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1. ABSTRACT 

Biodegradable magnesium (Mg)-based materials are a potential alternative to permanent 

implants, avoiding implant removal. Nevertheless effects of those materials on growth plate 

cartilage and chondrogenesis have not been previously evaluated. 

In vitro differentiation of ATDC5 cells was evaluated under the influence of pure Mg (PMg), 

Mg with 10 wt% of gadolinium (Mg-10Gd) and Mg with 2 wt% of silver (Mg-2Ag) degradation 

products (extracts) and direct cell culture on the materials. 

Gene expression showed an inhibitory effect on ATDC5 mineralization with the three 

extracts and a chondrogenic potential of Mg-10Gd. 

Cells cultured in Mg-10Gd and Mg-2Ag extracts showed the same proliferation and 

morphology than cells cultured in growth conditions. Mg-10Gd induced an increase in 

production of ECM and a bigger cell size, similar to the effects found with differentiation 

conditions. 

An increased metabolic activity was observed in cells cultured under the influence ofMg-

10Gd extracts, indicated by an acidic pH during most of the culture period. 

After 7 days of culture on the materials, ATDC5 growth, distribution and ECM synthesis were 

higher on Mg-10Gd samples, followed by Mg-2Ag and PMg, which was influenced by the 

homogeneity and composition of the degradation layer. 

https://www.researchgate.net/researcher/2064498454_Regine_Willumeit-Roemer
https://www.researchgate.net/researcher/2064498454_Regine_Willumeit-Roemer


2 
 

This study confirmed the tolerance of ATDC5 cells to Mg-based materials and a 

chondrogenic effect ofMg-10Gd. 

Further studies in vitro and in vivo are necessary to evaluate cell reactions to those 

materials, as well as the effects on bone growth and the biocompatibility of the alloying 

system in the body 

Keywords: cell differentiation, chondrogenesis, biodegradable materials, magnesium 

alloys 

1- INTRODUCTION 

Magnesium (Mg) and its alloys have been extensively investigated as orthopedic 

degradable biomaterials since they exhibit properties similar to bone and induce 

mineralization enhancing bone turnover [1-4]. The main problem associated with Mg-based 

alloys is the high or unpredictable degradation rate they can exhibit in vivo. Several methods 

have been developed to reduce the degradation rate, mainly during the initial stage after 

implantation. In combination with specific processing methods of the materials, the 

application of coatings and alloying elements can improve the degradation behavior [5, 6].  

In children, bones own a strong capability for healing and remodeling. Therefore fractures 

can heal very fast without the need of complex implants as in adults. Treatments should 

focus on helping the bone to support the load and minimize damage during implant 

application (i.e. intramedullary fixation with wires). The need of a second surgery to remove 

the implant once the bone is repaired increases the risk of damaging surrounding soft 

tissues and requires the immobilization of the children during the recovery time. Fractures 

in children are frequently produced in specific cartilaginous areas located at each end of 

long bones named growth plates. Depending on the severity and location of the damage, 

internal fixation could be also needed. In addition, undesirable bone bridge formation could 

occur, as a growth plate intrinsic attempt to heal. Any damage on the growth plate due to 

trauma, injury during implant application or removal as well as bone bridge formation, may 
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be irreversible and give rise to malformations during further bone elongation [7, 8]. The 

growth plate is a complex area that works as a regulatory system of bone growth. 

Nevertheless little attention has been paid to the effects of Mg-based materials on cartilage 

tissue [9]. Bone growth occurs as a sequential process that involves mesenchymal cells 

condensation, chondrocyte proliferation, hypertrophy and apoptosis, followed by a blood 

vessel invasion and a final mineralization of the extracellular matrix [10, 11]. All those events 

are regulated by complex molecular pathways that vary over time and involve changes in 

chondrocytes proliferation, morphology and spatial organization among others [12]. The 

nature and amount of extracellular matrix (ECM) production also vary during the different 

stages. While proliferating and maturing chondrocytes mainly synthesize collagen type II, IX 

and aggrecan, when chondrocytes reach hypertrophy, type X collagen will be the main 

component before mineralization of the ECM [13].  

Previous studies performed with human articular chondrocytes have shown that un-

physiologically high levels of Mg increased ECM synthesis (higher expression of aggrecan, 

type II collagen and type X collagen) enhancing chondrocyte re-differentiation and cell 

growth [14]. Further in vivo studies showed the potential of porous Mg-based implants on 

the treatment of endochondral cartilage defects [15, 16].  

Mg is involved in many molecular pathways, and plays important roles in cell proliferation 

and cell cycle progression [17]. Karin Pilcher, [9] showed that extracts of WZ21 (W=Yttrium, 

Z=Zinc) alloy were well tolerated until high concentrations by human chondrocytes, although 

the study was performed during a short period of time (2 days). The limited information about 

effects of Mg-based materials degradation on chondrogenic differentiation, both in direct 

contact and as extract, point out the need for further investigations. Also possible effects 

due to the alloying elements need to be better understood. 

ATDC5 cells are a chondrogenic cell line from mouse widely stablished as a model for 

studying some mechanisms involved in endochondral ossification [18]. Furthermore it allows 
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a suitable evaluation in vitro of the chondrogenic differentiation and mineralization 

processes [19].  

The aim of this study was to evaluate ATDC5 cells tolerance and differentiation under the 

influence of the materials degradation, as a preliminary analisis in vitro of the suitability of 

Mg-based implants to be applied in children. Since chondrocyte differentiation is a process 

involving several cell stages, the growth, distribution, morphology and ECM production of 

ATDC5 cells was evaluated. 

Three different materials were used Pure Mg (PMg), Mg with 10 wt% of gadolinium (Mg-

10Gd) and Mg with 2 wt% of silver (Mg-2Ag). The influence of the extract (medium with 

degradation products) on ATDC5 cells on the gene expression morphology, growth of the 

cells was evaluated. In order to better understand cell-material interaction during 

degradation, thickness and composition of the degradation layer was analyzed as well as 

cell distribution, morphology and ECM production on the surface of the samples. 

2. MATERIAL AND METHODS 

2.1.  Material production and samples preparation  

Pure Mg (PMg, 99.95%) and Mg with 10 wt% gadolinium (Mg-10Gd) alloys were prepared 

by permanent mould gravity casting, while Mg with 2 wt% silver (Mg-2Ag) alloy was 

produced via permanent mould direct chill casting (Helmholtz Zentrum Geesthacht, 

Geesthacht, Germany). Subsequently, the ingots were then T4 treated, extruded into rods 

of 1.2 cm diameter, and finally machined to obtain a diameter of 1 cm. Discs of 1.5 mm 

thickness were then cut and gamma sterilized with a total dosage of 29 kGy (BBF 

Sterilisationsservice GmbH, Kernen- Rommelshausen, Germany). Detailed parameters are 

already published [20].  
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2.2.  Analysis of cell reactions to the extracts 

2.2.1. Extract preparation and characterization 

Samples (material disks), with an average weight of 0.2 g, 10 mm diameter and 1.5 mm 

thickness were immersed in alpha minimum essential media (alpha-MEM; Fisher Scientific 

GmbH, Schwerte, Germany) with a 10% fetal bovine serum for mesenchymal stem cells 

(SC-FBS; Stem Cell Technologies, Vancouver, Canada) and 1% antibiotics Penicillin / 

Streptomycin (Pen strep; Invitrogen). for 72 hours at 37°C, according to EN ISO standards 

10993:5 [21] and 10993:12 [22]. Afterwards, the culture medium was filtered with a 0.2 µm 

filter (Merck KGaA, Darmstadt, Germany). Subsequently, pure elutes were then diluted in 

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM / F-12 Ham; 

Sigma-Aldrich, Vienna, Austria) with 5% fetal bovine serum (FBS; Fisher Scientific GmbH, 

Viena, Austria) Sodium Selenite (30 nM, Sigma-Aldrich GmbH) and Human transferrin (10 

µg/mL, Sigma-Adrich GmbH). In order to allow the highest cell proliferation as shown in 

previous experiments (data not shown), 10% dilution of PMg extract was prepared. This 

dilution corresponded with a Mg concentration 6.08 mM. This value was considered as 

reference value so that the other extracts were modify varying the % of elute in the culture 

medium in order to get the same Mg concentration as in PMg. Element content on elutes 

(both initial concentrated and diluted) was measured via inductively coupled plasma mass 

spectrometry (ICP-MS; Agilent 7700x ICP-MS, Waldbronn, Germany). pH was measured  

with a pH-meter (HI 111 Hanna). 

2.2.2. Cell culture 

ATDC5 cells (in passage 4) were cultured in 24 well plates (Corning Costar, Sigma-Aldrich, 

Vienna, Austria) at a density of 60 000 cells/well with maintenance medium that keeps the 

cells in a pre-chondrogenic stage, consisting of DMEM, 5% fetal bovine serum (FBS; Fisher 

Scientific GmbH, Viena, Austria) Sodium Selenite (30 nM, Sigma-Aldrich GmbH) and 

Human transferrin (10 µg/mL, Sigma-Adrich GmbH). After cells were confluent in the wells, 
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6 wells were kept under maintenance conditions (as a negative control of chondrogenesis). 

This medium will be named as growth medium. In the remainding wells medium was 

replaced with the conditions indicated in table 1 (keeping 6 replicates/ condition). As positive 

control, chondrogenic differentiation of the ATDC5 cells was induced, supplementing growth 

medium with insulin (10 µg/mL, Sigma-Aldrich GmbH) and ascorbic acid (37.5 µg/mL, 

Sigma-Aldrich GmbH). The pure extracts were diluted in growth medium in order to 

determine if the extracts have an influence inducing or inhibiting the differentiation. The 

composition of every condition is shown in table 1. Cells were incubated in a humidified 

atmosphere (37 °C, 5% CO2, 21% O2) up to 21 days. Medium was changed 3 times a week. 

Variation on the extracellular pH (extracts pH) during cell culture was evaluated on the 

supernatants every time medium was changed.  

After 7, 14 and 21 days, cells were washed in phosphate-buffered saline (PBS pH 7.4; Fisher 

Scientific GmbH, Vienna, Austria), detached with Stem Pro Accutase Cell Dissociation 

Reagent (Fisher Scientific GmbH), collected into Eppendorf tubes and frozen at -80°C for 

further analysis of gene expression. 

Table 1. Medium composition in the different conditions. 

Condition Composition 

Growth medium DMEM + 5% FBS+ 10 µg/mL human transferrin + 30 nM sodium selenite 

Differentiation medium Growth medium + 10 µg/mL insulin + 37.5 µg/mL ascorbic acid 

PMg extract Growth medium + pure extract  

Mg-10Gd extract Growth medium + pure extract 

Mg-2Ag extract Growth medium + pure extract 

2.2.3. Cell morphology and proliferation with optical images 

ATDC5 cells were examined with an inverse optical microscopy Olympus BX51 (Olympus, 

Hamburg, Germany), and XC-50 color digital camera system. The software used was 

Olympus cellSens™ Microscope Imaging Software (Olympus, Hamburg, Germany). 
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Changes in morphology, proliferation and distribution of ATDC5 cells were examined after 

6, 12 and 18 days of culture.  

2.2.4. Gene expression  

After 7, 14 and 21 days of culture total RNA was extracted from the ATDC5 cells using 

RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). In brief, cells were trypsinized from the 

wells and collected in Eppendorf tubes. Cell disruption and RNA purification was performed 

according to manufacturer’s instructions.  Total RNA was measured with a biophotometer 

(Eppendorf Austria GmbH, Vienna Austria), and same amount of RNA was used for cDNA 

synthesis with First Strand Synthesis Kit (Fisher Scientific, GmbH, Vienna, Austria) following 

the manufacturers protocol with random primers. For real time quantitative polymerase 

chain reaction (qPCR), Platinum® SYBR® Green qPCR SuperMix-UDG (Fisher Scientific, 

GmbH, Vienna, Austria) was used. qPCR was performed with a Bio-Rad CFX96 instrument 

(Biorad, Vienna, Austria). 

Two genes were used as internal reference to normalized targeted cDNA (18s rRNA, 

ribosomal S28 gene, 18s; Beta-2-Microglobulin, B2m). Expression of some recognized 

markers of chondrogenic differentiation (aggrecan, Acan; alpha-1 type II collagen, Col2a1; 

SRY (Sex Determining Region Y)-Box 9, Sox9), hypertrophy (Runt-related transcription 

factor 2, Runx2; alpha-1 type X collagen, Col10a1) and pre-mineralization (alpha-1 type I 

collagen, Col1) were evaluated. The sequence of those genes is specified in table 2. Results 

were calculated with CFX Manager™ Software 3.0, using the ΔΔCq method, expressed as 

a relative gene expression value normalized to the control samples in differentiation 

medium. Primers were obtained from literature and provided by MWG-Biotech AG 

(Ebersberg,Germany). 

Table 2. Primer sequences and conditions used in the qPCR to amplify mouse chondrocyte-

specific mRNA, and reference genes. bp: base pairs. 
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Group 
Target name / NCBI RefSeq 

Abbreviation Forward Reverse Amplicon 
length (bp) 

R
ef

er
en

ce
 

ge
ne

s 

Actin, beta / NM_009735 
B2m AGAATGGGAAGCCGAACATA CCGTTCTTCAGCATTTGGAT 82 

40S ribosomal protein S18 / NG_032038 
s18 ATGCGGCGGCGTTATTCC GCTATCAATCTGTCAATCCTGTCC 203 

Ta
rg

et
 g

en
es

 

SRY (Sex Determining Region Y)-Box 9/ NM_011448 
Sox9 GAGCCGGATCTGAAGATGGA GCTTGACGTGTGGCTTGTTC 151 
alpha-1 type II collagen / NM_001844 
Col2a1 ACCTTGGACGCCATGAAA GTGGAAGTAGACGGAGGAA 230 

Aggrecan/ NM_007424  
Acan AGTGGATCGGTCTGAATGACAGG AGAAGTTGTCAGGCTGGTTTGGA 105 
Runt-related transcription factor 2 / NM_001145920 
Runx2 TGTTCTCTGATCGCCTCAGTG CCTGGGATCTGTAATCTGACTCT 146 
alpha-1 type X collagen / NM_009925 
Col10a1 TCTGGGATGCCGCTTGT CGTAGGCGTGCCGTTCTT 261 

alpha-1 type I collagen / NM_007742 
Col1a1 TGTGTGCGATGACGTGCAAT GGGTCCCTCGACTCCTACA 133 

2.3. Evaluation of cell reactions to direct contact with the materials 

2.3.1. Pre-incubation of samples and cell seeding 

Samples (10 mm diameter disks of each material) were pre-incubated in 12 well-plates, with 

3 mL of alpha-MEM medium (Fisher Scientific GmbH, Vienna, Austria) supplemented with 

15% FBS for 24 hours at 37ºC.  

Samples were transferred to 12 well-plates coated with agarose (2%) in order to avoid cell 

attachment on the plastic of the wells. Then ATDC5 cells were washed with PBS (Fisher 

Scientific GmbH) and detached from the culture flasks with accutase (Stem Pro Accutase 

Cell Dissociation Reagent, Life Technologies). After that, ATDC5 cells were seeded on the 

surface of the materials (40 000 cells in 50 µL of medium) and allowed to attach to the 

surface of the material during 30 min, at 37ºC. Subsequently 2mL of alpha-MEM (Fisher 

Scientific GmbH, Viena, Austria) medium were added to the wells. Change of medium was 

performed every 2 days.  

2.3.2. Calcein staining 

For evaluating the viability, morphology and distribution of the cells on the surface of the 

materials, calcein staining (Fisher Scientific GmbH, Schwerte, Germany) was performed 
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after 6 days of culture (according to the manufacturer´s protocol). After this period, samples 

were carefully washed with PBS, and subsequently immersed in the calcein staining solution 

consisting of 5mL of PBS + 10µL calcein stock solution. The samples were incubated in the 

darkness at 37ºC during 20 min. Then samples were again washed carefully with PBS and 

transferred to new well plates with culture medium. Life cells are observed in green.  

2.3.3. SEM images and EDX- elemental mapping of degradation layer  

Samples with ATDC5 cells were washed with PBS and fixed with a solution containing 

2%paraformaldehyde, 2.5% glutaraldehyde in 0.1 M Sodium cacodylate buffer, pH=7.4 

during 1 hour at room temperature. Then, dehydration was performed with isopropanol and 

critical point drying:  samples were immersed in isopropanol baths with increasing 

concentrations (20-40-60-80-100%), during periods of 30 minutes each. During critical point 

drying (EM CPD030, Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany), the 

isopropanol contained in the cells was gradually substituted by CO2 inside the cells, by 

repeated baths with CO2 at 8°C. Then temperature was increased to 40°C and pressure 

raised to 75.5 Bar, so that critical point with CO2 was reached at 31°C. After 31°C, CO2 

evaporated without change of density, allowing complete elimination of water without 

affecting cell structures. 

The scanning electron microscopy (SEM) and focus ion beam (FIB) crossbeam workstation 

Auriga (Zeiss, Oberkochen, Germany) equipped with the Canion column from Orsay physics 

(Fuveau, France) had been used. The Auriga is operated by the SmartSEM software 

(version V05.0403.00), from Zeiss. By SEM, a detailed magnified image of the sample 

surface is provided, enabling a precise alignment of the sample for cutting by the subsequent 

FIB milling. The regions of interest were excavated by a FIB current of about 10 nA or higher 

to achieve the desired cross section. A subsequent fine milling was performed successively 

with 2 nA and 200 pA.  
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Energy Dispersive X-ray Spectroscopy (EDX) measurements were done by the Apollo XP 

device from EDAX (Ametek GmbH, Wiesbaden, Germany) attached to the Auriga. EDX 

measurement and analysis runs by the software Genesis Spectrum (Version 6.255) from 

EDAX. 

The non conductive samples were coated with a Gold-Palladium alloy to allow SEM 

investigations. Coating was done by the sputter device SCD 030 (Balzers Union, Balzer, 

Liechtenstein). To equal the deposit thickness of the sputtered coating, each pair was 

exposed to 30 mA for a time of 60s.  

2.4. Statistical analysis 

Analysis of the differences in gene expression was performed with CFX Manager Software 

3.1 (Bio-Rad Laboratories, Munich, Germany), which calculates statistical variations using 

the t-test method. Significant differences were accepted if the significance level was P < 

0.05. 

3. RESULTS 

3.1.  Extracts 

3.1.1. Extract characterization 

In order to evaluate the element composition of the extracts after degradation of the samples 

ICP-MS was performed. Variations on the pH were also determined. Mg content in the 

concentrated extract is much higher for Mg-10Gd than in PMg and Mg-2Ag. Both parameters 

were measured in the concentrated extract and in the diluted extract (table 3) and compared 

with culture medium. Results confirmed the equal content of Mg after dilution. pH is basic in 

all the extracts.  

Table 3. Elemental characterization of the initial extracts (pure) and after dilution (diluted) 

measured via ICP_MS. All units are given in millimolar (mM). 

Element Mg Ca P Gd Ag pH 
Extract 
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PMg Pure 51.43 0.7 0.3 _____ _____ 8.68 
Diluted 6.08 1.79 1.26 _____ _____ 8.15 

Mg-10Gd Pure 80.64 0.32 0.32 2.16 x 10-3 _____ 8.51 
Diluted 6.08 1.77 1.26 1.27 x 10-3 _____ 8.15 

Mg-2Ag Pure 50.60 0.54 0.54 _____ 71 x 10-3 8.68 
Diluted 6.08 1.72 1.16 _____ 11 x 10-3 8.25 

Alpha-
MEM 

Pure 0.814 1.80 1.014 + 
proteins /FBS 

_____ ____ 7.34 
Diluted 

4.1.2. Gene expression 

Gene expression was normalized to the control in growth medium. Figure 1 shows the 

relative normalized expression of ATDC5 cells after 7, 14 and 21 days. After 7 days, Col2a1 

and Sox9 showed higher expression when stimulating the cells for chondrogenesis as well 

as with Mg-2Ag and PMg extracts, while Mg-10Gd showed no effects on the expression of 

any of the chondrogenic genes. Regarding the hypertrophic (Col10a1 and Runx2) and 

endochondral bone formation (Col1a1) gene markers, differentiation medium induced slight 

increase on the expression of Runx2 and Col1a1. The most notable effects is detected with 

Mg-10Gd extract, inducing upregulation of Col10a1 (1.95 times higher) and with PMg which 

decreased the expression of Col10a1 to half (0.55) and even more of Runx2 (0.37) and 

Col1a1 (0.20). Mg-2Ag showed no effects on those three genes. 

After 15 days, the expression of the chondrogenic markers (Acan, Col2a1 and Sox9) was 

increased stimulating the cells with differentiation medium. Mg-10Gd and Mg-2Ag induced 

a much higher expression of Acan (2.35 and 2.93 times higher respectively), slight decrease 

on Col2a1 and no effects on Sox9 expression. PMg extracts increased expression of Sox9 

(1.6 times). Differentiation medium decreased Col10a1 and Runx2 expression while Col1a1 

was not altered. Upregulation of hypertrophic (Col10a1, Runx2) and osteogenic (Col1a1) 

markers was detected with Mg-10Gd extract. Mg-2Ag and PMg extracts induced a higher 

expression of Col10a1 and a slight decrease on the expression of Runx2 regarding control 

in growth medium. Col1a1 expression was furthermore decreased with Mg-2Ag.  

After 21 days of cell culture, differentiation conditions showed an approximately double 

expression of Acan (2.2 times higher) and Sox9 (2.24 times higher) and a significant 
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upregulation of Col2a1 (5.2 times higher). Mg-10Gd induced significant upregulation of Acan 

(4.57 times), a 2.3-fold increase on Col2a1 but did not affect Sox9 expressions. Mg-2Ag and 

PMg increased the expression of Col2a1 and showed the highest expression of Sox9. 

Expression of chondrogenic markers was increased under chondrogenic conditions. Mg-

10Gd extracts induced a significant upregulation of Col10a1 (5.9-fold increase) and Runx2 

(4.02-fold increase). PMg showed a reduction in the expression of Col10a1 and an increase 

on the expression of Runx2 regarding the control. Mg-2Ag showed no effects on the 

expression of those genes. Col1a1 was slightly decreased to 0.85 with differentiation 

conditions and to 0.8 with Mg-2Ag extract. With PMg the expression of Col1a1 was reduced 

to almost half (0.58) and finally was significantly downregulated with Mg-10Gd extract 

(0.074).  
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Figure 1. Gene expression of ATDC5 cells after 7 (A), 14 (B) and 21 (C) days of culture 

under the influence of differentiation medium and extracts. The graph shows means ± 

standard deviation of 3 biological replicates and 3 technical replicates. Data normalized to 

2 reference genes (s18 and B2m) and to control in growth medium. Stars indicate 

statistically significant differences regarding control in growth medium (p < 0.05 = *, p < 0.01 

= **, p < 0.001 = ***) calculated with FCX manager software 3.1 using t-test method. 

4.1.3. pH evolution 
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Figure 2. PH variations in all the conditions during cell culture due to ATDC5 cells. PH was 

measured prior to every change of medium. 

PH was measured in the supernatants when culture medium was changed. Both 

maintenance and differentiation conditions showed no significant differences, (only 

differentiation is represented in the graph). In figure 2 it is possible to observe a slight 

increase on pH in differentiation condition, from initial pH 7.34 till 7.53 after 19 days of 

culture. The initial pH of the extracts (before cell culture) was higher than in the control (8.15 

in Mg-10Gd and 8.25 in both Mg-2Ag and PMg). After 3 days of cell culture, the pH of the 

extracts notably decreased. While Mg-2Ag and PMg reached values still higher, but close 

to the pH in maintenance condition (7.75 in Mg-2Ag; 7.64 in PMg; 7.47 in maintenance), 

Mg-10Gd exhibited a deep drop on pH (7.16). 

 Mg-2Ag and PMg conditions showed very similar pH values at every time point. Both 

conditions showed an increase after 6 days, getting close to the initial values, followed by a 

continuous and slow decrease until reaching the value as the one in the control conditions 

(7.4 in Mg-2Ag; 7.45 in PMg; 7.53 in maintenance). 
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PH on Mg-10Gd, after the initial decrease from 8.15 to 7.16, continued to decrease until 6.9 

on day 14, and finally increased until values similar to the other conditions were reached 

(7.6). 

4.1.4. Cell growth during the culture period  

Optical images of ATDC5 under influence of the extracts and control conditions are shown 

in figure 3. After 6 days cells were more confluent when cultured with the extracts. With 

differentiation medium some areas of cell condensation and synthesis of ECM can be 

already observed (white areas).  

After 12 days of culture, highest cell confluence is detected in differentiation medium, with 

higher and more homogenous cell condensation and ECM than after 6 days. 

In Mg-10Gd extract, some zones showed an increase in cell size and round-shaped 

morphology as well as lower cell density than in the other conditions. Nevertheless, in other 

areas cell condensation is also observed. Mg-2Ag and PMg showed a slight higher 

confluence than in growth medium. Cell condensation is also recognized in located areas.  

Finally, after 21 days ATDC5 cells showed similar confluence and cell size in growth 

medium, Mg-2Ag and PMg extracts. With differentiation medium cartilage nodules are 

obvious (areas with high cell density and enhanced production of ECM). When cultured with 

Mg-10Gd, nodule formation is also observed, but some cells seem to show hypertrophic and 

apoptotic phenotypes. 
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Figura 3. Optical images of ATDC5 cells cultured during 6, 12 and 18 days under the 

influence of growth medium, differentiation medium and Mg-10Gd, Mg-2Ag, PMg extracts. 

Condensation areas (white arrows); cartilage nodule formation (black arrows).  

3.2. Direct contact cells- material 

3.2.1. SEM images 

SEM images were obtained after 6 days of cell culture, to evaluate cell morphology and 

distribution on the surface of the materials.  



17 
 

 

Figure 4. SEM images of ATDC5 cells on Mg-10Gd, Mg-2Ag and PMg samples after 6 days 

of culture.  

Mg-10Gd allowed cell attachment and distribution of ATDC5 on the whole surface (figure 4). 

Some of the cells showed a spread and polygonal morphology, but mostly, cells appeared 

as aggregates homogenously distributed all over the samples. Cells in aggregates exhibited 

a marked rounded shape. Layers of fibrils were surrounding some areas of cell clusters. 

In Mg-2Ag samples, surface coverage was similar to the one in Mg-10Gd, but ATDC5 cells 

exhibited spread morphology. Some rounded cells are also noticed, but cell aggregation 

was lower than on Mg-10Gd samples. 

Regarding PMg, cell number was lower than in the other samples, and its distribution was 

limited to some areas where also high cell density and aggregation was detected while other 

areas were unpopulated. Some cells showed a rounded morphology characteristic of 

chondrocytes. Cells developed abundant surface extensions attaching to the material.  

3.2.2. Calcein staining 
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Mg-10Gd surface was almost totally covered by cells after 6 days. Cells showed a rounded-

shaped morphology. The distribution was very homogenous, and in areas with high cell 

density, ECM can be observed as homogenous layer embedding the cells.  

Mg-2Ag samples also allowed a homogenous distribution of the cells, covering a lower area 

of the surface than in Mg-10Gd. ECM production is recognized locally (where cells form 

cartilage nodules) but not homogenously on the whole surface. ATDC5 cells showed a 

tendency to follow an orientated distribution over both Mg-10Gd and Mg-2Ag alloys (can be 

appreciated as a diagonal linearity in figure 5) that could be directed by the cutting lines of 

the samples. 

PMg samples showed a low cell number, also homogenously distributed. ECM is negligible 

on those materials. Cells exhibited a similar size on all the materials. 

 

Figure 5. Calcein staining of ATDC5 cells on the surface of Mg-10Gd, Mg-2Ag and PMg 

discs after 6 days of culture. 

3.2.3. SEM and EDX of the degradation layer: element composition and thickness 

The effect of the cells and culture conditions on the degradation layer was also evaluated. 

Figure 6 shows SEM pictures of the FIB processed transversal sections of the materials. 
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The images contain the degradation layer below and without cells. It is possible to 

distinguish the degradation layer and cells on the materials surface. Variations in thickness 

along the degradation layer in the same sample are observed, regardless of the presence 

or lack of cells on the surface. Mg-2Ag has the thinnest degradation layer with a variable 

depth. Mg-10Gd has the thickest layer (reaching 15.05 µm) and the most homogenous 

regarding size. The degradation layer in PMg samples is again strongly variable. 

 

Figure 6. FIB-SEM image obtained of Mg-10Gd, Mg-2Ag and PMg samples, showing the 

degradation layer thickness variation with and without cells on the surface.  

Furthermore, qualitative (figure 7) and quantitative (table 4) element composition of the 

degradation layer was determined by EDX analysis. The main differences are found in the 

content of Mg, Calcium (Ca) and Phosphorous (P), apart from the alloying elements. In Mg-

2Ag Mg and Oxygen (O) are homogenously distributed in the whole degradation layer. It is 

notable the higher content of Mg than in the other materials (1.5 times), and a low (0.30 

wt%) Ag content, which furthermore seems localized in some areas of the layer. In addition, 

Ca and P amounts are 1.4 times and 1.14 times higher (respectively) than in Mg-10Gd and 

2.6 times 2.16 times higher (respectively) than in PMg. 

Mg content in Mg-10Gd seems to be substituted by a high content of Gd (2.97 wt%) and in 

PMg by O. 

While in Mg-2Ag Ca is concentrated in the surface of the samples, in PMg samples, Ca is 

distributed through the whole degradation layer (even though the content is much lower).  
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In Mg-10Gd samples, O and Mg seem to be more abundant in areas close to the surface. 

Gd is distributed homogenously throughout the whole degradation layer.  

Table 4. Element quantification in the degradation layer. Data obtained with EDAX ZAF 

Quantification (Standardless), element normalized. (C: Carbon; N: Nitrogen; O: Oxygen; Na: 

Sodium; Ga: Gallium; Si: Silicon; P: Phosphorous; Ca: Calcium; wt%: weight percentage; K 

and L: electron shells). 

Element 
 

wt % 
Mg-2Ag Mg-10Gd PMg 

CK 1.15 1.09 1.12 
NK 0.06 0.03 0.07 
OK 86.55 87.37 90.32 
NaK 0.09 0.09 0.07 
GaL 0.50 0.81 0.81 
MgK 9.26 6.08 6.37 
SiK 0.18 0.12 0.14 
PK 0.80 0.70 0.37 

AgL 0.31 0.00 0.00 
CaK 0.65 0.46 0.25 
GdL 0.00 2.97 0.00 

Total 100.00 

PMg images showed a notably fragmented layer, with a very homogenous distribution of Ca 

through the whole passivation layer. O and Mg followed the same distribution pattern in all 

the materials. 

 

Figure 7. EDX mapping showing the distribution of magnesium (Mg), oxygen (O), calcium 

(Ca), phosphor (P), silver (Ag) and gadolinium (Gd) in the transversal section of the 

materials. Images were taken at an accelerating voltage of 15 keV. 
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5. DISCUSSION 

Sox9 expression is essential for chondrocyte differentiation, and also prevents chondrocytes 

hypertrophy [23]. Sox9 has also been suggested to direct cell condensation and allow cell 

survival in the condensation stage [24]. This gene furthermore stimulates the expression of 

other cartilage matrix genes such as Col2 and Acan (main components and markers of 

cartilage ECM) [25]. Our results showed a clear correlation between Sox9 and Col2 

expression after 7 and 14 days. Runx2 is a transcription factor involved in osteoblastic 

differentiation and skeletal morphogenesis. Its expression is indicating a certain propensity 

to ossification / mineralization and is therefore also a marker of chondrocyte hypertrophy 

[26]. Col10 has also been reported in literature to be a marker of advanced chondrocyte 

hypertrophy [27], which takes place prior to endochondral ossification in vivo (consisting of 

mineralization of the matrix and blood vessel formation within hypertrophic cartilage). 

ATDC5 cells showed a very similar pattern of expression of Col10 and Runx2 in all the time 

points. As a marker of bone cells and mineralization of ECM, Col1 gene expression was 

also evaluated [28].  

All the extracts increased the expression of chondrogenic markers compared to control 

(growth medium), although for Mg-10Gd the effect was delayed. Nevertheless, with time, 

the influence of PMg and Mg-2Ag became less notable, while Mg-10Gd showed significant 

induction of cell maturation and hypertrophy, which increased with time. From the high 

expression of hypertrophic markers observed with Mg-10Gd extract, increased expression 

of Col1 would be also expected, as marker of mineralization. But Col1 was inhibited by the 

3 extracts, and Mg-10Gd extract induced downregulation of this gene. 

Even though the pH in the extracts was initially higher than in control medium, the fast 

reduction during the first 3 days indicated a high cell metabolism and proliferation, proving 

the lack of toxicity of the extracts on the cells. Extracellular pH of chondrocytes in vivo is 

more acidic than in the rest of the tissues; a pH of 6.9 has been registered in the ECM of 
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articular cartilage. Among others, a reason for the low pH in cartilage is the positive charge 

of proteoglycans, which fix high number of negative charges modifying the extracellular ionic 

composition [29]. Therefore, the gradual decrease on pH showed in Mg-2Ag and PMg 

extracts after 6 days could indicate an increase in ECM synthesis. Nevertheless, Mg-10Gd 

showed a significantly stronger drop of pH than in the other condition after 3 days, reaching 

acidic values, and remained acid until 13th day of culture. In contradiction, the optical 

microscopy images of ATDC cultured in Mg-10Gd extracts showed similar confluence as in 

the other conditions after 7 days. After 12 days an increase in cell size is appreciated but 

not in confluence, so that cell proliferation does not explain the decrease on pH in that 

extract. A higher production of ECM synthesis would not completely explain the drop in pH, 

because the same reaction would be expected under differentiation conditions. 

Therefore the reason for the acidic pH in Mg-10Gd seems to rely in the hypertrophic stage 

of the cells: while in articular cartilage hypertrophic chondrocytes reduce their metabolic 

activity, during development, growth or bone repair, mature hypertrophic chondrocytes 

exhibit a high metabolic activity that is also related with an increase in ECM production [30]. 

After 21 days, the pH was restored by the cells in all the extracts until almost the same 

values as those in control condition, showing the capability of the ATDC5 cells to 

osmoregulate the extracellular pH (in the extracts).  

In the diluted extracts used in this experiment, the only relevant difference in the composition 

is the presence of Gd or Ag in Mg-10Gd and Mg-2Ag respectively. Therefore, common 

effects of the three extracts regarding control in growth medium are attributed to Mg itself, 

while differences on ATDC5 with Mg-10Gd and Mg-2Ag regarding PMg can be attributed to 

the alloying elements. 

Mg ion is involved in numerous metabolic pathways and is an indispensable ion for keeping 

appropriate cell functions. Mg2+ regulates and maintains enzymatic activity, energy 

production and ATP, DNA and RNA synthesis and mineral balance. A deficit in extracellular 
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or plasma Mg2+ is related to a high variety of diseases [31] (e.g. arrhythmia, renal failure, 

and diabetes). Hypo-magnesia conditions (concentrations in plasma < 1mM), have been 

associated with osteoporosis [32]. Nevertheless, the effects of Mg2+ concentrations higher 

than the physiological ones need to be further investigated.  

Extracellular Ca2+ and Mg2+ play an important role in the functions of the skeletal system. 

Especially important is a good balance between both ions [33]. As an antagonist for Ca2+, 

high concentration of Mg2+ could lead to changes in the intracellular Ca2+/Mg2+ balance, 

interfering in Ca2+-dependent cellular processes, such as extracellular matrix mineralization. 

In vitro, high Mg2+ negatively influences osteogenesis and mineralization, by competing for 

the same transporters, for example, TRPM7 channel [34]. Inversely, when using Mg-based 

materials both in vitro (instead of extracts) [35] and in vivo (bone implants) mineralization 

and bone apposition is observed. Mg materials promote precipitation of calcium phosphate, 

which is likely the cause of such effects [4, 36]. 

Our results confirmed the precipitation of Ca on the samples during immersion in culture 

medium, indicated by the reduction in Ca content in the extract regarding the control without 

materials. Nevertheless, Ca content was restored after diluting the pure extract with culture 

medium, so that not additional effects due to the variation on this ion should be considered. 

Furthermore, previous studies with ATDC5 cells have shown that a concentration of 4.2 mM 

of Mg2+ reduces the effects of Ca2+ excess, decreasing ATDC5 maturation and inhibiting 

mineralization [37]. The low expression of Col1 with all the extracts confirms the inhibitory 

effect of Mg on the mineralization of ATDC5 cells (even undergoing hypertrophy).  

Concentrations of 10 mM of Mg were proved to induce chondrogenesis on stem cells [38] 

and to increase chondrocytes proliferation and re-differentiation[14]. Moreover, 6.96 mM Mg 

(close to the concentration of the extract used in this study) promoted chondrocyte synthesis 

of Col10 and Acan, which agrees with our results obtained with Mg-10Gd [39]. 
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With our results, we could confirm that Mg (at concentration 6.08 mM) exhibits no toxic 

effects on ATDC5 cells. In addition, an inhibitory effect on terminal differentiation and 

mineralization is observed. A slight increase in some chondrogenic genes was detected, but 

not significant influence could be confirmed. 

Ag-containing materials are one strategy to diminish infections. Even though in children 

infection is a rare event, addition of Ag to Mg materials is a method used for reducing its 

degradation rate. Since its main role is to act against bacteria, information about toxic effects 

of Ag on mammalian cells as well as on chondrogenesis is limited and even contradictory.  

While some authors determined the toxicity level of free ions close to the total Ag we have 

in the extracts (i.e. 1 mg/L) [40, 41], the majority of authors found a much higher cytotoxic 

limit for a variety of cell types [42, 43]. Specifically on articular chondrocytes, Ag toxicity was 

detected at doses approximately 5 times higher than the one present in the extract (5 mg/L) 

[43]. Interestingly, when cells were in a 3D model the toxic limit increased to almost double 

concentrations (9 mg/L), suggesting that in vivo a stronger cell resistance to this element 

could be expected. The optical images taken during the whole culture period of ATDC5 cells 

showed no toxic effects. The initial drop on the pH of Mg-2Ag and further gradual decrease 

until reaching levels similar to the control one, is also indicating high cell proliferation.  

Few studies have been performed on the effect of Ag on stem cell differentiation [44-46]. 

Sengstock et al.[45] reported that Ag concentrations close to the ones we used showed no 

effects on morphology and Acan production during chondrogenesis using stem cells. 

However, in our study, ATDC5 exhibited an increased expression of Acan after 14 days as 

well as Sox9 and Col2 after 21 days of culture, which correlates with the results found by 

He et al. [46], who furthermore detected a decrease on hypertrophic marker Col10 when 

cells were exposed to Ag nanoparticles for 21 days. In summary, significant effects were not 

detected on ATDC5 cells in Mg-2Ag extracts on both proliferation and differentiation. Since 
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the Ag content in the extract was really low, no interference with normal cell functions was 

expected. 

Toxic effects of Gd are not found in cells until doses significantly higher than the ones 

contained in the extracts [47, 48]. Regardless the low content of Gd in the extracts, the 

notable effects observed on the cells comparing with the other conditions could be explained 

by tendency of Gd3+ ions to combine with phosphates, citrates, hydroxides or carbonates, 

and form precipitates under physiological conditions [49]. Those precipitates would deposit 

close or directly on cell surfaces and will release ions depending on thermodynamic 

conditions, enhancing the effects of extracellular Gd3+ [50].  

The mechanism behind upregulation of hypertrophic genes markers induced by Mg-10Gd 

extracts could be related with the osmolality: the degradation of the materials induces an 

increase in osmolality, which has the same effect than the mechanical compression 

occurring on native cartilage. As a result, Ca influx from the extracellular space occurs in 

order to recover cell morphology. The transduction of mechanical or osmotic stress is carried 

out by mechanosensitive channels (MSC) [51], also present in growth plate chondrocytes 

[52]. Gd3+ has the capability of blocking most of MSCs at really low concentrations (lower 

than 0.1 mM) [53], therefore avoiding stress recovery mechanisms.  

In direct contact test, the degradation rate and homogeneity, as well as the composition of 

the degradation layer will be the main factors determining cell adhesion, distribution and 

changes in chondrocyte phenotypes.  

Best cell coverage and matrix production was obtained with Mg-10Gd followed by Mg-2Ag. 

PMg samples limited cell presence to some areas, making cell distribution inhomogenous 

on the surface. 

The degradation layer of Mg-10Gd and Mg-2Ag exhibited a higher tendency to precipitate 

Ca and P (probably as PO4 and CaCO3) than PMg, which also correlates with the high levels 

of Ca found in PMg extracts (non-diluted) regarding the other extracts. PMg samples 
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showed higher content of O compared to the other materials, which suggests the main 

components of the corrosion layer are MgCO3, Mg(OH)2 and MgO.  

Even though the content of Ca and P is higher in Mg-2Ag than in Mg-10Gd, a thicker and 

more intense layer of Ca below the cells in Mg-10Gd samples than in the other materials is 

appreciated. Furthermore, the strongest drop of Ca and P in Mg-10Gd extracts after 72 h of 

extract preparation indicates an earlier precipitation of those compounds in Mg-10Gd 

samples than in Mg-2Ag and PMg. In consequence a better cell attachment on the surface 

is expected, which also enhances higher surface coverage.  

The composition of the degradation layer gives also relevant information about the 

degradation behavior. Gd and Ag cations incorporated in the degradation layer would help 

to have a more homogenous degradation (independently from the rate), and therefore a 

better distribution of cells in Mg-10Gd and Mg-2Ag samples. Those cations can interact with 

Cl anions (forming GdCl3 and AgCl3), slowing down the harmful effect of Cl- on the hydroxide 

layer form during Mg-materials degradation [54].  

The high content of Gd on Mg-10Gd and low content of Ag in Mg-2Ag layer is notable, which 

correlates with the low content of Gd found in the extracts in comparison with Ag (1.27 x 10-

3 and 11 x 10-3 respectively). This difference on the content of the alloying elements could 

be due to the fact that in Mg-10Gd samples the dissolution of Gd intermetallics is enhanced. 

Also, that Gd3+ ions could be substituting Mg cations in the brucite lattice [55]. The high 

content of Gd in the layer has also effects on cell behavior: higher cell and ECM density on 

Mg-10Gd may also be enhanced by the higher amount of Mg ions released into the medium, 

and to the high availability of Gd3+ ions present in the degradation layer. Such Gd3+ ions are 

in direct contact with the cell surface, increasing the effects of Gd on the membrane 

(channels) or the ion transfer of the ion (as previously explained with nanoparticles). As a 

result micro-cell aggregates of ATDC5 cells as the ones found on Mg-10Gd can form, 

enhancing the synthesis of cartilaginous ECM and neo-cartilage formation (both in vitro and 
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in vivo) [56]. Therefore, Mg-10Gd samples seem to induce spontaneous chondrogenic 

differentiation of ATDC5 cells seeded on their surface.  

Finally, the content of Ag is localized in some areas of the degradation layer of Mg-2Ag 

samples while in Mg-10Gd, the Gd is homogenously distributed throughout the whole layer. 

This fact could be contributing to the lower coverage (even if not too relevant) on Mg-2Ag 

than in Mg-10Gd. 

6. CONCLUSIONS 

The three materials are well tolerated by ATDC5 cells. PMg and Mg-2Ag showed no 

significant effects apart from a slight increase in chondrogenic redifferentiation. 

Nevertheless, PMg showed low cell coverage, probably due to a non-homogenous 

degradation behavior. While Mg-10Gd extracts induced chondrocyte maturation or 

hypertrophy, the direct contact test with Mg-10Gd materials showed good cell attachment 

and high proliferation and coverage of the materials surface. Furthermore, Mg-10Gd 

samples induced cell aggregates formation and stimulated matrix production. Cell 

maturation and hypertrophy is a normal and necessary process in growth plate, and an 

enhancement could give rise to a faster healing process in vivo. The inhibitory effect on 

mineralization is advantageous since it could help to reduce bone bridge formation. Further 

in vitro evaluation need to be performed in order to better understand the mechanisms 

underlying the cellular reactions observed. In addition, these results need to be proved in 

animal models evaluating possible disturbances on the in vivo growth process as well as 

the long-term effects of the alloying systems. 
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