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RESULTS

CONCLUSIONS and DISCUSSION

Repairing critical-sized segmental bone defects (Fig.1)
requires millions of gold standard autologous bone grafts
annually, exceeding the supply. Increasing demands and high
complication rates [1,2] necessitate biomaterial development.

Metals appear most suitable for load-bearing applications
[1,3] and absorbable implants would eliminate revision surgery
and infection risk, making them attractive for certain applications.

Cost-efficient prototyping of personalized implants is enabled
by additive manufacturing (AM), like Direct Metal Printing (DMP)
(Fig. 2). While the ideal bone grafting material might be (i)
biocompatible, (ii) mechanically supportive, (iii) osteoconductive,
(iv) osteoinducative, and (v) bioabsorbable, porous implants (Fig.
1) do have obvious advantages for bone regeneration [4].

From the current absorbable metals families (Fig. 3, in red),
iron (Fe) has got the highest stiffness and would thus benefit the
most from a highly porous design to reduce its stress shielding
effect. While being marketed for cardiovascular applications, we
recently reported limited biocompatibility of DMP Fe bone
implants in ISO 10993 suggested in vitro assays.

We now aimed at improving current biocompatibility
screening methods of AM porous absorbable orthopedic
implants.

Figure 1. Clinical focus.
Bone regeneration around
porous implants (A, C) in
murine femoral defects (B) [3];
bone purple (basic fuchsin),
fibrous tissue blue (methylene
blue), implant (Ti64, black).
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Figure 2. DMP of iron.
Schematic of selective laser
printing of (alloys of)
bioabsorbable metals.
Pure Fe powder particles
used in the present study
(25-60µm; lower right
corner).

Fig. 3. Implant properties.
Selected material properties
(A), absorbable metals (B),
and requirements of
absorbable vs. inert bone
implants (C).

• As compared to static incubation, dynamic flow results in higher weight loss and consequently increased Fe ion release
and medium osmolarity, while pH of the rSBF was not differently influenced between both conditions over time.

• Metabolic activity of both cell types was good (≥ 85-90%) in, and survial (≥ 85%, data not shown) on, Ti64 (extracts).
• On Fe, metabolic acitity of MG-63 cells rapidly dropped over time (to ≤ 50% after 72 h) though, while that of L929 cells

remained largely unaffected.
• Direct contact cytocompatibility in static cultures (i.e., live-dead) was overall reduced as compared to metabolic activity

(MTS) under the same conditions. However, cell type-independently a 72% and 55% increase in cell viability was
observed under dynamic flow conditions on Fe implants for MG-63 and L929.

• This suggests that choice of cell type(s) and culture condition(s) considerably influence cytocompatibility
results of absorbable (Fe) implants and both should be carefully considered for representative outcomes.

Figure 5. Biodegradation of AM porous Fe
scaffolds: appearance of as-degraded scaffolds
(A), weight loss (B), variation in Fe ion
concentration during immersion (C), variation in
osmolality (D), variation in pH (E). Arrow: flow
direction; d: incubation time in days.

METHODS

DMP process (Fig. 2) and post-process etching (2 min, 5%HCl, 5%HNO3 (EtOH)) was reported earlier
(ORS 2018, 5, 6]. Topological characterization: µCT (Quantum FX, Perkin Elmer), 180 µA/90 kV, 3
min @ 30 µm with automatic reconstruction of 2D images using Analyze (11.0, PE), Fiji (NIH,
Bethesda), and BoneJ plugin (ImageJ). For microstructural characterization: SEM (JSM-IT100, JEOL)
with energy-disperse spectrometer (EDS), X-ray diffractometer (XRD, Bruker D8 Advance diffractometer
Bragg-Brentano geometry, Lynxeye position sensitive detector) @ 40 kV, 40 mA, back-scattered EM
(BSE), SEM, and FOI see [5, 6]. Cytocompatibility: mod. ISO 10993 [5] in vitro tests (CellTiter 96
AQueos), live-dead staining kit (Promega); MG-63, L929 (ATCC). Perfusion bioreactor: 3ml/min. Stats: 2-
way ANOVA, post-hoc Tukey's test.

Figure 4. Our setup to mimic implant
degradation in vivo in simulated body
fluid (rSBF) ex vivo at 37⁰C (A) [4-6].
Unit cell design (B) and resulting
porous Fe implant (underneath).
Topological design parameters (400
µm struts, 600 μm pores, 67%
density) match nicely with product
specifications (420 mm struts, 64%
density), as shown earlier by us
(ORS 2019). Dynamic
biocompatibility testing setup (C);
arrows indicate direction of medium
flow.

Figure 7. Direct contact cytocompatibility. Fe implants under static (A-F) and dynamic (G-M) in vitro conditions,
respectively. Osteoblastic MG-63 cells (top) and L929 fibroblasts (bottom line). SEM (A,D; G, K) showing cells attached
to struts. Corresponding fluorescent images of cells attached to lattice strcutures 24 h after seeding (B, E; H, L).
Quantitative flow cytometry analyses (FACS) of the latter cells upon de-attachment from the implants (C, F; I, M) ). For
better visualization, cells were pseudo-coloured (yellowish) on Fe surfaces (grey) in SEM micrographs. Live cells
(green), dead cells (red), comromised cytoplasma membrane (Q2), unstained (Q4). FACS values per quartile in %.
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Figure 6. Indirect cytotoxicity.
Relative cellular activity (MTS assay, %)
of MG-63 and L929, respectively, in
extracts from randomly chosen and
identically designed replicate implants
(ISO 10993); Fe (n = 5), Ti-6Al-4V, Ti64,
n=3). Dimethyl sulfoxide (DMSO), neg.
control. n.s., not significant; *, p < 0.05;
**, p < 0.01; ***, p < 0.001; ****, p <
0.0001.
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