds toward DC, MSC viability was also unaf-
fected by PLA and PLA/HA scaffolds. This observation confirms that all 3D-printed scaffolds are not cytotoxic,
which is a fundamental property for tissue engineering applications®.

Osteogenic differentiation of MSC involves three main stages: (1) proliferation; (2) extracellular matrix (ECM)
synthesis and maturation; (3) ECM mineralization®. Each stage is characterized by specific markers, which allow
to follow the time course of the osteogenic differentiation.

Cell adhesion is a critical factor for cell proliferation on the scaffold surface®®. SEM analysis clearly show that
MSC efficiently adhere to the scaffold surface, and gradually change their cell morphology, from a spindle-like
shape with round nuclei at day 7 (Fig. 4, indicated by an arrow) to an elongated shape with an increased number
of cellular extensions after 14 and 21 days of culture. Accordingly, confocal microscopy imaging of MSC stained
with fluorescent phalloidin to visualize the actin cytoskeleton showed the tight juxtaposition of adjacent cells
that formed more than one cell layer at some locations along the scaffold surface (Fig. 5; for a three-dimensional
view, see Supplementary Video S1; for actin cytoskeleton organization at days 14 and 21, see Fig. S8).

3D-printed scaffolds promote osteogenic differentiation of MSC in the absence of osteogenic
stimuli. The second differentiation stage of MSC involves ECM synthesis, when cells exhibit the highest
alkaline phosphatase (ALP) activity. ALP contributes to the initiation of osteoblast mineralization, at the early
stages, catalyzing the hydrolysis of organic phosphate to inorganic phosphate, which is a key factor for mineral
deposition®®’. The effects of the 3D-printed scaffolds on ALP activity were evaluated after incubation of MSC
with the scaffolds for 7, 14 or 21 days under growth or osteogenic differentiation conditions (Fig. S9). MSC
incubated with the scaffolds under growth conditions showed ALP activity at day 14, increasing by twofold
(compared to control), and then ALP activity level decreased at a later time point (21 days), in accordance with
previous studies on in vitro development of osteoblastic phenotype?*.

Our observation clearly suggest that 3D scaffolds exert an osteogenic stimulus on MSC even in the absence
of classical soluble osteogenic factors. In contrast, in the presence of osteogenic medium, ALP activity peaked
at an earlier time point (day 7) and then decreased at later stages. Therefore, even under osteogenic culture
conditions, 3D PLA/HA scaffolds promoted higher ALP activity (approximately twofold increase compared to
control) than neat PLA scaffold. Several studies described the positive influence of HA or calcium phosphates
on ALP activity®®-72. Thus, under both culture conditions, PLA/HA scaffolds can promote the commitment of
MSC toward osteogenic differentiation.

ECM mineralization is considered a marker for the final stage of the osteogenic differentiation. During this
process, calcium deposits are formed and reach their maximum after 2-3 weeks of culture’”*. Following incuba-
tion of MSC on neat PLA and PLA/HA scaffolds in growth medium for 21 days, Alizarin red staining showed
a higher level of mineralization in MSC seeded on PLA/HA as compared to cells seeded on neat PLA scaffolds
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Figure 3. Quantification of cytokine expression in DC incubated with 3D scaffolds for 24 (A) or 48 h (B). Data
show the mean + SD of two independent RT-PCR measurements. All values were normalized to the expression
levels of GAPDH. Gene expression in control DC (cultured on tissue culture dishes) was set to one (dashed
lines). LPS-treated DC served as the positive controls. *p <0.05, ns non-significant. Please note that the statistical
analysis refers to the comparison with the control.
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14 days 7 days

21 days

Figure 4. SEM images showing the MSC adhesion on 3D-printed scaffolds after 7, 14 and 21 days of
incubation. The arrows point to adherent MSC. Scale bar (for all panels): 50 pm.

Figure 5. Representative confocal microscopy images of MSC growing on PLA 3D-printed scaffold surface

after 7 days of cultivation for (A) X-Y plane; (B) Y-Z plane; (C) X-Z plane. Cells were visualized with Alexa
647-conjugated phalloidin. The dashed line represents the surface of the scaffold. Direct imaging of PLA/HA
3D-printed scaffold was not possible due to their high intrinsic fluorescence.

(Fig. 6 and Fig. $10). Other studies also report that neat polymers, such as PCL’? and PLGA®, exhibited low or
similar mineralization levels as MSC seeded on plastic (control). The strong effect of the PLA/HA scaffolds on
the ECM mineralization could be explained by the dissolution of HA in calcium and phosphate ions, which play
essential roles in bone metabolism. Calcium is known to support cell adhesion, proliferation, differentiation, and
ECM mineralization, while phosphate regulates cell proliferation and stimulates the expression of key proteins
involved in the ECM mineralization process’”.

3D scaffolds promote the expression of osteogenic genes in MSC. Next, flow cytometry analy-
sis was performed to evaluate the expression of MSC surface markers during the osteogenic differentiation.
Although osteoblasts do not express specific cluster of differentiation (CD) proteins, CD10 surface marker is
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Figure 6. (A) Evaluation of osteogenic differentiation of MSC on 3D-printed PLA/HA scaffolds using
Alizarin Red staining. MSC were cultured on scaffolds for 21 days under growth conditions. Note the more
intense Alizarin Red staining in the lower panels. (B) Quantification of Alizarin Red staining after elution and
absorbance measurement at 405 nm. The line (set at 1) represents Alizarin Red staining level of control without
scaffold. Error bars show one standard deviation above the mean. Scale bar (for all panels): 500 um.

CD10 CD90 ) CD105

-
T

0

[

B 14days H 21days

0 0
PLA 80:20S 75:25S8 PLA 80:20S 75:25S8 PLA 80:20S 75:258

Figure 7. Flow cytometry analysis of CD10, CD105 and CD90 expression in MSC cultured on 3D-printed
scaffold for 14 or 21 days under growth conditions. Dashed lines indicate surface marker expression (set to 1) in
control cells cultured on tissue culture dishes. Error bars show one standard deviation above the mean.

commonly reported as up-regulated in osteoblasts”®. In MSC cultured for 14 or 21 days on the 3D-printed scaf-
folds under growth conditions the expression of CD10 increased over time, thus showing MSC differentiation
towards osteoblasts (Fig. 7). A similar finding on CD10 expression was observed under osteogenic condition
(Fig. S11). Another surface marker evaluated in this study was CD90, which is frequently considered as a refer-
ence marker for MSC. Interestingly, CD90 has also been described as a possible marker of osteoblastic differen-
tiation expressed during the proliferation phase’”’8. Under the growth conditions (MSC on scaffolds in growth
medium), CD90 expression clearly increased peaking after 21 days (Fig. 7). Thus, the concomitant increase in
CD 10 and CD90 expression clearly indicates that MSC are committed toward osteogenic differentiation. Finally,
the expression of the antigen CD105, a typical marker of MSC™%, was also analyzed. CD105 is a modulator of
cellular response upon stimulation with the growth factor TGF-B®!. Leyva-Leyva et al.** showed that MSC with
osteogenic differentiation potential express CD105 while simultaneously exhibiting effective mineral deposition.
Herein, a moderate increase of CD105 expression over time was observed. Thus, FACS analysis of surface mark-
ers corroborated the above results, indicating a unique effect of the PLA/HA composite scaffolds in inducing the
osteogenic differentiation of MSC in the absence of external osteogenic stimuli.

The differentiation of MSC into osteoblasts is characterized by the coordinated expression of key genes during
the various differentiation stages, from osteoprogenitor cells, through preosteoblasts, and finally into mature
bone-building cells®. Evaluating the expression of these genes is fundamental for better understanding the
impact of the 3D scaffolds on MSC osteogenic differentiation. In this study, the expression of BMP-2, runt related
gene-2 (RUNX-2), osteocalcin (OCN), and type I collagen (COL1A1) was investigated since they are known
to play a key role during osteoblast generation. Specifically, BMP-2 is a bone morphogenic protein belonging
to the TGF-p family, a growth factor essential for guiding MSC differentiation towards osteoblasts, through the
SMAD-signaling pathway®’. RUNX-2 is a key transcriptional factor for initiating the osteogenic differentiation.
Its expression is stimulated by BMP-2 and regulates the expression of major bone matrix genes (osteocalcin,
osteopontin, bone sialoprotein, ALP and others). Usually, RUNX-2 is initially expressed in preosteoblasts, and
it is further upregulated in immature osteoblasts. However, after the maturation of the cell, the RUNX-2 expres-
sion decreases®>*. COL1A1 gene is considered an early marker of osteoblast, which is upregulated during the
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Figure 8. Quantification of gene expression in MSC cultured on 3D scaffolds under growth conditions for

7,14 or 21 days (A-C, respectively). Data show the mean +SD of two independent RT-PCR measurements.

All values were normalized to GAPDH expression. Gene expression in control cells cultured on tissue culture
dishes without scaffolds was set to one (dashed lines). *p <0.05, ns non-significant. Please note that the statistical
analysis refers to the comparison with the control.

transformation of osteoprogenitor into preosteoblasts***. Finally, OCN is expressed in mature osteoblasts dur-
ing the late osteogenic differentiation stages. OCN is a calcium-binding protein intrinsic to the organic matrix

of bones®®.
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MSC on 3D-printed PLA/HA scaffold in growth medium showed an increase of BMP-2, RUNX-2, OCN and
COL1ALI expression compared to controls without scaffold (Fig. 8). The same kinetics of gene expression was
observed when MSC were exposed to osteogenic stimuli (Fig. S12).

BMP-2 expression was prominently upregulated after 7 days, with a fold change of 100-times compared to
control in growth medium. Over time, BMP-2 expression by 20-times, in accordance with the expected BMP-2
expression profile. Similar outcomes were observed for osteogenic medium. RUNX-2 had the peak of upregula-
tion at day 7 of culture in growth medium, and then expression decreased after 14 and 21 days. However, for the
osteogenic medium, the peak of RUNX-2 expression was found after 14 days of culture, followed by a decrease
after 21 days. The results obtained in growth medium suggest that the 3D-printed scaffolds may lead to an antici-
pation of the immature differentiation stages, in the absence of other osteogenic factors, such as dexamethasone,
ascorbic acid, and B-glycerophosphate. COL1A1 expression was essentially unchanged over time for both condi-
tions, even though the COL1AL1 expression was superior for 3D scaffolds than for the control in growth medium.
Nevertheless, small changes in gene expression during osteogenesis tend to be sufficient to drive phenotypic
changes on the cells*”. Finally, the expression of OCN enhanced over time, achieving the peak of expression at day
21 for both media, revealing that, under both conditions, the cells were able to reach the mature osteoblast stage.

It is interesting to note that, when comparing the effect of the different 3D scaffolds on the expression of
early-stage osteogenic genes, like RUNX-2, BMP-2 and COL1A1, or ALP activity, no significant difference in
gene expression was found. These observations suggest that the chemical composition of the scaffolds is likely
not the only feature that influences the initial stages of the osteogenic process. In this context, it is known
that microstructural, mechanical, and morphological properties play fundamental roles at the beginning of
osteogenesis®**8%, Therefore, neat PLA scaffolds support the adhesion and proliferation of MSC and the initial
formation of ECM, as indicated by the increase of ALP activity and high levels of RUNX-2, BMP-2 and COL1A1
expression. However, the expression of the late genes, like OCN, and ECM mineralization were not observed,
suggesting that this kind of scaffolds could likely act as osteoconductive scaffolds, providing a suitable substrate
for cellular activity®. On the other hand, the PLA/HA scaffolds not only supported adhesion, proliferation and
initial formation of ECM, but also promoted the expression of the late gene (OCN) and ECM mineralization in
growth medium after 21 days of culture. Collectively, our observations indicate that 3D-printed PLA/HA scaf-
folds efficiently support and promote the osteogenic differentiation of MSC also in the absence of any classical
osteogenic stimuli, thereby showing an excellent potential as bone replacements. These results are in line with
the observations that also PLGA-based scaffolds combined with ceramics, including HA, can support osteogenic
differentiation of MSC in the absence of classic soluble osteogenic stimuli?****2,

Conclusions

In this work, we developed bioactive 3D-printed PLA scaffolds containing high HA contents with potential
application as bone tissue replacements. All 3D-printed composite scaffolds exhibited mechanical properties
compatible with those of trabecular bone and additionally exhibited excellent biocompatibility towards DC and
MSC. To the best of our knowledge, this was the first report on the interaction of DC with 3D-printed PLA/HA
scaffolds and the immunological inertness of all composites toward these important immune cells. The PLA scaf-
folds with 20% HA showed adequate degradation rate and porosity and induced osteogenic differentiation, which
allowed for the formation of mineralized ECM of cells, even in absence of osteogenic stimuli. Under osteogenic
conditions, the PLA/HA scaffolds boosted the osteogenic response of MSC. Future studies should be aimed at
better understanding how 3D-printed PLA/HA scaffolds can induce osteogenic differentiation of human MSC
thus making them suitable as bone replacements for in vivo applications.

Received: 21 June 2021; Accepted: 7 January 2022
Published online: 11 February 2022

References
1. Turnbull, G. et al. 3D bioactive composite scaffolds for bone tissue engineering. Bioact. Mater. 3, 278-314 (2018).
2. Corcione, C. E., Gervaso, E, Madaghiele, M., Sannino, A. & Licciulli, A. Highly loaded hydroxyapatite microsphere/ PLA porous
scaffolds obtained by fused deposition modelling. Ceram. Int. 45, 2803-2810 (2019).
3. Nazeer, M. A. et al. 3D printed poly(lactic acid) scaffolds modified with chitosan and hydroxyapatite for bone repair applications.
Mater. Today Commun. 25, 101515 (2020).
4. Farokhi, M. et al. Importance of dual delivery systems for bone tissue engineering. J. Control. Release 225, 152-169 (2016).
5. Hassanajili, S., Karami-Pour, A., Oryan, A. & Talaei-Khozani, T. Preparation and characterization of PLA/PCL/HA composite
scaffolds using indirect 3D printing for bone tissue engineering. Mater. Sci. Eng. C 104, 109960 (2019).
6. Xiao, W,, Zaeem, M. A,, Li, G., Sonny Bal, B. & Rahaman, M. N. Tough and strong porous bioactive glass-PLA composites for
structural bone repair. J. Mater. Sci. 52, 9039-9054 (2017).
7. Khalid, Z., Ali, S. & Akram, M. A review on polyphosphazenes based materials for bone and skeleton. Tissue Eng. 4037, (2017).
8. Babilotte, J. et al. Development and characterization of a PLGA-HA composite material to fabricate 3D-printed scaffolds for bone
tissue engineering. Mater. Sci. Eng. C 118, 111334 (2021).
9. Revati, R. et al. In vitro degradation of a 3D porous Pennisetum purpureum/PLA biocomposite scaffold. J. Mech. Behav. Biomed.
Mater. 74, 383-391 (2017).
10. Zeng, S. et al. Surface biofunctionalization of three-dimensional porous poly(lactic acid) scaffold using chitosan/OGP coating for
bone tissue engineering. Mater. Sci. Eng. C77,92-101 (2017).
11. Ma, Z., Mao, Z. & Gao, C. Surface modification and property analysis of biomedical polymers used for tissue engineering. Coll.
Surf. B Biointerfaces 60, 137-157 (2007).
12. Alksne, M. et al. In vitro comparison of 3D printed polylactic acid/hydroxyapatite and polylactic acid/bioglass composite scaffolds:
Insights into materials for bone regeneration. J. Mech. Behav. Biomed. Mater. 104, 103641 (2020).

Scientific Reports |

(2022) 12:2333 | https://doi.org/10.1038/s41598-022-05207-w nature portfolio



www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ratnayake, J. T. B., Mucalo, M. & Dias, G. J. Substituted hydroxyapatites for bone regeneration: A review of current trends. J.
Biomed. Mater. Res. Part B Appl. Biomater. 105, 1285-1299 (2017).

Bernardo, M. P, Silva, Rodrigues, B. C. & Mattoso, L. H. C. Development of three-dimensional printing filaments based on poly
(lactic acid )/ hydroxyapatite composites with potential for tissue engineering. J. Compos. Mater. (2021). https://doi.org/10.1177/
0021998320988568.

Mondal, S. et al. Hydroxyapatite nano bioceramics optimized 3D printed poly lactic acid scaffold for bone tissue engineering
application. Ceram. Int. 46, 3443-3455 (2020).

Jeong, S. 1. et al. Nanofibrous poly(lactic acid)/hydroxyapatite composite scaffolds for guided tissue regeneration. Macromol. Biosci.
8,328-338 (2008).

Kim, H.-W,, Lee, H.-H. & Knowles, . C. Electrospinning biomedical nanocomposite fibers of hydroxyapaite/poly(lactic acid) for
bone regeneration. J. Biomed. Mater. Res. Part A 79, 643-649 (2006).

Zhang, L., Yang, G., Johnson, B. N. & Jia, X. Three-dimensional (3D) printed scaffold and material selection for bone repair. Acta
Biomater. 84, 16-33 (2019).

Rezwan, K., Chen, Q. Z., Blaker, J. ]. & Roberto, A. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 27, 3413-3431 (2006).

Chen, G., Chen, N. & Wang, Q. Fabrication and properties of poly(vinyl alcohol)/B-tricalcium phosphate composite scaffolds via
fused deposition modeling for bone tissue engineering. Compos. Sci. Technol. 172, 17-28 (2019).

Temple, J. P. et al. Engineering anatomically shaped vascularized bone grafts with hASCs and 3D-printed PCL scaffolds. J. Biomed.
Mater. Res. Part A 102, 4317-4325 (2014).

Chevallier, N. et al. Osteoblastic differentiation of human mesenchymal stem cells with platelet lysate. Biomaterials 31, 270-278
(2010).

Prasopthum, A., Cooper, M., Shakesheff, K. M. & Yang, J. Three-dimensional printed scaffolds with controlled micro-/nanoporous
surface topography direct chondrogenic and osteogenic differentiation of mesenchymal stem cells. ACS Appl. Mater. Interfaces 11,
18896-18906 (2019).

Kannan, S., Ghosh, J. & Dhara, S. Osteogenic differentiation potential and marker gene expression of different porcine bone marrow
mesenchymal stem cell subpopulations selected in different basal media. Biol. Open 1-43 (2020). https://doi.org/10.1101/2020.04.
27.063230.

Maxson, S. & Burg, K. J. L. Conditioned media cause increases in select osteogenic and adipogenic differentiation markers in
mesenchymal stem cell cultures. J. Tissue Eng. Regen. Med. 2, 147-154 (2008).

Shokouhi, B. et al. The role of multiple toll-like receptor signalling cascades on interactions between biomedical polymers and
dendritic cells. Biomaterials 31, 5759-5771 (2010).

Sechi, A. S. & Shokouhi, B. Dendritic cell-biomaterial interactions: Implications for the onset and development of the foreign body
response. Biomater. Assoc. Infect. Immunol. Aspects Antimicrob. Strat. 9781461410, 1-565 (2013).

Barbeck, M. et al. Analysis of the in vitro degradation and the in vivo tissue response to bi-layered 3D-printed scaffolds combining
PLA and biphasic PLA/bioglass components: Guidance of the inflammatory response as basis for osteochondral regeneration.
Bioact. Mater. 2,208-223 (2017).

Soheilmoghaddam, M., Padmanabhan, H. & Cooper-White, J. ]. Biomimetic cues from poly(lactic-: Co-glycolic acid)/hydroxyapa-
tite nano-fibrous scaffolds drive osteogenic commitment in human mesenchymal stem cells in the absence of osteogenic factor
supplements. Biomater. Sci. 8, 5677-5689 (2020).

Qi, P, Niu, Y. & Wang, B. MicroRNA-181a/b-1-encapsulated PEG/PLGA nanofibrous scaffold promotes osteogenesis of human
mesenchymal stem cells. J. Cell. Mol. Med. 25, 5744-5752 (2021).

Sankar, S., Sharma, C. S. & Rath, S. N. Enhanced osteodifferentiation of MSC spheroids on patterned electrospun fiber mats: An
advanced 3D double strategy for bone tissue regeneration. Mater. Sci. Eng. C 94, 703-712 (2019).

Zhang, B., Zhang, P., Wang, Z., Lyu, Z., & Wu, H. Tissue-engineered composite scaffold of poly(lactide-co-glycolide) and
hydroxyapatite nanoparticles seeded with autologous mesenchymal stem cells for bone regeneration. J. Zhejiang Univ. Sci. B 18,
963-976 (2017).

Leong, N. L., Jiang, J. & Lu, H. H. Polymer-ceramic composite scaffold induces osteogenic differentiation of human mesenchymal
stem cells. Annu. Int. Conf. IEEE Eng. Med. Biol. Proc. 15, 2651-2654 (2006).

Khojasteh, A. et al. Development of PLGA-coated B-TCP scaffolds containing VEGF for bone tissue engineering. Mater. Sci. Eng.
C 69, 780-788 (2016).

Han, S. H., Cha, M., Jin, Y. Z,, Lee, K. M. & Lee, J. H. BMP-2 and hMSC dual delivery onto 3D printed PLA-Biogel scaffold for
critical-size bone defect regeneration in rabbit tibia. Biomed. Mater. 16, 1 (2021).

Baudequin, T. et al. The osteogenic and tenogenic differentiation potential of C3H10T1/2 (mesenchymal stem cell model) cultured
on PCL/PLA electrospun scaffolds in the absence of specific differentiation medium. Materials (Basel). 10, 1-19 (2017).
Baptista, R. & Guedes, M. Morphological and mechanical characterization of 3D printed PLA scaffolds with controlled porosity
for trabecular bone tissue replacement. Mater. Sci. Eng. C 118, 111528 (2021).

Johari, B. et al. Osteoblast-seeded bioglass/gelatin nanocomposite: A promising bone substitute in critical-size calvarial defect
repair in rat. Int. J. Artif. Organs 39, 524-533 (2016).

Wang, X. H. et al. Preparation and characterization of a porous scaffold based on poly(D, L-lactide) and N-hydroxyapatite by phase
separation. J. Biomater. Sci. Polym. Ed. 22,1917-1929 (2011).

Akindoyo, J. O., Beg, M. D. H., Ghazali, S., Heim, H. P. & Feldmann, M. Impact modified PLA-hydroxyapatite composites: Thermo-
mechanical properties. Compos. Part A Appl. Sci. Manuf. 107, 326-333 (2018).

Gutiérrez Sanchez, M., Escobar Barrios, V. A., Guillén, A. P. & Escobar-Garcia, D. M. Influence of RGD peptide on morphology
and biocompatibility of 3D scaffolds based on PLA/hydroxyapatite. ChemistrySelect 4, 12656-12661 (2019).

Akindoyo, J. O. et al. Synergized poly(lactic acid)-hydroxyapatite composites: Biocompatibility study. J. Appl. Polym. Sci. 136,
1-10 (2019).

Koch, C. M. et al. Pluripotent stem cells escape from senescenceassociated DNA methylation changes. Genome Res. 23, 248-259
(2013).

Ahmadizadeh, R. V. N. M. V. N. M. Determination of protein concentration using bradford microplate protein quantification
assay. Int. Electron. J. Med. 4, 11-17 (2015).

Sabokbar, A., Millett, P. J., Myer, B. & Rushton, N. A rapid, quantitative assay for measuring alkaline phosphatase activity in
osteoblastic cells in vitro. Bone Miner. 27, 57-67 (1994).

Paschoalin, R. T. et al. Solution blow spinning fibres: New immunologically inert substrates for the analysis of cell adhesion and
motility. Acta Biomater. 51, 161-174 (2017).

Persson, M., Lorite, G. S., Cho, S., Tuukkanen, J. & Skrifvars, M. Melt spinning of poly(lactic acid) and hydroxyapatite composite
fibers: Influence of the filler content on the fiber properties. ACS Appl. Mater. Interfaces 5, 6864-6872 (2013).

Bandi, S. & Schiraldi, D. A. Glass transition behavior of clay aerogel/poly(vinyl alcohol) composites. Macromolecules 39, 6537-6545
(2006).

Esposito, C. et al. One-step solvent-free process for the fabrication of high loaded PLA / HA composite filament for 3D printing.
J. Therm. Anal. Calorim. 134, 575-582 (2018).

Scientific Reports |

(2022) 12:2333 | https://doi.org/10.1038/s41598-022-05207-w nature portfolio


https://doi.org/10.1177/0021998320988568
https://doi.org/10.1177/0021998320988568
https://doi.org/10.1101/2020.04.27.063230
https://doi.org/10.1101/2020.04.27.063230

www.nature.com/scientificreports/

50.

51.

52.

53.

54,

55.

56.
57.

58.

59.

60.

61

62.
63.
64.
65.
66.
67.

68.
. El-Habashy, S. E. et al. Hybrid bioactive hydroxyapatite/polycaprolactone nanoparticles for enhanced osteogenesis. Mater. Sci.

70.
71.
72.
73.
74.

75.

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

86.
87.

88.
89.

90.

Yan, D. et al. Study on the properties of PLA/PBAT composite modified by nanohydroxyapatite. J. Mater. Res. Technol. 9, 11895-
11904 (2020).

Zhao, X. et al. Effect of N, N'-diallyl-phenylphosphoricdiamide on ease of ignition, thermal decomposition behavior and mechani-
cal properties of poly (lactic acid). Polym. Degrad. Stab. 127, 2-10 (2016).

Chuan, D. et al. Stereocomplex poly(lactic acid)-based composite nanofiber membranes with highly dispersed hydroxyapatite for
potential bone tissue engineering. Compos. Sci. Technol. 192, 108107 (2020).

Ke, D. & Bose, S. Effects of pore distribution and chemistry on physical, mechanical, and biological properties of tricalcium
phosphate scaffolds by binder-jet 3D printing. Addit. Manuf. 22, 111-117 (2018).

Mathieu, L. M. et al. Architecture and properties of anisotropic polymer composite scaffolds for bone tissue engineering. Bioma-
terials 27, 905-916 (2006).

Esposito Corcione, C. et al. Highly loaded hydroxyapatite microsphere/ PLA porous scaffolds obtained by fused deposition model-
ling. Ceram. Int. 45, 2803-2810 (2019).

Song, Y. et al. Measurements of the mechanical response of unidirectional 3D-printed PLA. Mater. Des. 123, 154-164 (2017).
Chen, X. et al. 3D printed porous PLA/nHA composite scaffolds with enhanced osteogenesis and osteoconductivity in vivo for
bone regeneration. Biomed. Mater. 10, 2-14 (2019).

Moncal, K. K. et al. 3D printing of poly ( e -caprolactone )/ poly ( D, L-lactide-co-glycolide )/ hydroxyapatite composite constructs
for bone tissue engineering. 33, (2018).

Guerra, A. J. & De Ciurana, ]. Three-dimensional tubular printing of bioabsorbable stents: The effects process parameters have on
in vitro degradation: 3D Print. Addit. Manuf. 6, 50-56 (2019).

Granucci, F. & Zanoni, I. The dendritic cell life cycle. Cell Cycle 8, 3816-3821 (2009).

. Rollo, D. D., Mohammed, A., Rawlinson, A., Douglas-Moore, ]. & Beatty, ]. Enhanced recovery protocols in urological surgery: A

systematic review. Can. J. Urol. 22, 7817-7823 (2015).

Seong, S. & Matzinger, P. Hydrophobicity: An ancient damage- associated molecular pattern that initiates innate immune responses.
Nat. Rev. 4, 469-477 (2004).

Chan, G. & Mooney, D. J. Ca2+ released from calcium alginate gels can promote inflammatory responses in vitro and in vivo. Acta
Biomater. 9, 9281-9291 (2013).

Zhu, E, Tong, Y., Sheng, Z. & Yao, Y. Dendritic cells in the host response to biomaterials and the regulatory pathway. Acta Biomater.
1, 1-40 (2019).

Vimalraj, S., Arumugam, B., Miranda, P. J. & Selvamurugan, N. Runx2: Structure, function, and phosphorylation in osteoblast
differentiation. Int. J. Biol. Macromol. 78, 202-208 (2015).

Kazimierczak, P, Kolmas, J. & Przekora, A. Biological response to macroporous chitosan-agarose bone scaffolds comprising Mg-
and Zn-doped nano-hydroxyapatite. Int. J. Mol. Sci. 20, 1-20 (2019).

Gomes, P. S, Santos, J. D. & Fernandes, M. H. Cell-induced response by tetracyclines on human bone marrow colonized
hydroxyapatite and Bonelike®. Acta Biomater. 4, 630-637 (2008).

Lee, J. H. et al. Enhanced osteogenesis by reduced graphene oxide/hydroxyapatite nanocomposites. Sci. Rep. 5, 1-13 (2015).

Eng. C119, 111599 (2021).

Zhou, H., Chen, W.,, Weir, M. D. & Xu, H. H. K. Biofunctionalized calcium phosphate cement to enhance the attachment and oste-
odifferentiation of stem cells released from fast-degradable alginate-fibrin microbeads. Tissue Eng. Part A 18, 1583-1595 (2012).
Yang, J. et al. Osteodifferentiation of mesenchymal stem cells on chitosan/hydroxyapatite composite films. J. Biomed. Mater. Res.
Part A 102, 1202-1209 (2014).

Gerdes, S. et al. Process-structure-quality relationships of three-dimensional printed Poly(Caprolactone)-hydroxyapatite scaffolds.
Tissue Eng. Part A 26, 279-291 (2020).

Liang, H. et al. Gold nanoparticles-loaded hydroxyapatite composites guide osteogenic differentiation of human mesenchymal
stem cells through Wnt/B-catenin signaling pathway. Int. J. Nanomedicine 14, 6151-6163 (2019).

Puchtler, H., Meloan, S. N. & Terry, M. S. On the history and mechanism of alizarin and alizarin red S stains for calcium. J. Histo-
chem. Cytochem. 17, 110-124 (1969).

Kazimierczak, P., Benko, A., Nocun, M. & Przekora, A. Novel chitosan/agarose/hydroxyapatite nanocomposite scaffold for bone
tissue engineering applications: Comprehensive evaluation of biocompatibility and osteoinductivity with the use of osteoblasts
and mesenchymal stem cells. Int. . Nanomedicine 14, 6615-6630 (2019).

Ding, L. et al. CD10 expression identifies a subset of human perivascular progenitor cells with high proliferation and calcification
potentials. Stem Cells 38, 261-275 (2020).

Wiesmann, A., Bithring, H.-J., Mentrup, C. & Wiesmann, H.-P. Decreased CD90 expression in human mesenchymal stem cells
by applying mechanical stimulation. Head Face Med. 2, 1-6 (2006).

Chen, X. D,, Qian, H. Y., Neff, L., Satomura, K. & Horowitz, M. C. Thy-1 antigen expression by cells in the osteoblast lineage. J.
Bone Miner. Res. 14, 362-375 (1999).

Ciapetti, G., Granchi, D. & Baldini, N. The combined use of mesenchymal stromal cells and scaffolds for bone repair. Curr. Pharm.
Des. 18, 1796-1820 (2012).

Jager, M.,, Feser, T., Denck, H. & Krauspe, R. Proliferation and osteogenic differentiation of mesenchymal stem cells cultured onto
three different polymers in vitro. Ann. Biomed. Eng. 33, 1319-1332 (2005).

Kopczynska, E. & Makarewicz, R. Endoglin: A marker of vascular endothelial cell proliferation in cancer. Wspolczesna Onkol. 16,
68-71 (2012).

Leyva-Leyva, M. et al. Characterization of mesenchymal stem cell subpopulations from human amniotic membrane with dissimilar
osteoblastic potential. Stem Cells Dev. 22, 1275-1287 (2013).

Mori, H. et al. Dense carbon-nanotube coating scaffolds stimulate osteogenic differentiation of mesenchymal stem cells. PLoS
ONE 15, 1-15 (2020).

Przekora, A. The summary of the most important cell-biomaterial interactions that need to be considered during in vitro biocom-
patibility testing of bone scaffolds for tissue engineering applications. Mater. Sci. Eng. C 97, 1036-1051 (2019).

Kaneto, C. M. et al. COL1A1 and miR-29b show lower expression levels during osteoblast differentiation of bone marrow stromal
cells from Osteogenesis Imperfecta patients. BMC Med. Genet. 15, 1-5 (2014).

Hauschka, P. V. Osteocalcin: the vitamin K-dependent Ca2+-binding protein of bone matrix. Haemostasis 16, 258-272 (1986).
Jaidev, L. R. & Chatterjee, K. Surface functionalization of 3D printed polymer scaffolds to augment stem cell response. Mater. Des.
161, 44-54 (2019).

Sabree, I., Gough, J. E. & Derby, B. Mechanical properties of porous ceramic scaffolds: Influence of internal dimensions. Ceram.
Int. 41, 8425-8432 (2015).

Bharadwaz, A. & Jayasuriya, A. C. Recent trends in the application of widely used natural and synthetic polymer nanocomposites
in bone tissue regeneration. Mater. Sci. Eng. C 110, 110698 (2020).

Albrektsson, T. & Johansson, C. Osteoinduction, osteoconduction and osseointegration. Eur. Spine J. 10, $96-S101 (2001).

Scientific Reports |

(2022) 12:2333 | https://doi.org/10.1038/s41598-022-05207-w nature portfolio



www.nature.com/scientificreports/

Acknowledgements

The authors are thankful to Embrapa Instrumentation, Prof. Dr. Francys Moreira (DEMa-UFSCar) for the
provided facilities and Dr. Natalia Inada and Dr. Heloisa Ciol (IQ-USP- Sao Carlos) for the initial cytotoxicity
experiments and for financial support from FAPESP (grant n° 2018/07860-9 and n° 2019/23027-8), Agronano
network, CNPq and SISNANO/MCTI.

Author contributions

M.PB. and A.S. designed and led the study. M.P.B., B.C.R.S., A.ELH., M.AS.T, C.S., and S.R. performed experi-
ments. R.G., L.H.C.M. and M.Z. provided valuable reagents and support. L.H.C.M. and M.Z. provided funding.
M.P.B, B.CRS., A.ELH.,, M.AS.T,, C.S., and A.S. analysed the data. M.P.B. and A.S. wrote the manuscript. All
authors critically revised and approved the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This article was funded by Fundagdo de Amparo
a Pesquisa do Estado de Sao Paulo (Grant no. 2018/07860-9 and no. 2019/23027-8).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-05207-w.

Correspondence and requests for materials should be addressed to M.P.B. or A.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:2333 | https://doi.org/10.1038/s41598-022-05207-w nature portfolio


https://doi.org/10.1038/s41598-022-05207-w
https://doi.org/10.1038/s41598-022-05207-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	PLAHydroxyapatite scaffolds exhibit in vitro immunological inertness and promote robust osteogenic differentiation of human mesenchymal stem cells without osteogenic stimuli
	Materials and methods
	Materials. 
	Preparation of polylactic-based composite filaments. 
	Characterizations. 
	Mechanical tests. 
	Tests of degradation. 
	Generation and culture of dendritic cells. 
	Culture of human mesenchymal stem cells (MSC). 
	In vitro biocompatibility. 
	FACS analysis. 
	RNA isolation and RT-PCR. 
	MSC differentiation on scaffolds. 
	Confocal and scanning electron microscopy. 
	Statistical analysis. 

	Results and discussion
	Characterization of PLA-HA filaments and 3D-printed scaffolds. 
	Mechanical properties of 3D-printed composites scaffolds. 
	In vitro degradation. 
	3D-printed scaffolds do not activate dendritic cells. 
	3D-printed scaffolds are well tolerated by MSC and promote MSC adhesion. 
	3D-printed scaffolds promote osteogenic differentiation of MSC in the absence of osteogenic stimuli. 
	3D scaffolds promote the expression of osteogenic genes in MSC. 

	Conclusions
	References
	Acknowledgements


