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a b s t r a c t 

Additively manufactured (AM) degradable porous metallic biomaterials offer unique opportunities for sat- 

isfying the design requirements of an ideal bone substitute. Among the currently available biodegradable 

metals, iron has the highest elastic modulus, meaning that it would benefit the most from porous de- 

sign. Given the successful preclinical applications of such biomaterials for the treatment of cardiovascu- 

lar diseases, the moderate compatibility of AM porous iron with osteoblast-like cells, reported in earlier 

studies, has been surprising. This may be because, as opposed to static in vitro conditions, the biodegra- 

dation products of iron in vivo are transported away and excreted. To better mimic the in situ situations 

of biodegradable biomaterials after implantation, we compared the biodegradation behavior and cyto- 

compatibility of AM porous iron under static conditions to the conditions with dynamic in situ -like fluid 

flow perfusion in a bioreactor. Furthermore, the compatibility of these scaffolds with four different cell 

types was evaluated to better understand the implications of these implants for the complex process 

of natural wound healing. These included endothelial cells, L929 fibroblasts, RAW264.7 macrophage-like 

cells, and osteoblastic MG-63 cells. The biodegradation rate of the scaffolds was significantly increased in 

the perfusion bioreactor as compared to static immersion. Under either condition, the compatibility with 

L929 cells was the best. Moreover, the compatibility with all the cell types was much enhanced under 

physiomimetic dynamic flow conditions as compared to static biodegradation. Our study highlights the 

importance of physiomimetic culture conditions and cell type selection when evaluating the cytocompat- 

ibility of degradable biomaterials in vitro . 

Statement of Significance 

Additively manufactured (AM) degradable porous metals offer unique opportunities for the treatment 

of large bony defects. Despite the successful preclinical applications of biodegradable iron in the car- 

diovascular field, the moderate compatibility of AM porous iron with osteoblast-like cells was reported. 

To better mimic the in vivo condition, we compared the biodegradation behavior and cytocompatibility 

of AM porous iron under static condition to dynamic perfusion. Furthermore, the compatibility of these 

scaffolds with various cell types was evaluated to better simulate the process of natural wound healing. 

Our study suggests that AM porous iron holds great promise for orthopedic applications, while also high- 

lighting the importance of physio-mimetic culture conditions and cell type selection when evaluating the 

cytocompatibility of degradable biomaterials in vitro . 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Treating large bone defects with synthetic open-porous 3D scaf- 

olds can overcome the current limitations of autologous bone 

rafting [1] . Additive manufacturing (AM) provides unprecedented 
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pportunities for precise control of the geometries and micro- 

rchitected structures of such scaffolds. AM porous met allic bio- 

aterials, such as cobalt chromium, stainless steel, or titanium ex- 

ibit mechanical properties that are similar to the human corti- 

al bone [2] and can be applied in load-bearing areas [3] . Due 

o its outstanding mechanical properties and biocompatibility, Ti- 

Al-4V (Ti64) is considered a standard of care and is commonly 

sed in orthopedic applications like clavicular, mandibular, and ac- 

tabular implants [ 4 , 5 ]. However, such bio-inert metallic biomate- 

ials may lead to permanent physical irritation [6] , chronic local 

nflammation [7] , implant-associated infections [8] , and incomplete 

one regeneration [9] , which may necessitate revision surgery [10] . 

deal bone-substituting scaffolds for bone defect repair and regen- 

ration should, therefore, be biodegradable, providing enough me- 

hanical and bio-functional support upon implantation while de- 

rading gradually as the bone regenerates [11] . 

Iron (Fe) is one of the three most promising biodegradable met- 

ls, but has attracted less attention than magnesium and zinc [12] . 

ue to its high elastic modulus, strength, and biocompatibility, it 

as been found to be an appropriate candidate for cardiovascu- 

ar applications [12] . As compared to magnesium and zinc, the 

iodegradation rate of iron is much lower [13–15] . Many studies 

im at increasing the biodegradation rate of iron through alloying 

16] . However, increased volumetric porosity may be a better way 

o achieve a higher rate of biodegradation through an enlarged re- 

ctive surface area while also providing room for bony ingrowth 

nd avoiding the presence of any cytotoxic alloying elements. Im- 

ortantly, the relatively high elastic modulus and strength of Fe 

eaves a sufficient scope for introducing substantial porosity. We, 

nd others, have already demonstrated the potential of AM Fe and 

e-based alloys as promising temporary bone replacement bioma- 

erials that degrade at an adequate pace to allow for gradual load 

ransfer from the scaffold to the regenerating bone tissue [ 13 , 17- 

9 ]. Geometrical features ( e.g. , pore size, pore shape, and porosity) 

f Fe scaffolds can be precisely controlled through AM [ 20 , 21 ]. The

esign of such micro-architected structures not only determines 

heir mechanical properties, but can also adjust their biodegra- 

ation rates [20] and affect cell attachment, extracellular matrix 

ECM) deposition, and subsequent vascularization. 

Fe has exhibited no signs of cytotoxicity during long-term im- 

lantation as biodegradable stents or pins [22–25] , but in vitro bio- 

ompatibility results contradict each other [26–28] . Our body’s so- 

histicated secretion system ensures the disposal of waste prod- 

cts through the kidneys and the urinary system [29] . In contrast 

o this dilution of locally released ions by interstitial and intravas- 

ular fluids in vivo , static in vitro testing contains and concentrates 

ocally released ions [30] . In vitro static incubation can, therefore, 

ot accurately predict the in vivo corrosion rates of biodegradable 

caffolds [31] . New biomaterials must pass cytocompatibility tests 

rior to their pre-clinical evaluation in vivo . While ISO 10993 is of- 

en used for such cytocompatibility evaluation [32] , it is only rel- 

vant for inert biomaterials and was never meant to be used for 

iodegradable biomaterials. To better mimic the in vivo situation 

n vitro , ISO 10993 has been modified through EN ISO 10993-5 and 

0993-12 in which such measures as using a 10-times higher ex- 

raction ratio are suggested for biodegradable metals [ 33 , 34 ]. Fur- 

hermore, culture conditions can significantly affect the results of 

n vitro cytocompatibility assays [35] . Indeed, a more complex in 

itro set-up mimicking some of the biologically relevant in vivo 

onditions is needed for more accurate assessment of biodegrad- 

ble biomaterials [36] . Finally, the selected cell type may play an 

mportant role in determining the outcome of in vitro cytotoxicity 

ssays, highlighting the need for a multi-cellular approach [37] . For 

xample, good in vitro compatibility with calvaria-derived murine 

steoblast-like MC3T3-E1 cells has been reported in static cultures 

or 3D printed iron-manganese scaffolds [28] . Similar observations 
590 
re made regarding the compatibility of ‘bare’ Fe with MG-63 cells 

38] . However, we have previously shown that AM porous Fe ex- 

ibits less favorable compatibility with MG-63 osteoblast-like cells 

13] . Other studies with different cell types have obtained similar 

esults using direct contact assays on iron alloys [ 26 , 27 ]. 

In this study, we address the abovementioned shortcomings of 

n vitro cytocompatibility assays to paint a more complete pic- 

ure of the biocompatibility of AM biodegradable porous iron and 

inpoint the source of inconsistency between previous studies. As 

ost tissues comprise multiple types of cells, in vitro cytocompat- 

bility tests should consider different cell types of relevant origins 

 39 , 40 ]. The healing of bony fractures involves monocytic inflam- 

atory cells ( i.e. , macrophages), bone cells, mesenchymal progen- 

tor cells, endothelial cells, and potentially fibroblasts [41] . Here, 

e comparatively evaluated the compatibility of 3D-printed porous 

e scaffolds with murine macrophages (RAW264.7), murine fibrob- 

asts (L929), human osteoblasts (MG-63), and human endothelial 

ells (HUVEC). In addition, only a few described dynamic fluid 

ow bioreactor systems for cytotoxicity testing that could better 

ecapitulate the interstitial fluid transport in vivo than static cul- 

ure conditions [ 42 , 43 ]. We, therefore, used a bioreactor-based dy- 

amic, in vivo -mimetic biodegradation and biocompatibility eval- 

ation system to reveal cell type- and test condition-specific out- 

omes. 

. Materials and methods 

.1. Scaffold manufacturing and topological characterization 

AM Fe scaffolds were designed using the software nTopology 

nTopology, USA) with a height of 11.2 mm and a diameter of 10 

m. The structural design was based on diamond unit cells with 

 strut thickness of 0.4 mm, a pore size of 0.6 mm, and a cell

ize of 1.4 mm ( Fig. 1a , b). The as-built scaffolds were produced

ith a ProX DMP 320 machine (3D Systems, Belgium) using nitro- 

en gas atomized Fe powder as described in detail in our earlier 

ork [13] . Fe scaffolds were then detached from the substrate plate 

hrough electrical discharge machining (EDM) and were ultrasoni- 

ally cleaned to remove entrapped powder particles. 

Micro-computed tomography (μCT) (Quantum FX, Perkin Elmer, 

SA) and Analyze 11.0 (Perkin Elmer, USA) reconstruction soft- 

are were applied to investigate the morphological characteris- 

ics of the as-built specimens. The average strut thickness, pore 

ize, and surface area were calculated using BoneJ: a plugin of FIJI 

NIH, Bethesda, MD, USA). More detailed information about the pa- 

ameters and methods used for topological characterization can be 

ound in our earlier publication [13] . 

.2. Static and dynamic biodegradation tests 

Both static and dynamic in vitro biodegradation tests were per- 

ormed for 1, 7, 14, and 28 days inside an incubator under physi- 

logical conditions (37 ˚C, 20% O 2 , 5% CO 2 , and 95% humidity) us- 

ng the revised simulated body fluid (r-SBF) [44] . Dynamic tests 

ere performed in a custom-built bioreactor used in our previous 

tudy [20] . To mimic the physiological fluid flow pattern seen in 

he human bone, a flow rate of 0.3 ml/min was used in the biore- 

ctor [45] . At different time points during the static and dynamic 

iodegradation tests, the weight loss and pH were measured as 

reviously described [ 39 , 46 ]. The concentrations of Fe, Ca, and P 

ons in the solution were analyzed at different time points using 

n inductively coupled plasma optical emission spectroscope (ICP- 

ES, iCAP 6500 Duo, Thermo Scientific). Osmolality variation in the 

-SBF at different time points were analyzed using an osmometer 

OSMOMAT 030, Berlin, Germany). 
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Fig. 1. The design of the specimens and a schematic drawing of the dynamic perfusion bioreactor setup for the biocompatibility testing of porous iron scaffolds ( a ), diamond 

unit cell design ( b ), and static and dynamic physiomimetic biocompatibility testing ( c ). The arrow indicates the direction of the medium flow. 

2

p

n

t

r

i

c

i

2

i

fi

P

T

D

c

G

c

H

2

c

c

m

e

1

2

H

c  

a

3

w

t

m

[

e

C

2

w

p

c

A

s

c

w

a

t

fi

e

c

s

a

(

.3. Characterization of biodegradation products 

The morphologies and compositions of the biodegradation 

roducts on the surface of the specimens after static and dy- 

amic biodegradation tests were analyzed with a scanning elec- 

ron microscope (SEM) equipped with an energy-dispersive X- 

ay spectroscope (EDS) (JSM-IT100, JEOL). In addition to observ- 

ng the biodegradation products, the specimens were ultrasonically 

leaned in ethanol to observe the morphologies of the struts after 

n vitro biodegradation. 

.4. Cell culture 

The biocompatibility of the AM iron specimens was tested us- 

ng four different cell lines of bone (MG-63, CRL-147, ATCC, USA), 

broblast (L929, CCL-1, ATCC, USA), endothelial (HUVEC, C12250, 

romoCell, Heidelberg, Germany), and macrophage (RAW 264.7, 

IB-71, ATCC, USA) cells. The MG-63 cells were cultured in the 

ulbecco’s modified eagle medium (DMEM) with a low glucose 

oncentration of 10 0 0 mg/L (DMEM LG, Sigma-Aldrich, Steinheim, 

ermany), L929 cells were cultured in DMEM HG (high glucose 

oncentration of 4500 mg/L, Sigma-Aldrich, Steinheim, Germany), 

UVEC cells were cultured in endothelial cell growth medium (C- 

2010, Promocell, Heidelberg, Germany), and RAW 264.7 cells were 

ultured in DMEM HG. All the cell types except for HUVEC were 

ultured in 10% fetal calf serum (FCS, PAN Biotech, Aidenbach, Ger- 

any) under physiological conditions. For all the biocompatibility 

xperiments, cleaned specimens were sterilized for 30 min using 

00% isopropanol (Merck; Darmstadt, Germany). 

.5. Cell seeding efficiency 

The seeding efficiency of the different cell types (MG-63, L929, 

UVEC and RAW 264.7) on Fe scaffolds was assessed in tripli- 
591 
ates ( n = 3). Cell suspensions (250,0 0 0 cells per mm height) were

dded dropwise to the specimens placed in 48-well plates. After 

0 min, 1 ml of medium was slowly added, and the specimens 

ere further incubated for 6 h under static physiological condi- 

ions prior to transferring them into a fresh 48-well plate. The re- 

aining cells in the wells, not attached to scaffolds, were counted 

 47 , 48 ] and the cell seeding efficiency was calculated using the 

quation: 

ell seeding efficiency ( % ) 

= 

(
initial cells added to scaffold − remaining cells in wells 

)

initial cells added to scaffold 

X 100 

.6. DNA measurement 

The cell-seeded Fe scaffolds (250,0 0 0 cells per mm height) 

ere washed with 1 × PBS following 24 h of incubation under 

hysiological conditions and were lysed by subsequent freeze-thaw 

ycles (3 times) in 1 × TE buffer with 0.2% Triton 

TM X-100 (Sigma- 

ldrich, Steinheim, Germany). The Quanti-iT Picogreen dsDNA as- 

ay kit (Invitrogen, Carlsbad, USA) was used to quantify the DNA 

ontent of the specimens. A 200-fold diluted pico green solution 

as prepared as per manual instructions and 100 μl of this was 

dded to 100 μl of the cell lysates. After 3 min of incubation, 

he intensity was measured using a multi-plate reader (Tecan In- 

nite M200 Plate Reader, Mainz, Germany) at the excitation and 

mission wavelengths of 480 and 520 nm, respectively. The flores- 

ence intensity was converted to DNA concentration using the DNA 

tandard curve as per the manufacturer’s instructions. The values 

re presented as mean ± SD of three independent measurements 

 n = 3) [49] . 
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.7. Indirect, extract-based cytotoxicity evaluation in vitro 

The MG-63, RAW 264.7, HUVEC, and L929 cells were used to 

valuate the cytotoxicity of the extracts associated with the AM Fe 

pecimens. We have previously described the methodology for the 

reparation of the extracts and MTS assay [13] . Briefly, extracts of 

.2 g/ml concentration (1 ×) were prepared by incubating the Fe 

caffolds for 72 h (recommended by EN ISO standards 10993:5 and 

0993:12) in the respective cell-specific culture medium. The cells 

ere treated with 10 × diluted extracts of Fe for different incuba- 

ion times ( i.e. , 0, 24, 48 and 72 h). A 1 × extract prepared from

i6Al4V scaffolds with the same design and 20% dimethyl sulfoxide 

DMSO) served as the positive and negative controls, respectively. 

he relative cellular activity was determined by using the MTS as- 

ay (CellTiter 96® AQueous One Solution Cell Proliferation Assay, 

3580, Promega, Walldorf, Germany). 

.8. Direct contact biocompatibility assessment in vitro: Static vs 

ynamic incubation 

The biocompatibility of AM porous iron specimens was assayed 

sing MG-63, RAW 264.7, HUVEC and L929 cells under static con- 

itions and MG-63 and L929 cells under dynamic conditions with a 

ustom-built setup ( Fig. 1c ) at a flow rate of 0.3 ml/min. The cell-

eeded specimens (250,0 0 0 cells per mm height) were incubated 

n their respective culture medium under physiological conditions 

or 24 h. These scaffolds were then analyzed, as described below, 

y fluorescent optical imaging (FOI), SEM, and flow cytometry to 

ompare their associated cell behaviors statically and dynamically. 

.8.1. Fluorescence staining 

Live-dead staining (ab115347, Abcam, Cambridge, UK) was per- 

ormed on the cell-seeded scaffolds in accordance with the instruc- 

ions provided by the kit manufacturer. Briefly, 5 × concentration of 

ye was added to the cell-seeded scaffolds f ollowed by incubation 

or 10 minutes at room temperature, prior to fluorescence optical 

maging (FOI) of the living (emission: 495 nm, excitation: 515 nm) 

nd dead cells (emission: 528 nm, excitation: 617 nm) [14] . 

.8.2. Scanning electron microscopy 

After fluorescence staining, the specimens were rinsed in 1 ×
BS and were fixed in 3% glutaraldehyde (Agar scientific, Wetzlar, 

ermany) in 0.1 M Soerensen’s phosphate buffer (Merck, Darm- 

tadt, Germany) for 1 h at room temperature. Then, the scaf- 

olds were dehydrated in 30, 50, 70, 90 and 100% ethanol for 10 

in each (the last step was performed twice). Then, the speci- 

ens were air-dried at room temperature and were sputter-coated 

Sputter Coater EM SCD500, Leica, Wetzlar, Germany) with 12.5 nm 

f gold-palladium and were imaged in SEM (ESEM XL-30 FEG, FEI, 

indhoven, the Netherlands) at 10 kV. 

.8.3. Flow cytometry analysis 

The cell-seeded Fe scaffolds incubated statically or dynamically 

or 24 h were washed with 1 × PBS and were then trypsinized 

o detach the cells. After centrifugation, all the pellets were re- 

uspended in a medium (50% diluted with PBS) at a concentration 

f 0.5 ×10 6 cells/ml. Staining was performed according to the sup- 

lier’s instructions (ab115347, Abcam, Cambridge, UK). Live-dead 

taining dye (1 ×) was added to the cell suspension followed by 

ncubation for 10 min at room temperature. The fluorescence sig- 

al (living cells at a 495 nm emission and a 515 nm excitation and

ead cells at a 528 nm emission at a 617 nm excitation) was de- 

ected with an LSRFortessa flow cytometer (BD Biosciences, Hei- 

elberg, Germany) and was analyzed with the FlowJo V10 software 

Tree Star, Inc., Ashland, USA). At least 7,0 0 0 events were acquired 

or each of the tested specimens. The gating process was validated 

ith respective healthy and lysed cell controls. 
592 
.9. Statistical analysis 

The cell seeding efficiency and DNA measurement data were 

nalyzed using one-way ANOVA test ( α = 0.05) followed by a 

urkey’s multiple comparison test ( α = 0.05). The cytotoxicity test 

ata were normalized to their corresponding controls. The result- 

ng relative cellular activities were then analyzed using two-way 

NOVA ( α = 0.05) followed by a post-hoc test ( i.e., the Turkey’s 

ultiple comparison test, α = 0.05). The flow cytometry analysis 

ata were analyzed using one-way ANOVA test ( α = 0.05). The sta- 

istical significance is indicated as p < 0.0 0 01, ∗∗∗∗; p < 0.0 01, ∗∗∗;

 < 0.05, ∗; n.s. = not significant. 

. Results 

.1. Morphological characteristics of the AM Fe scaffolds 

Our μCT analyses revealed that the as-built scaffolds had an av- 

rage strut size of 461 ± 4 μm (design value = 400 μm) and a 

ore size of 506 ± 11 μm (design value = 600 μm). The surface 

rea of the scaffolds was 27.1 ± 0.1 cm 

2 (design value = 25 cm 

2 ).

he actual porosity of the specimens was calculated to be 58.4 ±
% (design value = 67%). 

.2. In vitro biodegradation behavior of the AM Fe scaffolds 

Under both static and dynamic conditions, brownish degrada- 

ion products formed on the surface of the scaffolds on day 1. From 

ay 7 to day 28, the amount of biodegradation products gradu- 

lly increased ( Fig. 2a ). After 28 days, statically incubated speci- 

ens were more or less covered by brownish degradation prod- 

cts, while dynamic incubation caused the biodegradation prod- 

cts to precipitate gradually in the flow direction on top of the 

caffolds ( Fig. 2a ). The biodegradation products were loosely at- 

ached to and easily peeled off from the struts of the specimens. 

nder dynamic conditions, the weight loss of the AM Fe scaf- 

olds exponentially increased with immersion time from 18.8 mg 

n day 1 to 231.23 mg on day 28. In contrast, the weight loss 

nder static conditions was relatively constant over time with a 

lightly decreasing trend from day 14 to day 28 ( Fig. 2b ). At each

f the tested immersion time points, dynamically incubated speci- 

ens showed more weight loss as compared to the statically incu- 

ated ones ( Fig. 2b ). Under dynamic conditions, the concentration 

f the Fe ion increased from 0.425 mg/L to 4.73 mg/L over immer- 

ion time. The concentrations of Fe ion at different locations were 

lways higher under the dynamic test conditions as compared to 

he static ones ( Fig. 2d ). As expected, osmolality also kept increas- 

ng during the whole immersion period of 28 days ( Fig. 2e ) during

hich the dynamically incubated specimens showed higher osmo- 

ality than the static ones at all the measurement time points. In- 

erestingly, the pH values of the r-SBF solutions of dynamically and 

tatically incubated specimens developed almost congruently over 

ime: after an initial rise within the first day of immersion from 

H 7.4 to 7.6, a plateau was reached, followed by a slight secondary 

cidification phase from day 14 onwards, which resulted in an ul- 

imate pH value of ≈7.4 on day 28 ( Fig. 2c ). 

.3. Characteristics of degradation products 

The SEM analyses of the external struts showed that, after 

8 days of static immersion, a layer of biodegradation products 

ad formed on the surface of the struts ( Fig. 3a ), while dynamic

onditions were associated with smoother struts with less corro- 

ion products ( Fig. 3b ). There were three types of morphologies 

f degradation products, regardless of the immersion condition. A 

luster of particle-shaped degradation products containing C, O, P, 
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Fig. 2. Biodegradation behavior of AM porous Fe scaffolds: as-degraded scaffolds with an arrow indicating the direction of the medium flow (a), weight loss (b), pH variation 

with immersion (c), variation in the concentration of the Fe ion with the immersion time (d), osmolality variation with the immersion time (e). D = days of culture. 
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a, Na, and Fe were detected on both statically and dynamically 

ncubated specimens ( Fig. 3c , d). Feather-shaped biodegradation 

roducts only contained C, O, and Fe ( Fig. 3e ). Other biodegrada- 

ion products were spherically shaped and primarily contained C, 

, and Fe ( Fig. 3g ), with additional Ca found under the static im-

ersion conditions ( Fig. 3 h). 

After cleaning off the corrosion layer, the r-SBF appeared to 

ave attacked the struts and exposed grains on their surfaces. The 

ynamically incubated specimens ( Fig. 4b ) exhibited more grain 

oundaries than the static ones ( Fig. 4a ). Some biodegradation 

roducts remained on the surface of the specimens even after 

leaning ( Fig. 4c , d). These residual biodegradation products con- 

ained C, O, Na, Ca, and Fe for the statically incubated specimens 

 Fig. 4c ), while no Na was found on the dynamically incubated 

pecimens ( Fig. 4d ). 
593
.4. General cytocompatibility 

We used cell seeding efficacy as an initial measure of the bio- 

ogical attractiveness of the AM Fe scaffolds. The cell seeding ef- 

ciency was > 75% for all the considered cell types ( i.e. , 83% for

G-63, 91% for L929, 79% for HUVEC, and 82% for RAW 264.7 re- 

pectively). Neither the cell seeding efficiencies nor the DNA con- 

ents differed significantly ( Fig. 5 ). The DNA content ranged be- 

ween 2.21 and 6.8 μg per specimen, with the highest and lowest 

ean values obtained for the RAW 264.7 (5.62 μg per scaffold) and 

G-63 (3.51 μg per scaffold) cells ( Fig. 5b ). The HUVEC and L929

ells showed mean DNA contents of 3.91 and 5.46 μg per speci- 

en, respectively ( Fig. 5b ). 
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Fig. 3. The SEM and EDS analyses of the biodegradation products after 28 days of static and dynamic incubation in vitro : strut morphology at a lower magnification (a, b) 

and the degradation products formed on the surface of the specimens at a higher magnification (c-h). Arrows indicate the spots where the EDS analysis was performed. 

594 
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Fig. 4. The SEM and EDS analyses of the retained biodegradation products upon cleaning after 28 days of static and dynamic incubation in vitro : the strut morphology at a 

higher magnification (a, b) and the biodegradation products remaining on the surface of the specimens (c, d). Arrows indicate the spots where EDS analysis was performed. 

Fig. 5. The cell seeding efficiency and DNA content analyses. Four different cell types were cultured on the AM porous Fe scaffolds and (a) the percentage of the attached 

cells (6 h after seeding) and (b) the DNA content (normalized fluorescence; 24 h after seeding) are presented. 
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.5. Indirect, extract-based cytotoxicity evaluation in vitro 

The metabolic activity of the MG-63, L929, HUVEC and RAW 

64.7 cells cultured in standardized extracts from the AM Fe scaf- 

olds was assayed and compared to that of the extracts from iden- 

ically designed Ti64 scaffolds (positive controls). Even after a pro- 

onged incubation time of 72 h (as defined according to EN ISO 

tandards 10993:5 and 10993:12), a high percentage ( i.e. , 86-100%) 

f each tested cell type cultured in the Ti64 extracts was viable. 

his re-confirms the high level of cytocompatibility of Ti64 as the 

ositive control. In contrast, the cellular activity of all the cell types 

uickly dropped to < 60% within 24 h, and to < 15% after 72 h, in

he DMSO negative control ( Fig. 6 ). In the case of the Fe extracts,

he cellular activity of all the tested cell types was > 70% after 24 
o

595 
: 75% for MG-63 ( Fig. 6a ), 95% for L929 ( Fig. 6b ), 73% for HUVEC

 Fig. 6c ), and 73% for RAW 264.7 ( Fig. 6d ). After 48 h and 72 h, only

he L929 cells retained their cellular activity at ≥85% ( Fig. 6d ). All

he other cell types exhibited a gradual decrease in their cell via- 

ility with incubation time in the Fe extracts: ≈60% and ≈45% at 

8 h and 72 h, respectively. 

.6. Direct contact cytocompatibility in vitro : static vs. dynamic 

ncubation 

The cytotoxic effects of direct cell contact with the surface 

f the Fe scaffolds were evaluated, based on the morphological 

hanges observed in the SEM image analyses as well as the results 

f live-dead staining. As opposed to the static conditions ( Fig. 7 ), 
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Fig. 6. The in vitro cytocompatibility of the AM porous Fe scaffolds: The relative cellular activity (%) of MG-63 (a), L929 (b), HUVEC (c), and RAW 264.7 (d) upon exposure 

to the extracts corresponding to the AM Fe scaffolds. The experiments were performed with the extracts of randomly chosen replicate iron scaffolds (blue squares, n = 5) 

and were compared to those corresponding to the AM Ti-6Al-4V (green circles, Ti64) specimens with the same design ( n = 3). Dimethylsulfoxide (DMSO, red triangles) was 

used as a negative control. n.s. = not significant; ∗ , p < 0.05; ∗∗ , p < 0.01; ∗∗∗ , p < 0.001; ∗∗∗∗ , p < 0.0 0 01. 
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he cells residing on the surface of the dynamically incubated Fe 

caffolds ( Fig. 8 ) were generally more viable and presented cell 

orphologies that were similar to the ones observed on the posi- 

ive controls. Under the static immersion conditions, the degrees of 

iocompatibility of the MG-63, HUVEC and RAW 264.7 cells were 

imilarly low, as evident from the high percentage of dead cells 

 Fig. 7 ). In contrast, after 24 h in direct contact with the Fe scaf-

olds, the majority of the L929 cells were still viable, with a limited 

umber of dead cells ( Fig. 7c ). While a much smaller percentage 

f the MG-63 cells were vital ( Fig. 7a ), their morphological appear- 

nce ( Fig. 7b ) was promising. In the case of the HUVEC ( Fig. 7e )

nd RAW 264.7 ( Fig. 7g ) cells, direct contact with the surface of

he AM Fe specimens caused a high degree of cytotoxicity. 

Under the dynamic culture conditions, the vast majority of the 

929 and HUVEC cells in contact with the specimens stained vivid 

reen and were apparently vital ( Fig. 8e , i ). The MG-63 and RAW

64.7cells in contact with the Fe specimens appeared almost as 

ital ( Fig. 8a , m) as the ones in contact with the Ti64 controls

 Fig. 8c , o). 

Although SEM imaging ( Fig. 7 ) revealed close contact between 

ll the cells and the surface of the Fe struts, the cells generally 

xhibited a rounded morphology under the static conditions, save 

or L929 ( Fig. 7d ). Under the dynamic culture conditions ( Fig. 8 ),

he SEM images revealed an enhanced attachment of the MG-63 

 Fig. 8b ), L929 ( Fig. 8 f), HUVEC ( Fig. 8j ), and RAW 264.7 ( Fig. 8n )

ells to the surface of the AM Fe specimens. The dynamic test con- 

itions, therefore, improved cell-biomaterial adhesion and cell-cell 

ontacts through far-stretching filopodia-like protrusions, which 

as reminiscent of their appearance on Ti64 ( Fig. 8d , h). 

c

596 
.7. Quantification of direct contact cytocompatibility: static vs. 

ynamic incubation 

Quantification of live-dead cells is difficult inside opaque porous 

etals, as stained cells can only be observed on the peripheries. 

e, therefore, eluted stained cells from the scaffolds and applied 

ppropriate gating to collect all the cells of both types while ex- 

luding debris ( Figs. 9a , b, 10 a, b). We then used flow cytometry to

uantitatively determine the viability [50] of the live-dead-stained 

G-63 and L929 cells seeded on the AM Fe scaffolds and Ti64 con- 

rols ( Figs. 9 and 10 ). The cells cultured on the scaffolds in the

ioreactor under static and dynamic conditions were compared. In 

omparison to the static cultures ( Figs. 9e and 10 e), the fraction 

f the viable MG-63 and L929 cells cultured dynamically on the Fe 

caffolds increased by > 14% and > 4%, while the respective percent- 

ges of the dead cells decreased by > 9% and > 20%, respectively 

 Figs. 9f and 10 f). On the Ti64 control specimens, the percentage of 

he viable MG-63 and L929 cells increased from 70.5% to 85.5% and 

rom 61.4% to 87.7%, respectively, when switching from the static 

 Figs. 9g and 10 g) to the dynamic culture condition ( Figs. 9 h and

0h ). For both Fe and Ti64 specimens, the percentages of viable 

ells under dynamic condition all increased significantly ( p < 0.05) 

ompared with the static ones. 

. Discussion 

We compared the biodegradation behavior and cytocompatibil- 

ty of AM porous Fe scaffolds under semi-physiological static and 

ustomized physiomimetic dynamic flow conditions. The dynamic 
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Fig. 7. Biocompatibility of AM porous Fe scaffolds under static in vitro conditions. Left panel: fluorescent images of MG-63 (a), L929 (c), HUVEC (e) and RAW 264.7 (g) cells 

attached to scaffold lattice, 24 h after seeding, with live cells (green) and dead cells (red). Right panel: Scanning electron micrographs showing MG-63 (b), L929 (d), HUVEC 

(f) and RAW 264.7 (h) cells attached to struts; cells are indicated by yellowish pseudo-coloration for better visualization. 
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ow conditions are particularly relevant because implanted Fe- 

ased bone substitutes face blood flow [12] and/or interstitial fluid 

ransport [ 51 , 52 ] in the ml/min range in the human body [53] . 

.1. Static vs. dynamic biodegradation 

To study the in vitro biodegradation of the AM Fe scaffolds 

nder physiomimetic conditions, we used the custom-made flow- 

hrough bioreactor ( Fig. 1 ) that allowed us to simulate the circu- 

ation of body fluid ( e.g. , using r-SBF) under physiological ( i.e. , cell

ulture) conditions. Herewith, we aimed to better comply with the 

atest recommendations of ISO/TS 37137-1:2021 [54] . 

Upon implantation, a hydroxide layer is formed on the surface 

f the AM Fe porous implants, which remains permeable to oxy- 

en. Macroscopic differences in the corrosion layers of our sam- 
597 
les suggest the removal of biodegradation products taking place 

n the fluid flow direction ( i.e. , the direction of the arrow; Fig. 2 ),

hich is reminiscent of in vivo excretion. Oxygen may have trans- 

ormed the ferrous hydroxides of the outer corrosion layer into 

rownish iron hydroxide, as the most common corrosion product 

55] . Also, Fe ions may have formed orange-brownish insoluble 

egradation products at the biomaterial/tissue interface [56] . This 

grees with the EDS results regarding Fe precipitates that mainly 

ontains Fe, O, and C ( Fig. 3 ). The dynamic conditions increased 

he rates of biodegradation as measured by weight loss and ion 

elease. The actual in vitro biodegradation rate in our setup may 

e even higher, because the cleaning process did not manage to 

emove all the biodegradation products present on the surface of 

he specimens ( Fig. 4 ). Our scaffolds lost 8% of their weight within

our weeks, which corresponds to a theoretical complete degrada- 
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Fig. 8. The biocompatibility of AM porous Fe scaffolds under dynamic in vitro conditions: the fluorescent images of the MG-63 (a,), L929 (e,), HUVEC (i), and RAW 264.7 

(m) cells, attached to the Fe scaffold lattice; the corresponding images of the same cells on the AM titanium (Ti64) specimens (c, g, k, o), with live (green) and dead (red) 

cells (24 h after seeding); on the right, the corresponding pseudo-colored scanning electron micrographs of the same cell types on the Fe (b, f, j, n) and Ti64 (d, h, l, p) 

specimens. 
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ion rate within 1-2 years. The animal studies available in the lit- 

rature suggest that the actual in vivo rates of biodegradation may 

e somewhat lower [ 23 , 25 , 57 ]. 

The increased ion release under dynamic conditions exacerbates 

he increase in the osmolarity of the medium, but a hyperosmo- 

arity of 5-20 mOsm/kg (0.30-0.32 osmole/kg) ( Fig. 2) is unlikely 

o be detrimental to most skeletal cell types [ 58 , 59 ]. Such a 5-

old increase in the concentration of the Fe ion under the dynamic 

onditions, as compared to the static ones, is expected to be tol- 

rated by the cells as long as they are not internalized. For the 

929 cells, the internalization of Fe requires > 3 mM of (artificially 

dded) extracellular ions, which may then induce pH changes of 

.4-0.5 units [60] . In our experiments, the biodegradation of the 

M porous Fe between days 7 and 28 caused a weight loss of 231

g ( Fig. 2 ) with ion concentrations ranging between 17.9 μM and 

1-90 μM under static and dynamic conditions, respectively. These 

alues are all sub millimolar. Moreover, while relative pH changes 

n both of our conditions were almost identical ( Fig. 2 ), an absolute

aximal shift of about 0.2 units from the starting pH occurred. Os- 

eoblasts and other cell types respond to changes as little as 0.1 pH 

nit [61–64] . This might affect the mitochondrial activity and po- 

entially influence some (MTT-based) cytotoxicity assays. Dynamic 

iodegradation conditions under which the surface of the speci- 

ens is constantly washed by medium may inhibit local pitting 

65] . Moreover, even in the event of full degradation of a 10 gram

e implant in an adult person, the systemic serum iron concentra- 

ion would not exceed safe values, assuming a conservative blood 
o

598 
olume of about 2,800 ml and a high baseline of Fe-load of 447 

g/l in blood [66] . However, cytotoxicity is not solely a function of 

eleased (soluble) ions, but also a function of the insoluble degra- 

ation products at the biomaterial/cell interface [56] . 

.2. Cell type-dependent biocompatibility 

A bone fracture hematoma represents a complex cellular envi- 

onment, involving inflammation, cellular migration, and prolifera- 

ion to restore tissue integrity [67] . Therefore, we studied, for the 

rst time, the cytocompatibility of pure Fe using four cell types. 

e chose murine macrophages (RAW264.7) as a cell type of the 

nnate immune response, fibroblasts (L929) to represent the in- 

egument due to their similarity to human dermal fibroblasts [68] , 

uman endothelial cells (HUVEC) as an established model to study 

ngiogenic responses in vitro [ 69 , 70 ], and human MG-63 cells as 

nabolic bone cells [71] . The latter are well characterized [ 72 , 73 ],

nd were also used in our earlier study [74] and in combination 

ith different biomaterials, particularly Fe-based alloys [75–77] . 

The quantification of live and dead cells on, and particularly 

nside of, 3D (porous) metal scaffolds is challenging due to strut 

pacity. We, thus, initially analyzed the cell seeding efficacies as- 

ociated with our specimens ( Fig. 5 ) to get a first impression of 

heir cytocompatibility. No significant differences between our four 

ell types were found. This is in contrast with the studies report- 

ng a selective adhesion advantage of osteoblast-like MG-63 cells 

ver L929 fibroblasts [78] . However, our conditions were different 
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Fig. 9. The comparative flow cytometric cell viability of the MG-63 cells after 24 h of direct contact with the AM porous scaffolds under static (e, g) and dynamic (f, h) in 

vitro conditions. The quantitative analyses of the live-dead stained cells on the Fe (e, f) and Ti64 (g, h) specimens, respectively. The cell gating of the excluded debris (a), 

unstained cell population (b), lysed cells after staining (c), and normal cells after staining (d). 
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rom those of the previous study. Many factors, including cell type, 

ell density, scaffold type, scaffold geometry, and scaffold chem- 

stry, can affect biocom patibility [79] , and we next looked into cell 

ype differences in more detail. 

Indirect extract-based cytotoxicity assays showed that, at day 

8, the concentration of the Fe ion reaches 4.6 mg/l under dy- 

amic conditions ( Fig. 2 ), which equals 1.35 mg of released Fe per

00 ml of medium. Statically, ≈1 mg/l or ≈17.9 μM of Fe is con- 

tantly released over 28 days. In contrast, under dynamic condi- 
599 
ions about 71 μM (day 7 onwards) to 90 μM (day 28) Fe ions 

ere dynamically released. It has been shown that up to 900 μM 

 i.e. , 50 μg/ml) of artificially added Fe ions does not cause im- 

ediate cytotoxic effects on human endothelial cells [80] . This is 

ot surprising, given that a typical adult human contains 3–5 g of 

e [ 81 , 82 ], mostly in the bone marrow [ 81 , 82 ]. Furthermore, the

ioavailability of Fe is relatively limited under physiological aerobic 

onditions. That is because soluble Fe(II) (heme) readily oxidizes 

o Fe(III) (non-heme iron), which is virtually insoluble [ 12 , 56 ]. In-
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Fig. 10. A comparative flow cytometric cell viability of the L929 cells after 24 h of direct contact with the AM porous scaffolds under static (e, g) and dynamic (f, h) in 

vitro conditions. The quantitative analyses of the live-dead stained cells on the Fe (e, f) and Ti64 (g, h) specimens, respectively. The cell gating of the excluded debris (a), 

unstained cell population (b), lysed cells after staining (c), and normal cells after staining (d). 
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eed, the cytotoxicity of L929 cells may have been caused by the 

ize of the corrosion products, but not the Fe itself [60] , suggest- 

ng that supernatants and biodegradation products should be as- 

essed separately in the future. Particles size-mediated cytotoxic- 

ty also highlights the potentially important role of phagocytosing 

acrophages, which were represented by RAW 264.7 cells in our 

xperiments. 

The available ISO standards set the cytotoxicity thresholds at 

0% of the standard-of-care , based on which biodegradable Fe 
600 
tents have been earlier assessed to be cytocompatible [83] . Using 

i64 scaffolds as the positive control, we confirmed that the L929 

ells never (up to 72 h) reveal a cytotoxic response to the extracts 

f our scaffolds. In contrast, all other cell types showed a signif- 

cantly reduced mitochondrial activity in MTS-based assays upon 

ong-term incubation. Cell type-dependent cytotoxicity differences 

re reported in other fields, which are in agreement with our ear- 

ier data [ 84 , 85 ]. A reason for this cell type-specific behavior may

e that the doubling times of cell populations differ between cell 
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ines. For instance, RAW 264.7 cells were reported to have a much 

horter doubling time than L929 cells [86] , which may influence 

he interpretation of cytocompatibility data obtained from the tests 

ith different cell lines [87] . On the other hand, L929 cells may be

ore sensitive to stressors than other cell types on modified Ti64 

urfaces [88] . Although it is well accepted that test conditions can 

ffect the in vitro cytotoxicity results of biodegradable metallic bio- 

aterials [35] , surprisingly few investigators drew conclusions re- 

arding the in vitro toxicity of Fe based on indirect contact results 

rom more than a single cell type. 

While Fe is essential for many biological processes, it also poses 

 biological hazard as it may generate reactive organic species 

ROS) through Fenton chemistry [ 81 , 82 ] to cause “oxidative stress”

nd inflammatory responses that impact the musculoskeletal sys- 

em [ 89 , 90 ]. Some cell damage caused by corrosion-mediated ROS 

roduction may, therefore, be unavoidable, despite effective cellu- 

ar anti-oxidant defense systems in vivo [91] . While indirect assays 

re often preferred due to their ease of quantification [92–94] and 

ay make it possible to isolate the effects of biodegradation prod- 

cts, they will likely not capture the effects of short-lived ROS. 

In indirect contact assays, the material is firstly immersed in 

 extraction vehicle ( e.g. , culture medium) under physiological 

onditions ( e.g. , 24-72 h/37 °C) [66] . It, however, remains unclear 

hether the observed degrees of cytotoxicity are a response to (1) 

he concentration of the released ions, (2) a consequence of the 

hysical contact between cells and the metal, or (3) a combina- 

ion of both [95] . To better mimic in vivo situations in vitro , we

pplied the suggested modifications to EN ISO 10993-5 and 10993- 

2, such as using a 10-times higher extraction ratio [ 33 , 34 ]. How-

ver, for AM porous iron, a 10-times dilution ratio may be even 

nsufficient. Compared to solid disk-shaped specimens, AM porous 

iodegradable metals have much larger surface area, e.g. , 27 cm 

2 

or the AM porous iron in this work. According to the findings of 

ur previous study, the degradation rate increased with increas- 

ng porosity, which could lead to a higher Fe ion concentration 

nd a higher local pH value near the scaffolds [20] . The higher Fe

on concentration can promote the formation of ROS that are toxic 

ue to their ability of rapid reaction with most molecules in living 

ell. Thus, AM porous iron may exhibit lower compatibility than 

ts solid counterpart in vitro , although the in vivo results may be 

ifferent. 

For all the cell types, the results of the indirect extract-based 

ytotoxicity assays were more promising than those obtained using 

irect contact assessment under static conditions (at 24 h). In line 

ith ISO recommendations, our Fe extracts were prepared by in- 

ubating AM Fe scaffolds for up to 72 h in the cell culture medium

nder physiological conditions, which is harsh. Extract-treated cells 

hen showed the results that contradicted those reported by sev- 

ral other studies in which shorter evaluation times of 24-48 h 

ere used [96] . As compared to the MG-63 cells, the L929 fibrob- 

asts exhibited a high degree of compatibility with the AM porous 

ron specimens even under unfavorable static culture conditions 

nd with 72 h extracts, performing similar to Ti64 controls. For the 

iomaterials that have a close, long-term contact with tissues, it 

s necessary to perform direct contact biocompatibility assessment 

97] . Importantly though, our results suggest that only the direct 

ontact between Fe and cells, but not the degradation products, 

auses cytotoxicity and oxidative stress [98] . Carefully designed ex- 

eriments controlling for all relevant covariates are, however, re- 

uired for a more decisive conclusion. 

Direct contact cytocompatibility assessment is more difficult on 

ulk materials, such as (porous) metals, due to a limited visibility 

f cells. First, we combined SEM analyses with semi-quantitative 

taining to differentially label live and dead cells simultaneously 

ith two fluorescent dyes: a membrane permeant non-fluorescent 

ye (Calcein-AM) depending on active metabolism to render green 
601 
uorescent was used to indicate living cells, while cell imperme- 

ble and red fluorescent intercalating dye propidium iodide (PI) 

as used as indicator of dead cells with compromised plasma 

embranes. Under static culture conditions, SEM analyses showed 

ounded morphology for the MG-63, RAW 264.7, and HUVEC cells 

fter 24 h of contact with the specimens. Although visual classifi- 

ation of cell death remains challenging, these condensations may 

e indicative of apoptosis [ 99 , 100 ]. Furthermore, SEM revealed that 

he cells were covered by the fine dust of the biodegradation par- 

icles, which may increase local toxicity [101] . As our dynamic cul- 

ure conditions mimics the in vivo situation, cell morphology and 

ell viability improvements were observed. Similar to Ti64, the ma- 

ority of the MG-63 and L929 cells presented a green fluorescence 

ignal, enhanced cell-material and cell-cell contact, and filopodial 

rojections. In contrast to the static culture conditions, a dynamic 

ell culture increases cell viability because of a constant supply of 

resh medium and the removal of potentially toxic biodegradation 

roducts [ 101 , 102 ]. The limited solubility of iron is both a chal-

enge and an advantage, since it limits its toxicity [81] . Our study 

eveals a cellular activity > 75% within the first 24 h of contact 

ith Fe extracts followed by a decline thereafter, which highlights 

he importance of using multiple time points to better understand 

he long-term effects of such biodegradable biomaterials. Finally, it 

s important to acknowledge the limitations of direct-contact as- 

ays, because it is not always clear if they provide information re- 

arding cell attachment, proliferation, or cytotoxicity [66] . 

The contribution of this study is the combination of live-dead 

taining with flow cytometrical analyses to quantify cell viabil- 

ty with increase speed and accuracy. While using flow cytome- 

ry to improve the study of cytotoxicity has been reported before 

 50 , 103 ], it has been hardly applied in biomaterial research. This 

echnique allows for combining semi-quantitative visual inspection 

f green and red cells with quantification upon subsequent release 

f the cells from the specimens. With an excitation range between 

0 0 and 60 0 nm, and emitting light between 600 and 700 nm, 

I can be combined with Calcein-AM [50] , PI/Per-CP (Y-axis), and 

alcein-AM/FITC (X-axis) using blue laser excitation with distin- 

uishable emission spectra ( i.e. , 525 nm and 670 nm, respectively). 

On Fe struts, the dynamic culture conditions resulted in 2.5 

imes more vital MG-63 cells (Q3) than under the static condi- 

ions. Under the same conditions, the dynamic culture conditions 

ncreased the viability of the MG-63 cells by 22% even on Ti64. The 

ynamic culture conditions also improved the viability of L929 by 

.2 times and 41% times on Fe and Ti64, respectively. In contrast 

o the semi-quantitative counting of green versus red cells which 

s only possible on the peripheral surfaces of the specimens, flow 

ytometry ensures a much higher accuracy by counting thousands 

f cells simultaneously. However, PI cannot detect dying cells or 

istinguish between the different types of cell death. Even Calcein- 

M is incapable of detecting very early apoptotic cells [50] , which 

s why the procedure may benefit from co-staining with Annexin 

. High Fe ion release ( > 3mM) may result in intracellular Fe 

ccumulation, which may quench Calcein fluorescence [ 104 , 105 ]. 

uenching phenomena might have affected the Q2 gating, while 

otential PI leakage could have influenced the Q3 signals [106] . 

This study demonstrated the importance of cell type selec- 

ion and setting up a standard for in vitro testing of future 

biodegradable) medical devices in general and Fe-based scaffolds 

n particular. Bioreactors have been used to reproduce the micro- 

nvironment of stents more faithfully [107] , but still suffer from 

he absence of plasma clearance [66] . Importantly, biocompatibil- 

ty is even more complex to define in vivo than in vitro . Future in

itro models that can appropriately mimic the human blood ( i.e. , 

-SBF with serum) to account for high-affinity Fe-binding proteins 

ay improve the predictive power of such in vitro techniques [56] . 
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. Conclusions 

We studied the cytocompatibility of AM biodegradable porous 

ron using multiple cell lines under both static and dynamic cul- 

ure conditions. Our results show a highly cell type-specific tol- 

rance level for such biodegradable metallic scaffolds, suggest- 

ng that the results from single cell type-based assays should be 

nterpreted with caution. In general, L929 cells appeared overall 

ore robust in indirect and direct assays than the MG-63, RAW 

64.7 and HUVEC cells, especially with prolonged incubation times. 

oreover, we found large difference between the results corre- 

ponding to static culture conditions and those obtained under dy- 

amic culture conditions that aim to better simulate the in vivo 

onditions. All assays consistently showed an improved tolerabil- 

ty under physiomimetic dynamic fluid flow conditions as com- 

ared to the traditional static cultures. The results of this study 

ave implications for future in vitro cytocompatibility analyses of 

ther (AM porous) biodegradable biomaterials. Such improvements 

ould mean that smaller number of in vivo experiments need 

o be performed. Overall, this study challenges the current status 

uo regarding the biological risk evaluation of biodegradable met- 

ls and highlights the importance of using dynamic physiomimetic 

onditions and multiple cell types for such types of experiments. 

oreover, this study shows, for the first time, that ISO/TS 37137- 

:2021 is superior to ISO 10993 standards [66] for the biological 

valuation of degradable Fe-based biomaterials. 
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