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Abstract 

Critical-sized bone defects remain a major therapeutic challenge. Among additive 

manufacturing approaches, fused filament fabrication provides a scalable alternative to 

autografting by enabling the production of patient-specific scaffolds with integrated bioactive 

functionality. Given the osteogenic and immunomodulatory properties of dexamethasone 

(DEXA), this study aimed to develop a 3D-printable DEXA-loaded polylactic acid (PLA) 

composite filament for controlled local drug delivery and to assess its osteogenic and 

immunomodulatory effects in vitro. DEXA–PLA composite filaments (0.1% and 1% w/w) were 

fabricated by melt extrusion. Thermal, chemical, surface, and mechanical characterization were 

performed using thermogravimetric analysis, differential scanning calorimetry, dynamic 

mechanical analysis, Fourier-transform infrared spectroscopy, contact angle, and three-point 

bending tests. DEXA release over 28 days was quantified by ELISA. Human mesenchymal 

stromal cells (MSCs) or THP-1–derived macrophages (TDM) were cultured in indirect contact 

with PLA or DEXA–PLA (0.1% or 1%) test specimens or treated with soluble DEXA as positive 

control. Osteogenic and immunomodulatory effects were assessed by metabolic activity 

(resazurin assay), gene expression (RT-qPCR), extracellular matrix (ECM) mineralization 

(Alizarin Red quantification), and cytokine secretion (Cytometric Bead Array). Statistical 

analysis was performed using two-way ANOVA followed by Tukey’s multiple comparisons 

test, and Kruskal–Wallis/Dunn (n = 4; α = 0.05). Thermal, chemical, surface, and mechanical 

properties of CF are largely preserved after DEXA incorporation. Both formulations exhibited 

distinct, concentration-dependent release kinetics. While the 0.1% DEXA–PLA showed a 

transient increase in DEXA concentration up to 72 h followed by decline, the 1% DEXA–PLA 

established a sustained plateau (~143 ng of DEXA per g of test specimen) over 28 days. Neither 

composite affected MSC metabolic activity. After 14 days, the 1% DEXA–PLA significantly 

enhanced ALPL expression and ECM mineralization compared with the 0.1% DEXA–PLA and 

PLA, reaching levels comparable to osteogenic differentiation medium (10 nM DEXA). In 

macrophages, the 1% DEXA–PLA selectively reduced in M1 cells metabolic activity, IL1B 

expression and secretion of IL-1β, IL-6, and TNF-α, while upregulating CD163 and PPARG. 

The FFF-compatible 1% DEXA–PLA CF retains physicochemical integrity after DEXA 

incorporation and enables sustained local DEXA delivery within a biologically active 

concentration range, achieving dual osteogenic and immunomodulatory effects, as evidenced 

by attenuated M1 macrophage activation. These findings demonstrate the feasibility of 

integrating DEXA into a controlled drug release system for bone tissue engineering 

applications. 

Keywords: Additive manufacturing; 3D printing; Dexamethasone; Bone tissue engineering 
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1. Introduction 

Critical-sized bone defects remain a major clinical challenge, and current gold-standard 

treatments such as autologous bone grafting are limited by material availability and donor-site 

morbidity (reviewed in [1,2]). Bone tissue engineering (BTE) has emerged as a promising 

strategy to overcome these limitations, through engineered scaffolds (reviewed in [3]). However, 

clinical translation remains limited, particularly due to challenges related to scalability, cost-

effectiveness, standardization and patient-specific adaptability [4].  

Additive manufacturing, particularly fused filament fabrication (FFF), has emerged as a 

powerful approach to produce patient-specific scaffolds with controlled architecture and 

mechanical properties in a reproducible and cost-efficient manner (reviewed in [5,6]). Beyond 

structural design, current developments increasingly focus on imparting biological functionality 

to additively manufactured scaffolds to actively regulate the cellular environment at the defect 

site [7]. In this context, the incorporation of bioactive molecules directly into printable polymer 

matrices enables localized and sustained delivery without additional complex post-processing 

steps [8]. 

Among thermoplastic polymers suitable for FFF, polylactic acid (PLA) is widely used due to 

its biocompatibility, biodegradability, low toxicity, and established processability [9,10]. 

Importantly, PLA can also serve as a carrier for bioactive compounds, enabling the fabrication 

of drug-loaded composite filaments for additive manufacturing applications (reviewed in [11]). 

Dexamethasone (DEXA) is a synthetic glucocorticoid (GC) known to promote osteogenic 

differentiation of mesenchymal stromal cells (MSCs) and modulate inflammatory responses 

during tissue repair [12,13]. However, prolonged or systemic exposure to high DEXA 

concentrations is associated with adverse side effects, emphasizing the need for localized and 

controlled delivery strategies [14-17]. 

Several studies have reported the incorporation of bioactive agents into thermoplastic polymers 

suitable for additive manufacturing in the context of BTE, including inorganic materials such 

as bioglass, biological factors such as bone morphogenetic proteins, and pharmaceuticals 

including statins or antibiotics (e.g., vancomycin and rifampicin) [18-24]. DEXA has likewise 

been incorporated into composite filaments and additively manufactured constructs using 

various material systems and fabrication strategies [8,25-27]. However, studies investigating 

DEXA-loaded PLA composite filaments produced directly by melt extrusion remain limited.  

We hypothesized that DEXA could be successfully incorporated into a PLA matrix by melt 

extrusion and subsequently processed by FFF without substantial loss of bioactivity, resulting 

in constructs that retain osteogenic and immunomodulatory properties. 



 

4 

 

In this study, we developed a PLA-based, DEXA-loaded composite filament compatible with 

FFF to enable controlled local drug release from printed constructs. We systematically 

investigated the physicochemical properties and release kinetics of two DEXA loadings (0.1% 

and 1%) and evaluated their biological effects on the OD of human MSCs and the polarization 

of macrophages derived from the immortalized THP-1 cell line. By integrating a scalable 

fabrication strategy with dual osteogenic and immunomodulatory functionality, this work aims 

to advance the development of bioinstructive additively manufactured constructs for BTE 

applications. 

2. Materials and methods 

2.1. Fabrication of DEXA-loaded PLA composite filaments 

DEXA-loaded PLA (DEXA–PLA) composite filaments (1.75 mm target diameter) were 

fabricated by melt extrusion using PLA Ingeo Biopolymer PLA 4043D (Natureworks, 

Plymouth, MN, USA) as the polymer matrix (Figure 1A). PLA granules (nominal size 1–3 mm, 

molecular weight 110,000–143,700 g/mol) [28,29] were ground to a particle size of 0.25–1 mm 

using a shredder (QITech Industries GmbH, Darmstadt, Germany) and subsequently dried at 

40°C for 24 h to reduce residual moisture prior to processing.  

To promote homogeneous drug distribution and prevent segregation during feeding and 

extrusion, a silicone-assisted pre-coating step was applied as previously described [30]. Briefly, 

shredded PLA granules were transferred into a 50 mL conical tube and coated with three drops 

of silicone oil (~60–90 mg per 10 g PLA; J. Harhaus, Radevormwald, Germany). The granules 

were vortexed for 1 min and then transferred into a fresh tube to avoid wall-retained residues 

and ensure clean blending conditions. 

Under continuous vortexing, dexamethasone phosphate disodium salt powder (AdipoGen, 

Füllinsdorf, Switzerland) was incrementally added to the pre-coated PLA until the target 

concentrations of 0.1% or 1% (w/w) were reached. Drug-free PLA control filaments underwent 

the identical silicone pre-coating and vortexing procedure to ensure comparable processing 

conditions. Dexamethasone phosphate disodium salt is a highly water-soluble glucocorticoid 

prodrug that exhibit a melting point between 233–240 °C with decomposition onset ≥233 °C. 

This thermal behavior is compatible with our melt-extrusion processing conditions for PLA 

(176–189 °C), providing a 44–64 °C safety margin below decomposition and supporting its 

incorporation into thermoplastic filaments for fused filament fabrication [31]. 

The resulting PLA and DEXA–PLA mixtures were melt-extruded (Figure 1B) using a modified 

single-screw filament extruder (Maker one composer, 3devo, Utrecht, The Netherlands) at a 
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screw speed of 5.6 rpm with starve-fed granulate addition. The extrusion temperature profile 

was set to 176–184–189–175°C, and the cooling fan was operated at 65%. These parameters 

were selected to provide sufficient shear for homogeneous composite formation while avoiding 

excessive melt pressure. 

To ensure continuous material flow during extrusion and to reliably process the low batch size 

(10 g), 100 mg of black filament was added at the end of each batch. The appearance of this 

marker material at the extruder nozzle indicated completion of the filament and ensured 

consistent filler dosing. Filament diameter was monitored throughout the process, targeting 1.75 

± 0.5 mm. All formulations (PLA, 0.1% DEXA–PLA, and 1% DEXA–PLA) yielded 

dimensionally stable filaments suitable for FFF (Figure 1C). 

2.2. Digital microscopic analysis of filament appearance and surface integrity 

Images of PLA and DEXA–PLA composite filaments were acquired using a Keyence digital 

microscope (VHX-X1) equipped with a standard objective (VH-Z20) at 100× magnification 

with brightfield (epi-illumination) and darkfield (ring illumination) (Keyence, Osaka, Japan). 

2.3. Thermal and thermomechanical characterization of DEXA-loaded PLA composites 

2.3.1. Sample preparation  

For thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), filament 

specimens with masses between 15 and 18 mg were analyzed. For dynamic mechanical analysis 

(DMA), the filament samples were cut to a length of 15 mm. The filament diameter was 

determined to be 1.7 mm using a micrometer (Mitutoyo 293-821, Tokyo, Japan) with a 

resolution of 0.001 mm. Depending on the analysis, samples were placed in either open Al₂O₃ 

crucibles (TGA) or 25 µL aluminum crucibles with pierced lids (DSC). Sample masses were 

determined using either the instrument’s internal balance (TGA) or a Mettler Toledo XS205DU 

balance (Uster, Switzerland). Each measurement was performed in duplicate, and all raw data 

were processed using OriginPro 2025b (OriginLab Corporation, Northampton, MA, USA). 

2.3.2. Thermogravimetric analysis  

To determine the thermal stability of the filament samples, a NETZSCH TGA 209 F1 Iris (Selb, 

Germany) was used. Measurements were conducted under N2 atmosphere (20 mL/min) by 

heating the samples from 25 °C to 900 °C at 10 K/min. The onset temperatures (Tonset) were 

determined using the tangent method according to DIN EN ISO 11358-1:2022-07 [32].  
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2.3.3. Differential scanning calorimetry 

The non-isothermal experiments were carried out using a NETZSCH DSC 204 F1 Phoenix, 

(Selb, Germany). The heat flow versus temperature curves were measured in a temperature 

range of -20 °C to 220 °C under N2 atmosphere (20 mL/min) at a heating rate of 10 K/min. 

Two heating runs were carried out. After the first heating cycle, the samples were cooled to −20 

°C at 10 K/min and subsequently reheated under identical conditions. The glass transition 

temperature (Tg), the enthalpies of crystallization (Hc) and melting (Hm), and the melting 

temperature (Tm) were determined in accordance with DIN EN ISO 11357 [33]. 

2.3.4. Dynamic mechanical analysis  

The measurements were performed from 25 °C to 90 °C at a constant heating rate of 3 K/min 

with a NETZSCH DMA 242C (Selb, Germany). The DMA measurement length was 10 mm. 

The determination of the storage modulus E' and the loss factor tan(δ) was performed in tensile 

mode at a measurement frequency of 1 Hz and an amplitude of 30 µm. The Tg and the Tonset 

were calculated in accordance with DIN EN ISO 6721-1:2019-09 [34]. 

2.4. Structural and chemical characterization of DEXA-loaded PLA composites 

2.4.1. Fourier-transform infrared spectroscopy 

The chemical structure of PLA and DEXA-loaded PLA filaments was analyzed using Fourier-

transform infrared spectroscopy (FTIR) in attenuated total reflection (ATR) mode. FTIR spectra 

were acquired using a Thermo Scientific Nicolet iS20 spectrometer equipped with a diamond 

ATR crystal and a DTGS KBr detector (Karlsruhe, Germany). A background spectrum was 

recorded prior to the measurements and automatically subtracted from the sample spectra. An 

atmospheric correction was also performed. Each sample was measured in triplicate with 16 

scans each. The gain factor was set to 1 (no signal amplification). A data resolution of 0.48 cm⁻¹ 

was achieved through zero-filling. Spectra were processed in Python using baseline correction 

with the asls algorithm (pybaselines), followed by normalization to the integrated CH₃ band 

(1480–1430 cm⁻¹) and graphical visualization [35-37]. Graphs were generated using the 

matplotlib library [38]. 

2.4.2. Thermal aging of DEXA-loaded PLA composites 

Aging experiments were conducted on PLA and DEXA-loaded PLA filaments using a Thermo 

Scientific Heratherm convection oven (Cleveland, OH, USA) at 150 °C for 48 h prior to FTIR 

analysis to assess their thermal aging stability and potential susceptibility to thermo-oxidative 

changes under ambient air conditions. 
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2.5. Surface wettability assessment of test specimens made of DEXA-loaded PLA 

composites 

The surface wettability of 3D-printed disc-shaped test specimens (TS, 5 mm diameter × 0.8 mm 

height) made of PLA or DEXA-loaded PLA filaments was evaluated by static water contact 

angle measurements using the principle of the sessile drop method. Measurements were 

performed with a Keyence digital microscope (VHX-X1) equipped with a standard objective 

(VH-Z20) and a free-angle observation system (VHX-S750E) enabling side-view imaging 

(Keyence, Osaka, Japan). Distilled water droplets (8 µL) were deposited onto the specimen 

surface using a micropipette. Images were acquired 10 s after droplet deposition under ambient 

conditions (23 ± 2 °C, 50 ± 10% relative humidity). Contact angles were determined using the 

manual angle measurement tool of the VHX-X1 software (v3.2.22.472). The angle between the 

specimen surface baseline and the tangent to the droplet profile at the three-phase contact point 

was measured on both sides of the droplet and averaged. Ten measurements were performed at 

different, previously unused locations on each specimen to account for surface heterogeneity 

associated with the layer-by-layer manufacturing process. 

2.6. Mechanical performance of test specimens made of DEXA-loaded PLA composites 

The flexural properties of 3D-printed rectangular specimens (50 mm × 6 mm × 1 mm height) 

made of PLA or DEXA-loaded PLA filaments, in accordance with DIN EN ISO 178, were 

determined using a destructive three-point bending test on a table-top testing machine 

(Zwick/Roell ZwickiLine 5.0, Zwick-Roell, Ulm, Germany) [39]. Specimens were conditioned 

at room temperature and then placed on two bars, spaced 16 mm apart and tested by loading at 

the midpoint using a plunger speed of 2 mm/min until failure. Load and displacement were 

recorded continuously, and flexural modulus and maximum load were calculated from the 

resulting load–displacement curves using TestXpert II software (version 3.3, Zwick-Roell, Ulm, 

Germany) [30]. 

2.7. 3D printing of test specimens for in vitro studies 

Disc-shaped TS (5 mm diameter × 0.8 mm height; surface area ≈ 52 mm²; mass ≈ 25 mg; layer 

height 0.2 mm; total layers 4; Figure 1D) were produced by FFF using a modified cartesian 

direct-drive extruder 3d-printer (Ender-2,  Creality, Shenzhen, China) inside a S2020 Class II 

safety cabinet (Thermo Scientific, Langenseldbold, Germany) to maintain sterility (Figure 1E). 

Printing parameters included a 0.4 mm nozzle diameter, 10 mm/s speed, 185°C nozzle 

temperature, and 25°C build plate temperature [24]. 
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Figure 1. Fabrication of DEXA-loaded PLA (DEXA–PLA) composite filaments, 3D printing 

of test specimens (TS), and experimental design. (A) DEXA–PLA feedstock preparation. (B) 

Filament fabrication by melt extrusion. (C) Extruded PLA and DEXA–PLA composite 
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filaments. (D) Representative disc-shaped TS (5 mm diameter × 0.8 mm height; surface area ≈ 

52 mm²; mass ≈ 25 mg; layer height 0.2 mm; total layers 4) utilized for in vitro assays. (E) 

Sterile TS fabrication using FFF. (F) Representative digital microscopic images showing the 

surface morphology and transparency of PLA and DEXA–PLA composite filaments under 

brightfield (top) and darkfield (bottom) illumination. Scale bar = 500 µm. (G) Experimental 

timeline for osteogenic differentiation (OD) of mesenchymal stromal cells (MSCs). (H) 

Schematic representation of the cell culture system for treatment with PLA or DEXA–PLA 

composite filaments. (I) Experimental timeline for priming and polarization of THP-1–derived 

macrophages (TDM). Phorbol 12-myristate 13-acetate (PMA), lipopolysaccharide (LPS), 

interferon‐gamma (IFN-γ), interleukin 4 (IL-4), interleukin 13 (IL-13). 

2.8. DEXA release from DEXA-loaded PLA composite filaments 

2.8.1. DEXA concentration profile over time 

DEXA appearance profile was assessed using disc-shaped TS fabricated from PLA, 0.1% 

DEXA–PLA, and 1% DEXA–PLA composite filaments, as described above. Individual 

specimens were placed into single wells of a 96-well plate and incubated at 37°C with 100 µL 

of Ca²⁺/Mg²⁺-free PBS (Gibco, Paisley, UK) which allows drug diffusion avoiding the presence 

of proteins. Concentration was evaluated at 1 h, 3 h, 6 h, 24 h, 72 h, 7 d, and 28 d, using separate 

specimens for each sampling interval. At each time point, PBS was collected from individual 

wells and stored at −80°C until analysis. 

2.8.2. DEXA quantification by ELISA 

DEXA concentrations in the collected samples were quantified using a competitive ELISA 

specific for DEXA (Cusabio, Houston, TX, USA) according to the manufacturer’s instructions. 

Absorbance was measured at 450 nm using a microplate reader.  

2.9. Effect of DEXA-loaded PLA composite filaments on osteogenic differentiation of 

MSCs  

2.9.1. Cell culture of pooled MSCs  

A human MSC pool was generated from residual bone marrow samples from five healthy 

donors. Ethical approval for the use of these samples for research purposes was granted by the 

Ethics Committee of the Department of Medicine, Goethe University Frankfurt (approval 

number 329/10). All donors provided written informed consent prior to sample collection. 

MSCs were isolated by plastic adherence, expanded for 14 days in T175 cell culture flasks 

(Sarstedt, Nümbrecht, Germany), and cryopreserved in small aliquots (1 × 10⁶ cells in 1 mL of 
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cryopreservation medium consisting of 25% human serum from human male AB plasma and 

10% DMSO (Sigma-Aldrich, St. Louis, MO, USA) in GlutaMAX™ DMEM low glucose 

(Gibco, Thermo Fisher Scientific, Dreieich, Germany)). The isolated MSCs exhibited a typical 

MSC phenotype (CD73⁺, CD90⁺, CD105⁺, CD45⁻, CD34⁻) and demonstrated trilineage 

differentiation potential [24]. 

For subculture, 3.5 × 10⁵ MSCs were seeded into T175 cell culture flasks (Sarstedt, Nümbrecht, 

Germany) and maintained in 25 mL of animal component-free growth medium (GM) consisting 

of 5% heparin-free PLTGold® human platelet lysate (Merck KGaA, Darmstadt, Germany) in 

GlutaMAX™ DMEM low glucose (Gibco, Thermo Fisher Scientific, Dreieich, Germany). 

Cultures were maintained at 37°C in a humidified atmosphere containing 5% CO₂ and 21% O₂. 

The culture medium was replaced every 3–4 days, and cells were expanded until 80% 

confluence, detached with 3.5 mL of 0.05 % Trypsin-EDTA (Gibco, Thermo Fisher Scientific, 

Dreieich, Germany), and passaged until use in subsequent experiments. 

2.9.2. Osteogenic differentiation treatment of MSCs 

Cells at passage 6 were seeded into 24-well plates at a density of 1 × 10⁴ cells per well and 

cultured for 24 h in 1 mL of GM to allow cell adhesion. Cells were then assigned to one of the 

seven experimental conditions (Table 1) and treated for one or two weeks (Figure 1G). DEXA-

free OD medium consisted of GM supplemented with 10 mM β-glycerophosphate disodium 

salt hydrate and 50 µM ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), and 

DEXA-containing OD medium (positive controls) consisted of OD medium supplemented with 

10 nM or 100 nM DEXA (Sigma-Aldrich, St. Louis, MO, USA) to probe dose-dependent 

osteogenic responses across a commonly used in vitro concentration range (reviewed in [40]). 

To evaluate the effects of DEXA–PLA composite filaments, cells were cultured in 1 mL of DF-

ODM and TS were placed in contact with the culture medium using 6.5-mm Transwell® 

membrane inserts for 24-well plates (3 µm pore size, polycarbonate; Corning, Wiesbaden, 

Germany) (Figure 1H). After 7 or 14 days of culture, metabolic activity (MA) was assessed 

using the resazurin reduction assay while OD was assessed by Alizarin Red S staining and 

quantification, as well as by gene expression analysis of osteogenic markers. 

Table 1. Experimental groups used to assess the effects of DEXA–PLA composite filaments on 

osteogenic differentiation of MSCs 

Group Composite filament DF-ODM Soluble DEXA 

Negative control – – – 

DF-ODM – + – 
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ODM (10 nM DEXA) – + + 

ODM (100 nM DEXA) – + + 

DF-ODM + PLA PLA + – 

DF-ODM + 0.1% DEXA–PLA 0.1% DEXA–PLA + – 

DF-ODM + 1% DEXA–PLA 1% DEXA–PLA + – 

DEXA, dexamethasone; PLA, polylactic acid; DF, DEXA-free; ODM, osteogenic 

differentiation medium. 

2.9.3. Alizarin red S staining 

To evaluate extracellular matrix mineralization by MSCs, cell layers were fixed with 0.5 mL 

per well of 4% (v/v) formaldehyde (Roti-Histofix 4%, Carl Roth, Karlsruhe, Germany), rinsed 

twice with 1 mL per well of distilled water and stained with 0.5 mL per well of alizarin red 

(AR) S monosodium salt (40 mM, pH 4.1–4.3; Sigma-Aldrich, Merck KGaA, Darmstadt, 

Germany) for 20 min. Excess dye was removed by thorough washing with distilled water. After 

removal of residual water, stained cell monolayers were visualized by phase-contrast 

microscopy using an inverted microscope (BZ-X810, Keyence, Osaka, Japan) and stored at 

−20°C until further processing. 

2.9.4. Spectrophotometric quantification of alizarin red S staining 

Frozen plates were thawed at room temperature, and 200 µL of 10% (v/v) acetic acid (JT Baker, 

Deventer, Holland) was added to each well, followed by incubation for 20 min at room 

temperature with gentle agitation (100 rpm). The resulting cell lysate was collected using a 

pipette tip and completely transferred to microcentrifuge tubes. Samples were heated to 85°C 

for 10 min, subsequently cooled on ice for 5 min, and then centrifuged at 16,000 × g for 15 min. 

The supernatant was transferred to fresh microcentrifuge tubes and neutralized by the addition 

of 75 µL of 10% (v/v) ammonium hydroxide (Fluka Chemie, Steinheim, Germany), followed 

by brief vortexing. Subsequently, 50 µL of each sample was transferred in duplicate to a 96-

well plate. A blank consisting of 200 µL of 10% acetic acid mixed with 75 µL of 10% 

ammonium hydroxide was included. Absorbance was measured at 405 nm using a 

spectrophotometer (Infinite 200 Pro, Tecan, Grödig, Austria). 
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2.10. Effect of DEXA-loaded PLA composite filaments on polarization of THP-1–derived 

macrophages 

2.10.1. Cell culture of THP-1 cells 

THP-1 human monocytic cells (TIB-202) were obtained from the European Collection of 

Authenticated Cell Cultures (ECACC) and used as received. The cells were cultured in T75 cell 

culture flasks (Sarstedt, Nümbrecht, Germany) positioned vertically and containing 21 mL of 

macrophage GM consisting of 10% fetal bovine serum (Gibco, Paisley, UK), 100 U/mL 

penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) in RPMI 1640 

medium with L-glutamine (Gibco, Paisley, UK). Cultures were maintained at 37°C in a 

humidified atmosphere containing 5% CO2. Approximately half of the medium volume was 

replaced with fresh GM every 3-4 days.  

2.10.2. THP-1 cell priming and polarization 

For differentiation into macrophage-like cells, 3.5 × 105 THP-1 cells suspended in 1 mL of 

macrophage GM were seeded per well in 24-well cell+ plates (Sarstedt, Nümbrecht, Germany) 

and incubated for 24 h in the presence of 5 ng/mL phorbol 12-myristate 13-acetate (PMA, 

Sigma-Aldrich, Taufkirchen, Germany). This PMA concentration has been reported to induce 

stable macrophage differentiation without excessive gene upregulation [41]. Following priming, 

the culture medium and non-adherent cells were completely removed, and adherent cells were 

washed twice with 1 mL of sterile Ca²⁺/Mg²⁺-free PBS. Fresh macrophage GM (1 mL per well) 

was then added, and cells were allowed to rest for 24 h. Subsequently, macrophage polarization 

was induced for 72 h (Figure 1I). 

M1 polarization was achieved by supplementing macrophage GM with 20 ng/mL interferon‐

gamma (IFN-γ, R&D Systems, Minneapolis, MN, USA) and 100 ng/mL lipopolysaccharide 

(LPS, Sigma-Aldrich, Taufkirchen, Germany), whereas M2 polarization was induced using 20 

ng/mL interleukin 4 (IL-4) and 20 ng/mL interleukin 13 (IL-13) (both from R&D Systems, 

Minneapolis, MN, USA). Cells assigned to the M0 control and experimental groups were 

cultured in macrophage GM without polarizing agents for the same duration [42]. During the 72-

h polarization period, cells were exposed to one of the following treatments: negative control, 

1 µM DEXA, PLA, 0.1% DEXA–PLA, or 1% DEXA–PLA. As it was made with MSCs, printed 

TS were placed in contact with the culture medium using 6.5-mm Transwell® membrane inserts 

for 24-well plates (Figure 1H). Based on the DEXA doses reported by others [43], 1 µM DEXA 

as a pharmacological positive control was selected to ensure a clearly detectable shift in 

macrophage inflammatory readouts. The aim was not to mimic physiological concentrations 
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but to validate assay responsiveness and define an upper benchmark for comparison with 

material-mediated delivery.  

On experimental day 5, cell culture supernatants were collected, cleared by centrifugation (300× 

g, 5 min), and stored at −80 ◦C for the subsequent cytokine analysis. Adherent cells were washed 

twice with 1 mL of Ca²⁺/Mg²⁺-free PBS to remove residual non-adherent cells. Cell metabolic 

activity and gene expression analyses were subsequently performed on the adherent cell 

population. 

2.11. Cell metabolic activity 

Cell metabolic activity was assessed using the resazurin-based AlamarBlue assay (Bio-Rad, 

Hercules, CA, USA), which measures the reduction of resazurin to resorufin by metabolically 

active cells. At the indicated time points, culture medium was aspirated and cells were washed 

twice with 1 mL of sterile Ca²⁺/Mg²⁺-free PBS. Fresh macrophage GM containing AlamarBlue 

reagent (10% v/v) was then added to each well. Wells containing macrophage GM and 

AlamarBlue reagent (10% v/v) without cells served as blanks. Cells were incubated with the 

reagent for 4 h at 37 °C in a humidified atmosphere with 5% CO₂. Absorbance of the 

conditioned medium was measured at 570 nm and 600 nm using a multimode plate reader 

(Infinite 200 Pro, Tecan, Grödig, Austria). Resazurin reduction was calculated as previously 

described according to the manufacturer’s protocol [42]. Data are reported as relative metabolic 

activity normalized to the respective control groups. 

2.12. RNA extraction and RT-qPCR gene expression analysis 

After removal of the culture medium, cell layers were washed twice with 1 mL of sterile 

Ca²⁺/Mg²⁺-free PBS. Total RNA was extracted by adding 350 µL of RLT lysis buffer (Qiagen, 

Hilden, Germany) directly to the adherent cells, scratching them, and transferring the entire 

volume to a microcentrifuge tube. The sample was then stored at −80 °C until purification using 

the RNeasy Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. 

RNA concentration and purity (A260/A280 ratio) were determined using a NanoQuant plate in 

a spectrophotometer (Infinite 200 Pro, Tecan, Grödig, Austria). Complementary DNA (cDNA) 

was synthesized from DNase-treated RNA (1 µg input) using the iScript cDNA Synthesis Kit 

(Bio-Rad, Hercules, CA, USA) in a 20 µL reaction volume according to the manufacturer's 

protocol. RT-qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, 

Hercules, CA, USA) with a cDNA input corresponding to 8 ng of RNA per reaction in a total 

volume of 10 µL. Amplification was carried out on a CFX96 Touch Real-Time PCR Detection 

System (Bio-Rad, Hercules, CA, USA) using commercially available human gene-specific 
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primers (Qiagen, Hilden, Germany). The cycling conditions were: 95°C for 30 s, followed by 

40 cycles of 95°C for 5 s and 60°C for 30 s. Melting curve analysis was conducted to confirm 

amplification specificity. All reactions were run in triplicate. Gene expression levels were 

normalized by geometric averaging of multiple internal control genes (GAPDH, HPRT1, and 

RPL13A) according to [44], and relative expression was calculated using the 2⁻ΔΔCt method, with 

the corresponding negative control group (untreated MSCs at day 7 or M0 macrophages) used 

as the calibrator [45]. 

2.13. Cytokine quantification in cell-conditioned medium 

Prior to measurement, samples were thawed on ice. Cytokine concentrations were quantified 

using a human inflammatory Cytometric Bead Array (CBA) kit (BD Biosciences, San Diego, 

CA, USA) according to the manufacturer’s instructions. The assay simultaneously measured 

the levels of IL-8, IL-1β, IL-6, IL-10, TNF, and IL-12p70. Data acquisition was performed on 

a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). Cytokine concentrations 

were calculated from standard curves generated for each analyte using FCAP Array software 

(BD Biosciences, Franklin Lakes, NJ, USA). The lower limits of detection were 3.6 pg/mL (IL-

8), 7.2 pg/mL (IL-1β), 2.5 pg/mL (IL-6), 3.3 pg/mL (IL-10), 3.7 pg/mL (TNF), and 1.9 pg/mL 

(IL-12p70). 

2.14. Statistical analysis 

Statistical analyses were performed using GraphPad Prism (version 10.4.1 for Windows, 

GraphPad Software, Boston, MA USA). Water contact angle and DEXA release profile were 

analyzed using ordinary one-way or two-way ANOVA (treatment × time), respectively, 

followed by Tukey’s multiple comparisons test. Cell-based assays were analyzed using the 

Kruskal–Wallis test followed by Dunn’s multiple comparisons test. Four independent 

experiments were performed (n = 4), each with two technical replicates. Data are presented as 

mean ± SEM or as box-and-whisker plots (median, interquartile range, minimum–maximum). 

Statistical significance was defined as p < 0.05. 

3. Results 

3.1. Filament appearance and surface integrity are preserved after DEXA incorporation 

Digital microscopic analysis confirmed that DEXA incorporation does not induce detectable 

changes in filament appearance (color, transparency), surface integrity (no visible aggregates 
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or defects), or morphological uniformity within the resolution limits of digital microscopy at 

100× magnification (Figure 1F). 

3.2. Thermal and thermomechanical properties of composite filaments are largely 

preserved after DEXA incorporation 

Table 2 summarizes the parameters extracted from the thermal and thermomechanical 

characterization of PLA and DEXA-loaded PLA filaments. 

Thermal degradation occurred in a single step with onset temperatures between 339.6 and 343.7 

°C. The relative residual mass of all samples ranges from 0.4% (PLA) to 0.9% (1% DEXA–

PLA) (Figure 2A). 

The DSC curves of the second heating run show only minor differences in the qualitative 

behavior between the PLA and DEXA–PLA (0.1% or 1%) samples. Tg, determined from the 

inflection point of the heat-flow step, was approximately 61 °C for all samples. All samples 

exhibited an exothermic cold-crystallization peak at approximately 124 °C followed by a 

melting peak at approximately 154 °C (Figure 2B). A slight decrease in Hc and a corresponding 

increase in Hm were observed with increasing DEXA content. Furthermore, no crystallization 

was observed during the cooling run (data not shown). 

Consistent with the DSC results, DMA measurements revealed only minor differences between 

formulations. Prior to softening, all filaments exhibited storage moduli of approximately 2000 

MPa, while the softening temperature ranged from 63.1 °C (0.1% DEXA–PLA) to 64.7 °C 

(PLA) (Figure 2C). 

The glass transition temperature determined from the tan(δ) peak maximum ranged from 74.0 

°C for PLA to 76.1 °C for 1% DEXA–PLA (Figure 2D). 

Table 2. Summary of the parameters extracted from the thermal and thermomechanical 

characterization. 

Parameter PLA 0.1% DEXA–PLA 1% DEXA–PLA 

Tonset (TGA) [°C] 343.7 ± 3.0 339.6 ± 4.9 339.6 ± 0.1 

mresidual [%] 0.4 ± 0.2 0.6 ± 0.0 0.9 ± 0.0 

Tg (DSC) [°C] 61.1 ± 0.1 61.0 ± 0.5 61.1 ± 0.1 

Tc (DSC) [°C] 124.1 ± 0.1 124.4 ± 0.5 123.4 ± 0.1 

Tm (DSC) [°C] 154.4 ± 0.1 154.6 ± 0.8 154.8 ± 0.3 

Hc (DSC) [J/g] -18.2 ± 1.0 -22.3 ± 1.6 -25.2 ± 2.6 

Hm (DSC) [J/g] 17.6 ± 0.1 22.0 ± 0.8 24.6 ± 1.2 

Tonset E’ (DMA) [°C] 64.7 ± 1.9 63.1 ± 0.0 64.1 ± 0.1 
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Tg (DMA) [°C] 74.0 ± 3.2 75.7 ± 1.0 76.1 ±0.7 

PLA, polylactic acid; DEXA, dexamethasone. Analytical methods: TGA, thermogravimetric 

analysis; DSC, differential scanning calorimetry; DMA, dynamic mechanical analysis. 

Thermal parameters: Tonset, onset temperature; Tg, glass transition temperature; Tc, 

crystallization temperature; Tm, melting temperature. Thermodynamic parameters: Hc, 

crystallization enthalpy; Hm, melting enthalpy. 

 

Figure 2. Thermal and thermomechanical properties of PLA and DEXA-loaded PLA filaments. 

(A) Thermogravimetric analysis (TGA). (B) Differential scanning calorimetry (DSC). (C) 

Dynamic mechanical analysis (DMA). (D) Glass transition temperature (Tg) determined from 

the tan(δ) peak maximum. 

3.3. DEXA incorporation and thermal aging do not induce detectable chemical 

modifications in composite filaments 

All unaged samples exhibited the characteristic absorption bands of PLA, including the 

carbonyl stretching vibration at approximately 1750 cm⁻¹ and the C–O stretching bands in the 

1200–1000 cm⁻¹ region. No additional absorption bands were detected following 

dexamethasone phosphate disodium incorporation (Figure 3A, Table S1). 

Difference spectra obtained by subtracting the PLA reference spectrum revealed subtle 

concentration-dependent intensity changes. The DEXA-containing formulations exhibited 
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subtle differences in band intensities relative to PLA. Increased signal intensity in the CH₂/CH₃ 

regions was most pronounced in the 1% DEXA–PLA formulation, whereas differences within 

the carbonyl and C–O regions were more evident in the 0.1% DEXA–PLA formulation. 

However, no substantial peak shifts were observed (Figure 3B). 

Following thermal aging at 150 °C for 48 h, all samples retained the characteristic PLA 

absorption pattern. No new absorption bands or shoulder formations were detected, particularly 

in the carbonyl region around 1750 cm⁻¹. In addition, peak positions remained largely 

unchanged after aging (Figure 3C). 

Difference spectra of the aged samples revealed changes in relative band intensities, most 

notably within the C–O stretching region. However, no additional absorption bands or peak 

shifts were detected after thermal treatment (Figure 3D). 

 

Figure 3. Fourier-transform infrared spectroscopy (FTIR) analysis of PLA and DEXA-loaded 

PLA filaments before and after thermal aging. (A) ATR-FTIR spectra of unaged PLA, 0.1% 

DEXA–PLA, and 1% DEXA–PLA showing characteristic PLA absorption bands, including the 

carbonyl stretching band (~1750 cm⁻¹) and C–O stretching region (1200–1000 cm⁻¹). (B) 

Difference spectra of unaged samples obtained by subtraction of the PLA reference spectrum, 

highlighting concentration-dependent intensity variations. (C) ATR-FTIR spectra of samples 

after thermal aging at 150 °C for 48 h, showing preservation of the characteristic PLA 
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fingerprint. (D) Difference spectra of aged samples relative to PLA, indicating minor changes 

in relative band intensities without the appearance of new absorption bands or peak shifts. 

3.4. DEXA-loaded PLA specimens showed unchanged surface hydrophobicity 

WCA measurements showed that adding DEXA did not significantly affect surface 

hydrophobicity among groups (p > 0.05). Mean ± SEM WCA values (°) were: PLA = 114.4 ± 

3.2; 0.1% DEXA–PLA = 111.9 ± 5.0; and 1% DEXA–PLA = 112.8 ± 4.7. 

3.5. DEXA incorporation did not affect bending performance 

Three-point bending analysis showed no significant differences in flexural modulus or 

maximum load between PLA and DEXA-loaded PLA composite filaments (Figure 4). 

 

Figure 4. Mechanical performance of rectangular specimens (50 mm × 6 mm × 1 mm) 

fabricated from PLA or DEXA-loaded PLA filaments. Three-point bending tests were 

performed with midpoint loading at 2 mm/min until failure. Load and displacement were 

recorded continuously, and flexural modulus and maximum load were determined from the 

resulting load–displacement curves. 

3.6. DEXA release profile varies strongly with composite DEXA content 

The two DEXA loadings generated clearly distinct concentration profiles over the assessed 

period (Figure 5). After 1 h of incubation, approximately 20.44 ng and 144.15 ng of DEXA per 

g of test specimen were detected in the incubation medium for the 0.1% and 1% DEXA–PLA 
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groups, respectively. This represents 0.0044% and 0.0013% of the total DEXA loadings (0.025 

mg and 0.25 mg, respectively, assuming a specimen mass of ~25 mg).  

In the 0.1% DEXA–PLA group, the measured DEXA concentration increased progressively 

from 1 h to 72 h, reaching a maximum at 72 h, followed by a decline and stabilization at lower 

levels at later time points (168–672 h). In contrast, the 1% DEXA–PLA specimens exhibited 

approximately constant DEXA concentrations in the incubation medium (~143 ng/g of scaffold) 

across all time points (1–672 h). 

Statistical analysis confirmed a significant main effect of time (p < 0.0001), formulation (p < 

0.0001), and time × formulation interaction (p < 0.0001). 

 

Figure 5. In vitro DEXA concentration in PBS following exposure to DEXA-loaded PLA test 

specimens (TS). Disc-shaped TS fabricated from PLA (drug-free), 0.1% DEXA–PLA, or 1% 

DEXA–PLA composite filaments were incubated individually in 100 µL of Ca²⁺/Mg²⁺-free PBS 

at 37°C and 5% CO₂. At the indicated time points, the incubation medium was collected and 

stored at −80°C until analysis. DEXA concentrations were quantified using an ELISA assay. α: 

p < 0.05 vs. PLA; β: p < 0.05 vs. 0.1 % DEXA–PLA. 
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3.7. MSC metabolic activity is not affected by DEXA-loaded PLA composite filaments   

The assessment of MSC metabolic activity showed that neither soluble nor composite-released 

DEXA affected this parameter after 7 days of OD treatment (p > 0.05), while after 14 days, a 

significant reduction in metabolic activity was observed in the groups supplemented with 

soluble DEXA at 10 nM compared with the DEXA-free ODM (p = 0.0014). In contrast, no 

significant changes were detected in any of the groups exposed to DEXA–PLA composite 

filaments compared to their PLA control at the latest time point (Figure 6A).  
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Figure 6. Effect of soluble and composite-released DEXA on MSC metabolic activity and ECM 

mineralization. (A) Metabolic activity assessed by resazurin (AlamarBlue) reduction after 7 and 

14 days of culture. (B) Quantification of Alizarin Red (AR) S staining after 7 and 14 days of 

culture. (C) Representative phase-contrast images of MSC cultures stained with AR after 14 

days of treatment. Scale bar = 500 µm. Experimental groups included DEXA-free (DF) 
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osteogenic differentiation medium (ODM), ODM supplemented with soluble DEXA (10 or 100 

nM), DF-ODM with PLA control test specimen, and DF-ODM with DEXA–PLA composite 

test specimens (0.1% or 1%). MSCs cultured in growth medium for 7 or 14 days served as 

reference and were set to 1. *p < 0.05. 

3.8. MSC osteogenic differentiation is supported by 1% DEXA–PLA composite filament 

Spectrophotometric quantification of AR staining revealed no significant changes in ECM 

calcium deposits produced by soluble or composite-released DEXA at day 7 of OD treatment. 

Conversely, a significant increase in ECM mineralization was observed after 14 days in cells 

treated with ODM supplemented with 10 nM soluble DEXA compared with the ones exposed 

to DEXA-free ODM (p < 0.0001). In addition, MSCs exposed to the 1% DEXA–PLA 

composite filament exhibited significantly higher AR staining compared with the PLA control 

group (p = 0.0009) (Figure 6B and C). 

3.9. MSC osteogenic gene expression is altered by 1% DEXA–PLA composite filament  

Gene expression analysis revealed distinct, concentration- and delivery-dependent effects of 

DEXA on osteogenic marker expression over time. After 7 days of OD, MSCs exposed to the 

1% DEXA–PLA composite filament showed a transcriptional pattern similar to that induced by 

10 nM soluble DEXA, characterized by downregulation of the early osteogenic marker RUNX2 

and upregulation of ALPL. At this time point, the 1% DEXA–PLA induced a similar 

upregulation of DKK1 as 100 nM soluble DEXA. Additionally, 10 nM soluble DEXA 

downregulated COL1A1 and SPP1 expression (Figure 7A). 

After 14 days of OD, gene expression differences were more selective. Cells cultured in ODM 

supplemented with 10 nM soluble DEXA exhibited significant downregulation of COL1A1, 

while exposure to 100 nM soluble DEXA led to significant upregulation of SPP1. In addition, 

an upregulation of ALPL was observed in the group exposed to the 1% DEXA–PLA composite 

filament at this later time point (Figure 7B). 



 

23 

 

 

Figure 7. Effect of soluble and composite-released DEXA on osteogenic marker expression by 

MSCs after 7 (A) and 14 days (B) of treatment. Experimental groups included DEXA-free (DF) 

osteogenic differentiation medium (ODM), ODM supplemented with soluble DEXA (10 or 100 

nM), DF-ODM with PLA control test specimen, and DF-ODM with DEXA–PLA composite 

test specimens (0.1% or 1%). MSCs cultured in growth medium for 7 or 14 days served as 

reference and were set to 1. *p < 0.05.  
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3.10. Metabolic activity of M1 THP-1–derived macrophages is reduced by 1% DEXA–

PLA composite filament   

Exposure to 1 µM soluble DEXA significantly reduced MA, assessed by resazurin reduction, 

in M0, M1, and M2 TDM compared with their respective untreated controls. Similarly, 

treatment with the 1% DEXA–PLA composite filament significantly decreased metabolic 

activity in M1-polarized macrophages compared with its respective PLA control (p < 0.0001), 

whereas no significant effects were observed in M0 or M2 phenotypes. In addition, treatment 

with the 0.1% DEXA–PLA composite filament did not significantly affect metabolic activity 

in any macrophage phenotype compared with their respective PLA controls (Figure 8). 

 

Figure 8. Effect of soluble and composite-released DEXA on metabolic activity of M0, M1, 

and M2 TDM. Metabolic activity was assessed by resazurin reduction in adherent cells 

following exposure to soluble DEXA (1 µM), PLA or DEXA–PLA (0.1% or 1%) test specimens 

during the polarization period. M0 cells cultured in growth medium served as reference and 

were set to 1. *p < 0.05. 

3.11. Downregulation of M1- and upregulation of M2-associated markers in TDM by 1% 

DEXA–PLA composite filament 

Gene expression analysis of M1-associated markers in M0, M1, and M2 TDM showed that 

exposure to 1 µM soluble DEXA resulted in significant downregulation of CD86 expression in 
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both M0 and M1 TDM, and IL1B expression in M1 TDM compared with their respective PLA 

control. A significant reduction in IL1B expression was also observed in M1 macrophages 

exposed to the 1% DEXA–PLA composite. No significant changes were detected in other M1-

associated genes under the conditions tested (Figure 9A). 

The analysis of M2-associated marker genes in THP-1–derived M0, M1, and M2 macrophages 

showed that both soluble DEXA (1 µM) and the 1% DEXA–PLA composite significantly 

increased CD163 expression across all macrophage phenotypes and PPARG only in the M1 

phenotype compared with the respective PLA control. In addition, exposure to the 1% DEXA–

PLA composite resulted in a significant upregulation of IL10 expression in M2 macrophages 

(Figure 9B). 
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Figure 9. Effect of soluble and composite-released DEXA on the expression of M1- and M2-

associated markers (A and B, respectively) in TDM. Gene expression was analyzed by RT-

qPCR in adherent cells following exposure during the polarization period to soluble DEXA (1 

µM), PLA control specimens, or DEXA–PLA composite test specimens (0.1% or 1%). 

Statistical differences between PLA groups are denoted by lowercase letters; groups not sharing 

the same letter are significantly different. M0 cells cultured in growth medium served as 

reference and were set to 1. *p < 0.05. 
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3.12. Reduction of pro-inflammatory cytokines in M1 TDM by 1% DEXA–PLA composite 

filament 

Comparison of cytokine levels in culture supernatants of adherent M1 TDM following exposure 

to soluble or composite-released DEXA during polarization showed that 1 µM soluble DEXA 

and the 1% DEXA–PLA significantly reduced the secretion of IL-1β, IL-6 and TNF-α 

compared with the respective control group. In addition, IL-6 and TNF levels were significantly 

lower in these groups compared with the 0.1% DEXA–PLA. The cytokine profile assessed in 

adherent M0 and M2 cells showed no significant changes produced by any of the treatments 

(Figure 10). 

 

Figure 10. Cytokine secretion by M1 TDM following soluble or composite-mediated DEXA 

exposure. Cytokine levels in culture supernatants were quantified in adherent cells following 

exposure during the polarization period to soluble DEXA (1 µM), PLA control specimens, or 

DEXA–PLA composite test specimens (0.1% or 1%). *p < 0.05. 

4. Discussion 

The fabrication of DEXA-loaded PLA composite filaments in this study was intentionally 

designed to combine material simplicity, process robustness, and translational relevance. 

The present study demonstrates that an FFF-compatible DEXA–PLA composite filament 

containing 1% DEXA (w/w) provides sustained local DEXA release within a biologically active 

concentration range and exerts functional effects comparable to soluble DEXA in vitro, 

indicating that composite-mediated delivery preserves the pharmacological activity of the drug. 

This formulation promoted osteogenic differentiation of MSCs, as evidenced by sustained 
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ALPL gene expression and enhanced ECM mineralization, without compromising cell 

metabolic activity. Furthermore, the composite selectively modulated macrophage polarization 

by attenuating pro-inflammatory M1-associated gene markers and cytokine secretion while 

supporting transcriptional programs associated with alternative activation. 

Together, our findings confirm the biological efficacy of the DEXA–PLA system and support 

its potential as a dual-function osteoinductive and immunomodulatory scaffold material for 

BTE applications.  

Compared with previously reported dexamethasone-containing filaments and additively 

manufactured constructs [8,25-27], the present system offers several practical advantages, 

including the use of the highly water-soluble and thermal stable phosphate salt form of DEXA, 

a single-step solvent-free melt-compounding process, and the production of standard 1.75 mm 

FFF-compatible filaments. The physicochemical characterization further demonstrated that 

these manufacturing benefits were achieved without compromising the filament appearance and 

surface integrity, and thermal stability, viscoelastic properties, or chemical integrity of the PLA 

matrix. Together, these characteristics support manufacturing simplicity, broad printer 

compatibility, and translational scalability while preserving the biological functionality of the 

incorporated drug. 

4.1. Physicochemical integrity of the DEXA–PLA system 

The absence of surface defects and visible aggregates in digital microscopic analysis suggests 

uniform drug distribution. Poor dispersion or aggregation of fillers within polymer composites 

has been associated with heterogeneous material properties and may adversely affect the 

mechanical performance and printability of FFF filaments [46]. In line with this observation, 

both surface integrity and mechanical performance were largely preserved after DEXA 

incorporation within the investigated concentration range. 

Another critical aspect for drug-loaded filaments processed via FFF is the thermal stability of 

the active ingredient. The use of dexamethasone phosphate disodium, which exhibits a melting 

point of 233–240 °C [31], represents a key advantage of the present formulation because it 

exceeds the temperatures used during filament extrusion (175–189 °C) and 3D printing 

(185°C). Although melting point or decomposition temperature does not directly indicate the 

temperature at which biological activity is lost, our experimental findings provide strong 

evidence that the drug’s pharmacological integrity is preserved.  

TGA showed a single-step degradation profile for all formulations, with onset temperatures 

consistent with literature values for PLA filaments [47]. The slight decrease in onset temperature 
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in DEXA-containing samples may reflect the lower thermal stability of the drug but remains 

negligible at the investigated concentrations. The marginally increased residual mass in 1% 

DEXA–PLA may be linked to incomplete decomposition of phosphate-containing species 

under inert atmosphere [48]. 

The DSC parameters were consistent with values reported for PLA filaments [49]. Thermal 

transitions were largely preserved upon DEXA incorporation. Glass transition, melting 

behavior, and crystallization–melting enthalpies remained comparable across formulations. The 

increase in Hc and Hm with higher DEXA content may indicate a weak nucleating effect, as 

reported for other low-molecular-weight additives [50]. Previous analyses have shown that 

dexamethasone phosphate disodium influences crystallization and thermomechanical 

properties [31]. Nevertheless, no crystallization was observed during cooling, suggesting that 

crystallization was kinetically limited under the applied processing conditions. Furthermore, 

the enthalpies of crystallization and fusion of the respective samples are approximately equal, 

so that an amorphous material can be assumed for the intended application. 

DMA confirmed similar storage moduli across all samples prior to softening. While the 

softening temperature closely matched the DSC-derived Tg without systematic dependence on 

DEXA content, the tan(δ)-derived Tg showed a slight shift toward higher temperatures in 

DEXA-containing samples. This may indicate mildly restricted chain mobility, although bulk 

viscoelastic properties remain largely unaffected [51]. 

FTIR spectroscopy confirmed that no covalent interactions or chemical modifications occur 

between PLA and dexamethasone phosphate disodium. All characteristic PLA bands were 

preserved, and no new peaks or shifts were detected after drug incorporation or aging. Subtle 

concentration-dependent intensity changes in CH₂/CH₃, C=O, and C–O regions likely arise 

from band overlap and changes in polymer packing or crystallinity rather than chemical 

interactions. FTIR analyses indicate filament stability, with no new absorption bands appearing 

and the carbonyl region showing no shoulders or additional peaks. This behavior is consistent 

with previous reports [52,53].  

Thermal aging at 150 °C for 48 h did not induce detectable degradation. FTIR spectra of aged 

samples retained the PLA fingerprint without new bands or carbonyl shoulder formation. Minor 

intensity variations, particularly in the C–O region, are consistent with crystallinity or 

morphological changes rather than oxidation [52,53]. Since aging was performed below the 

melting temperature, structural rearrangements could occur without matrix breakdown. 

Collectively, these results demonstrate that dexamethasone phosphate disodium is physically 

incorporated within a structurally stable PLA matrix without detectable chemical modification 



 

30 

 

of either component. The preservation of thermal transitions, viscoelastic behavior, and 

characteristic FTIR bands after drug incorporation and thermal aging is consistent with the 

physical entrapment strategy described by Maia et al., in which drug release is governed 

primarily by diffusion and matrix relaxation rather than covalent bond cleavage [54].  

4.2. Influence of DEXA loading on release profile 

The analysis of in vitro DEXA release over time revealed formulation-dependent kinetics. Both 

composites released only a small fraction of their total drug content; however, stable DEXA 

concentrations were detected over 28 days, corresponding to theoretical concentrations relevant 

for osteogenic and immunomodulatory effects. The 0.1% formulation exhibited an initial 

increase followed by a decline, whereas the 1% formulation rapidly reached a sustained plateau. 

Similar sustained release behavior has been reported for DEXA-containing PCL-based systems 

[8,55]. These findings indicate that the degree of DEXA loading not only affects the absolute 

amount of released drug but also fundamentally alters release kinetics, which may critically 

shape downstream cellular responses. 

4.3. Composite-mediated DEXA delivery preserves MSC metabolic activity 

In the present study, assessment of resazurin reduction indicated that neither DEXA–PLA 

composite formulation affected cellular metabolic activity, while soluble DEXA significantly 

reduced it after prolonged exposure. Importantly, resazurin reduction reflects cellular redox and 

overall metabolic activity rather than cell viability [56]. Accordingly, the observed reduction in 

metabolic activity following prolonged exposure to soluble DEXA may reflect GC-induced 

metabolic reprogramming rather than cytotoxicity. This interpretation is supported by previous 

reports showing that DEXA can alter mitochondrial function and cellular redox homeostasis in 

MSCs [57], and that exposure to DEXA released from scaffolds containing 0.05–0.25% DEXA 

did not negatively affect MSC viability [55]. Notably, composite-mediated delivery from the 1% 

formulation maintained metabolic activity and osteogenic responsiveness, suggesting a more 

controlled cellular exposure profile. 

4.4. Osteogenic responses of MSCs induced by DEXA–PLA composite 

The synthetic GC DEXA has been widely included as a critical supplement in OD protocols, 

together with organic phosphate and ascorbic acid, as it appears essential for full maturation of 

MSCs into mineral-producing osteoblasts (reviewed in [58]). In line with previous reports, our 

results show that DEXA-free ODM failed to induce calcium deposition, whereas 

supplementation with 10 nM DEXA or exposure to the 1% DEXA–PLA composite filament 
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significantly promoted ECM mineralization [59]. In contrast, the highest dose of soluble DEXA 

(100 nM) induced only limited ECM mineralization. Together, these observations indicate the 

existence of an optimal concentration window, close to physiological levels, required to achieve 

efficient osteoblastic differentiation and ECM mineralization. This dose-dependent response is 

consistent with GC-mediated regulation of osteogenic signaling pathways, where excessive 

exposure may impair mineralization [57].  

GCs such as DEXA exert dose- and time-dependent effects on MSC biology, influencing 

proliferation, viability, and OD programs. Indeed, analysis of the pooled data revealed that the 

effects of DEXA on the proliferation and differentiation of human MSCs are, to a degree, 

dissociable [19]. In vitro, exposure to high DEXA concentrations at 1000 nM has been reported 

to inhibit cell proliferation and promote adipogenic commitment, whereas lower concentrations 

(0.1-100 nM) can support MSC proliferation and OD [17,57,60,61]. 

Gene expression analysis further revealed concentration- and delivery-dependent effects of 

DEXA with temporal specificity. At day 7, both soluble DEXA and the 1% DEXA–PLA 

suppressed RUNX2 and upregulated DKK1, consistent with GC-mediated modulation of 

osteogenic commitment and canonical Wnt signaling (reviewed in [62]). Similar interactions 

between glucocorticoids, RUNX2, and Wnt signaling have been reported previously [63]. 

RUNX2 inhibition is a widely recognized mechanism underlying GC-mediated effects on bone 

formation [64,65]. However, RUNX2 mRNA levels do not necessarily reflect functional activity, 

since GC regulation of RUNX2 is known to involve post-transcriptional and post-translational 

mechanisms (reviewed in [66,67]). 

Despite this shared early transcriptional signature with soluble DEXA, ECM mineralization at 

day 14 was significantly higher in the 1% DEXA–PLA group. This coincided with sustained 

upregulation of ALPL, whereas soluble 10 nM DEXA induced ALPL only transiently at day 7. 

Given the established role of alkaline phosphatase in hydroxyapatite deposition and matrix 

mineralization [68,69], sustained ALPL expression may represent a key determinant of effective 

mineral formation in the composite-treated group. 

Although GCs have been reported to suppress type I collagen synthesis [70-73], the sustained 

reduction of COL1A1 expression observed at 10 nM DEXA did not translate into complete 

impaired mineralization but could explain why AR was lower than in the 1% DEXA–PLA 

group. This could also reflect the temporal sequence of OD, in which collagen matrix deposition 

precedes and supports subsequent mineralization. 

After 14 days of treatment, soluble DEXA exerted dose-dependent transcriptional effects. 

Treatment with 10 nM DEXA further suppressed COL1A1, consistent with glucocorticoid-



 

32 

 

mediated inhibition of early matrix gene expression [74,75], whereas 100 nM DEXA significantly 

upregulated SPP1, a marker associated with matrix remodeling and late osteogenic 

differentiation (reviewed in [75,76]). This biphasic response highlights the context- and dose-

dependent regulatory role of DEXA, whereby lower concentrations predominantly suppress 

collagen synthesis, while higher concentrations favor remodeling-associated pathways. 

4.5. Selective effects of DEXA–PLA composites on macrophage metabolic activity 

GCs are steroid hormones with key physiological roles in stress responses, metabolism, and 

immune regulation, particularly through their potent anti-inflammatory effects [77]. In line with 

this, exposure to 1 µM soluble DEXA uniformly reduced metabolic activity across M0, M1, 

and M2 TDM. This broad suppression is consistent with previous reports showing that DEXA 

impairs macrophage glycolysis and overall metabolic function via downregulation of key 

glycolytic regulators, such as PFKFB3, in both monocyte-derived and tissue-resident 

macrophages [78,79]. At supraphysiological concentrations, GCs therefore appear to override 

phenotype-specific metabolic programs. 

In contrast, exposure to the 1% DEXA–PLA selectively reduced metabolic activity in M1-

polarized macrophages, while sparing M0 and M2 phenotypes. This phenotype-specific effect 

suggests that this composite delivers a moderate dose modulating macrophage metabolism in a 

more controlled manner compared with soluble dosing. M1 macrophages are characterized by 

high glycolytic flux and strong dependence on pro-inflammatory signaling pathways, while M2 

macrophages rely predominantly on fatty acid oxidation and oxidative phosphorylation, 

maintaining an intact tricarboxylic acid cycle (reviewed in [80]). These metabolic signatures can 

explain the differential susceptibility to DEXA effect and may reflect in M1 cells both metabolic 

reprogramming and early phenotypic shifts toward a less inflammatory state. Nevertheless, 

because the AlamarBlue assay reflects overall cellular redox status rather than specific 

metabolic pathways, it was not possible to discriminate whether the observed changes 

originated from glycolytic or oxidative processes to confirm a metabolic reprogramming [56]. 

4.6. Suppression of M1-associated inflammation and promotion of pro-regenerative 

macrophage polarization by DEXA–PLA composites 

Beyond direct metabolic effects, GCs are well recognized to promote macrophage 

repolarization from a pro-inflammatory M1 phenotype toward a more anti-inflammatory, M2-

like state at both transcriptional and secretory levels [77]. In the present study, soluble DEXA 

significantly downregulated the M1-associated markers CD86 and IL1B in M1 macrophages, 

confirming its canonical anti-inflammatory activity. CD86 is a costimulatory molecule 
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associated with pro-inflammatory activation, while IL-1β is a central mediator of M1-driven 

inflammatory signaling (reviewed in [81,82]). Their suppression is therefore consistent with GC-

mediated inhibition of NF-κB–dependent transcription [83-85]. Importantly, exposure to the 1% 

DEXA–PLA reproduced part of this anti-inflammatory signature, reducing IL1B expression in 

M1 macrophages. This indicates that composite DEXA release is sufficient to attenuate key 

inflammatory gene programs. However, the transcriptional effects were more selective 

compared with soluble DEXA, further supporting the concept that delivery mode influences the 

magnitude and specificity of GC responses. 

At the level of M2-associated markers, both soluble DEXA and the 1% DEXA–PLA composite 

significantly increased CD163 expression across macrophage phenotypes. CD163 is a 

scavenger receptor associated with anti-inflammatory and tissue-remodeling macrophages, and 

its upregulation by GCs has been consistently reported in human, rodent, and porcine 

macrophages [86,87]. In addition, upregulation of PPARG in M1 macrophages exposed to the 1% 

DEXA–PLA further supports the concept of GC-driven phenotypic reprogramming, as PPARγ 

is a known regulator of alternative macrophage activation and may contribute to the 

abovementioned CD163 induction. Consistent with our findings, Iraji Asiabadi et al. reported 

that macrophages cultured on an electrospun DEXA-loaded scaffold exhibited reduced 

expression of TNF and NFKB together with increased CD163 expression [88].  

Another transcriptional change produced by the 1% DEXA–PLA was the upregulation of IL10 

expression in M2 TDM, indicating reinforcement of an anti-inflammatory program, since IL-

10 is a hallmark cytokine involved in resolution of inflammation and tissue repair [80,89,90]. In 

contrast, other studies on human macrophages reported a downregulating effect on IL10 which 

was attributed to GC-mediated inhibition of NF-κB [88,91,92]. 

Depending on their polarization state, macrophages secrete pro-inflammatory and tumor-

suppressing (M1) or anti-inflammatory and tissue remodeling (M2) factors (reviewed in [93,94]). 

In the present study, exposure to the 1% DEXA–PLA significantly suppressed IFN-γ/LPS-

induced secretion of IL-1β, IL-6 and TNF-α by M1 macrophages, mirroring the transcriptional 

changes already described and demonstrating functional suppression of inflammatory mediator 

release. These findings are consistent with previous reports describing suppression of M1-

associated cytokines—including IL-1β, IL-6, IL-23, IL-27, GM-CSF, and TNF family 

members—by soluble DEXA [77], as well as reduced IL-6 secretion in macrophages cultured on 

DEXA-containing scaffolds [25]. The reduction of IL-6 and TNF-α was significantly stronger in 

the 1% DEXA–PLA group compared with the 0.1% DEXA–PLA, indicating a dose-dependent 

immunomodulatory effect at the composite level. Together, these results confirm that 



 

34 

 

composite-released DEXA effectively modulates inflammatory cytokine secretion in a manner 

comparable to soluble GC treatment. 

4.7. Limitations 

While this study demonstrates promising FFF processability and biological efficacy of DEXA–

PLA composite filaments, several limitations should be acknowledged.  

First, drug distribution homogeneity and long-term composite degradation behavior were not 

analyzed. Characterization of these parameters would provide important insight into the 

stability and sustained performance of the system. 

Second, DEXA release was evaluated under static in vitro conditions, which do not reflect the 

dynamic environment of bone defects, where fluid flow, enzymatic activity, and tissue 

interactions may influence release kinetics. 

Third, the biological evaluation was conducted in monoculture systems, which do not capture 

the complexity of the in vivo bone healing niche or cell–cell interactions. Fourth, although the 

disc-shaped TS provides a well-defined, reproducible geometry for testing DEXA release and 

biological activity, their non-porous architecture differs from the interconnected pore structure 

typically required for cell infiltration, adhesion, and tissue integration in implantable scaffolds. 

In addition, the performance of the filament in prosthesis manufacturing was not assessed in 

this study. Although DEXA addition had only a minimal effect on the thermomechanical 

properties of the material, its influence on implant morphology and on the 3D printing of 

complex structures should be further evaluated. Finally, osteogenic assessment relied on 

selected gene expression markers and endpoint mineralization without detailed analysis of 

matrix composition or mechanical properties. These aspects warrant further investigation in 

advanced in vitro models and in vivo studies to support clinical validation. 

5. Conclusion 

Collectively, our findings demonstrate that an FFF-compatible DEXA–PLA composite filament 

containing 1% DEXA enables controlled local DEXA delivery within an osteoinductive and 

immunomodulatory concentration range. This formulation promotes sustained ALPL 

expression and enhanced ECM mineralization by MSC while selectively attenuating pro-

inflammatory macrophage activation and supporting M2-associated transcriptional programs. 

Notably, these effects mirror those observed with defined soluble DEXA concentrations, 

indicating that composite-mediated delivery preserves the drug’s pharmacological activity.  
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Importantly, these biological outcomes were achieved without compromising the 

physicochemical integrity of the system, since appearance, surface integrity, mechanical 

performance, thermal stability, viscoelastic properties, or chemical integrity of the PLA matrix 

were largely preserved after drug incorporation and processing. By integrating scalable 

fabrication with preserved material performance and dual osteogenic and immunoregulatory 

functionality, the DEXA–PLA system confirms its biological efficacy and translational 

potential as a bioactive, additively manufactured bone replacement scaffold material. 
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