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Abstract In the last few years, the use of biodegradable

magnesium (Mg) alloys has evoked great interest in the

orthopedic field due to great advantages over long-term

implant materials associated with various side effects like

allergy and sensitization and consequent implant removal

surgeries. However, degradation of these Mg alloys results in

ion release, which may cause severe cytotoxicity and unde-

sirable complications after implantation. In this study, we

investigated the cytological effects of various Mg alloys on

cells that play an important role in bone repair. Eight dif-

ferent magnesium alloys containing varying amounts of Al,

Zn, Nd and Y were either incubated directly or indirectly

with the osteosarcoma cell line Saos-2 or with uninduced and

osteogenically-induced human mesenchymal stem cells

(MSCs) isolated from bone marrow specimens obtained

from the femoral shaft of patients undergoing total hip

replacement. Cell viability, cell attachment and the release of

ions were investigated at different time points in vitro.

During direct or indirect incubation different cytotoxic

effects of the Mg alloys on Saos-2 cells and osteogenically-

induced or uninduced MSCs were observed. Furthermore,

the concentration of degradation products released from the

Mg alloys differed. Overall, Mg alloys MgNd2, MgY4,

MgAl9Zn1 and MgY4Nd2 exhibit good cytocompatibility.

In conclusion, this study reveals the necessity of

cytocompatibility evaluation of new biodegradable magne-

sium alloys with cells that will get in direct contact to the

implant material. Furthermore, the use of standardized

experimental in vitro assays is necessary in order to reliably

and effectively characterize new Mg alloys before per-

forming in vivo experiments.

1 Introduction

In the last few years, the use of magnesium (Mg) as a

material for biodegradable medical implants like bone

implants [1] and vascular stents [2] has attracted great

attention. Biodegradable bone implants manufactured out

of Mg alloys can be employed in orthopedic surgery,

because of their adequate stability supporting the bone in

the first period after implantation followed by complete

biodegradation within the human body. Slowly degrading

implants are regarded as promising therapeutic materials to

be used instead of titanium (Ti) or steel implants, since

reoperation for implant removal can be avoided [3].

Besides their degradation behavior, the cytocompatibility

of Mg alloys plays a pivotal role when considered as implant

material. Regarding orthopedic surgery, the particular bone

implant gets into contact with osteoblasts, fibroblasts as well

as myoblasts, but also resident and invading mesenchymal

stem cells (MSCs). The latter are of particular interest,

because of their ability to differentiate into cells of the

osteogenic lineage and consequently provide bone repair [4,

5]. In in vivo animal studies it has also been shown that Mg-

based bone implants have a stimulatory effect on bone repair

[6]. However, before clinical application numerous physical

and biological tests have to be performed to systematically

analyze the cytocompatibility of the respective Mg-based

alloy with the surrounding tissue.
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In vitro studies analyzing the biocompatibility of Mg

alloys with different cell types like fibroblasts or osteo-

blasts showed that fibroblasts exhibited similar viability

when compared to the osteosarcoma cell line (MG63) used

as control [7]. On the other hand, primary osteoblast

showed increased tolerance towards the Mg alloys, than

MG63 [8]. Furthermore, human umbilical cord perivascu-

lar (HUCPV) cells, a MSC-like cell population [9],

exhibited minor sensitivity in contact to Mg alloys than

MG63 [10]. As these contradictory results show, more

research on the cytocompatibility of Mg-based alloys needs

to be done to systematically investigate the effect of bio-

degradable Mg-based bone implants on cells of the sur-

rounding tissue. Additionally, there is still a great need for

standardized test systems allowing in vitro and in vivo

characterization of novel Mg alloys to identify Mg alloys

showing good clinical performance [11].

In the present study, we systematically analyzed the

direct and indirect effects of various magnesium alloys on

the osteosarcoma cell line Saos-2 as well as on primary

human MSCs of different donors in vitro. Viability and

adhesion of cells on the surface of Mg-based plates were

studied at different time points.

2 Materials and methods

2.1 Material

Small Mg plates with a diameter of 10 mm and height of

1 mm containing varying amounts of Al, Zn, Nd and Y

(Table 1) were prepared as previously described in order to

mimic biodegradable Mg alloys [12, 13]. Briefly, the alloys

were manufactured without inclusion of additives like for

example Mn. Magnesium was melted at 740 �C under an

inert gas mixture (Ar 0.3 % SF6), followed by the addition

of the pure alloying elements. In order to ensure a homo-

geneous element distribution, the melt was continuously

stirred and subsequently added to a thin-walled mold for

die casting at 680 �C for 1 h before cooling to room tem-

perature through a water shower within 5 min. Identical

casting parameters and cooling conditions were used to

ensure similar microstructures of the alloys [14]. All plates

were polished with SiC (silicion carbide) 1200 in ethanol

on both sides followed by an ultrasonic cleaning in ethanol

for 3 min.

2.2 Tissue culture

The osteosarcoma cell line Saos-2 was obtained from the

American Type Culture Collection (ATCC) and subcul-

tured on tissue culture treated plastic flasks with McCoys

A5 (PAA, Pasching, Austria) supplemented with 15 %

fetal calf serum (FCS; PAA) and 2 mM L-Glutamine

(PAA). Confluence was kept between 50 and 80 % and

medium was changed every 2–3 days.

Primary human mesenchymal stem cells (MSCs) were

isolated from bone marrow samples by density gradient

centrifugation according to a previously described method

[15]. The bone marrow specimens were obtained from the

femoral shaft of patients undergoing total hip replacement.

The patients gave their written consent and the study was

approved by the Ethical Committee of the Faculty of

Medicine of the University of Tuebingen. Cells were tested

for the minimal criteria to confirm their stemness [16].

Cells were subcultured on tissue culture treated plastic

flasks and fed with DMEM (low glucose; PAA) supple-

mented with 10 % FCS and 4 mM L-Glutamine. Conflu-

ence was kept between 50 and 80 % and medium was

changed every 2–3 days. For the tests, cells of the 4th

passage were used.

For osteogenic induction of the MSCs, cells were seeded

on 12- or 24-well plates (Costar; Corning, USA) and

treated with osteogenic induction medium (1 ml for

12-well and 0.5 ml for 24-well plates) consisting of normal

tissue culture medium supplemented with 4 lM Dexa-

methasone (Sigma-Aldrich, Steinheim, Germany), 10 mM

ß-Glycerophosphate Disodium Salt Hydrate (Sigma-

Aldrich) and 100 lM L-ascorbic acid 2-phosphate (Sigma-

Aldrich) [17] for 13 days before the tests. The undiffer-

entiated control cells were seeded in the same manner and

fed with normal tissue culture medium without supple-

ments for 13 days before the tests.

2.3 Direct incubation of magnesium plates with cells

Each of the cell types was seeded on 12-well tissue culture

dishes (Costar; Corning, USA). Saos-2 cells were seeded

overnight with a density of 4 9 104 cells per well for the

24 and 48 h measurements or 2 9 104 cells per well for the

72 h time point in 1 ml of medium to obtain optimal

adherence. A total of 2 9 104 MSCs per well were seeded

for all time points. Thereafter, Mg plates were placed on

the cells for direct incubation. The metabolic activity was

measured using an MTT-assay (AppliChem, Darmstadt,

Germany) after 24, 48 and 72 h of incubation at 37 �C.

Table 1 Chemical composition in % (w/w) of the tested Mg alloys

No Alloy No Alloy

1 MgZn1 5 MgY4

2 MgAl3 6 MgAl3Zn1

3 MgAl9 7 MgAl9Zn1

4 MgNd2 8 MgY4Nd2
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2.4 DAPI staining of the cells

Cells were seeded directly onto the different plates for 24 h

and their attachment was visualized microscopically after

DAPI (40,6-diamidino-2-phenylindole; AppliChem) stain-

ing. Cells were washed and fixed one time with DAPI-

methanol (1 lg/ml; -20 �C), followed by incubation with

DAPI-methanol for 15 min. Cells were rinsed 2 times with

methanol (-20 �C) and detection was done at a magnifi-

cation of 63 9 under UV excitation. The analysis was done

by quantifying the number of attached cells on the plates in

comparison to each other.

2.5 Inductively coupled plasma optical emission

spectrometry (ICP-OES)

Additionally, the concentrations of ions released from the

Mg plates after incubation for 120 h in Saos-2 cell and

MSC media was analyzed using ICP-OES. For each sam-

ple, 3 ml of preincubated medium was mixed with 0.5 ml

HCl (32 %) to clear the precipitates. The samples were

then diluted to a final volume of 10 ml. Measuring was

done with an ICP-OES (Optima 4300 DV, Perkin Elmer,

Rodgau, Germany). Every element was measured at 2

different wavelengths with 3 repetitions. The mean values

were used for evaluation.

2.6 Indirect incubation of the alloys with cells

This test was done to reveal the effects of the metal ions

that are released from the Mg plates in the media. Three

plates of each Mg alloy were preincubated in 7 ml culture

media for 120 h at 37 �C. Afterwards, 0.5 ml of each

respective media supernatant was transferred to cells see-

ded in 24-well tissue culture dishes (Costar; Corning,

USA). Saos-2 cells were seeded with a density of 1 9 104

cells per well for the 24 and 48 h measurement and

2 9 104 for the 72 h time point overnight, to obtain opti-

mal adherence. Cell density of the MSCs was 0.5 9 104

per well for all time points. The metabolic activity of the

cells was measured after 24, 48 and 72 h of incubation at

37 �C.

2.7 MTT-assay (3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazoliumbromid-assay)

The MTT-assay is a technique allowing to measure the

activity of the metabolic NAD(P)H-dependent cellular

oxidoreductases, making it possible to deduce the viability

of cells and by that the cytotoxicity of agents from these

metabolic activity [18]. The growth media and, if present,

the plates were completely removed and replaced by

300 ll RPMI (PAA) without phenol red, containing

0.5 mg/ml MTT. After 4 h of incubation at 37 �C, the

MTT-medium was also removed and the blue formazan

products were solubilized by adding 150 ll of dimethyl-

sulphoxide (DMSO; Serva, Heidelberg, Germany) to each

well for 10 min at 37 �C. Afterwards, 100 ll of this DMSO

was transferred to Nunc MaxiSorp flat-bottom 96-well

plates (NUNC; Roskilde, Denmark). Absorbance was

measured at 540 nm by a microplate (enzyme-linked

immuno-sorbent assay) reader. Pure DMSO was used as

control [19].

During all experiments titanium plates and media

without plates were used as controls.

3 Results

3.1 Direct incubation of the Mg alloys with Saos-2

cells and MSCs

Investigation of different Mg alloys (No. 2, 4–8, Table 1)

regarding direct effects on cell viability was performed

after incubation with Saos-2 cells as well as with unin-

duced and osteogenically-induced MSCs for 24, 48 and

72 h.

Saos-2 cells displayed no alterations in viability after

direct contact with plates No. 2, 6, 7 and 8 for 24, 48 and

72 h when compared to untreated or Ti plate-treated cells

(Fig. 1). The alloys 4 and 5 led to a decrease of viability in

Saos-2 cells after 24 h of direct incubation. However, this

cytotoxic effect declined after 48 and 72 h.

Viability of isolated MSCs from two different patients

undergoing total hip replacement was investigated after

direct contact with the Mg plates. For both patients, via-

bility of uninduced MSCs decreased after direct incubation

with Mg plates number 2, 4–6 and 8 over time, whereas

cells incubated with Mg plate number 7 showed high via-

bility at all time points comparable to the Ti control and

untreated cells (Fig. 2a, b).

Interestingly, cytotoxic effects were almost abolished

when osteogenically-induced cells were directly incubated

with the different Mg alloys. Independent of the magne-

sium plate used or the duration of incubation, viability of

osteogenically-induced MSCs of patient 1 was not altered

when compared to the control groups (Fig. 2c). Only two

Mg alloys, i.e. 2 and 6, resulted in a slight decrease in

viability of osteogenically induced MSCs of patient 2 after

72 h of incubation (Fig. 2d).

To exclude cytotoxic effects caused by pH changes,

pH values were measured after 1 and 24 h in all samples.

After 1 h a pH of 8.7 was measured in all samples

containing Mg plates compared to untreated medium with

a pH of 7.9. After 24 h the pH of all samples remained

unchanged.
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3.2 Cell attachment on the surface of Mg alloys

As a further index for cytocompatibility, colonization of

the different Mg plates was investigated with Saos-2

cells and uninduced MSCs (Table 2; Fig. 3). Saos-2 cell

growth was best on the Mg plates number 1, 4, 5, 7 and

8, when compared to the colonization of the Ti control.

However, on Mg plates number 2, 3 and 6 only a small

Fig. 1 Analysis of viability

after direct incubation of Mg

and Ti plates or only medium

(‘‘media’’) with Saos-2 cells for

24, 48 and 72 h. The viability of

cells measured on Ti control

plates was used as a standard

and adjusted to 100 %. S Data

are given as mean ± SD; n = 3

Fig. 2 Cell viability assay with primary human MSCs incubated for

24, 48 and 72 h with Mg and Ti plates as well as with medium

(‘‘media’’). The assay has been repeated with MSCs from two

different patients: Patient 1 uninduced (a) and osteogenically-induced

(c) and Patient 2 uninduced (b) and osteogenically-induced (d) MSCs.

Ti control plates were used as a standard and adjusted to 100 %. Data

are given as mean ± SD; n = 3
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amount of cells could be detected after 24 h of

incubation.

Similar results were found after incubation of uninduced

MSCs isolated from two different patients with the Mg

alloys. Again, on plates number 1, 4, 5, 7 and 8 the highest

MSC colonization was found. Also, on plate number 2,

attached MSCs were detected. On the other hand, MSCs of

both patients did almost not attach on the alloy No. 3.

MSCs of patient 1 did not attach on the alloy No. 6,

whereas high colonization was found after incubation with

MSCs of patient 2.

3.3 Release of ions from the Mg alloys

Since corrosion of biodegradable alloys is associated with

the release of ions, we measured the concentration of free

ions after incubation of eight different biodegradable Mg

alloys in Saos-2 cell and MSC media for 120 h. Analysis of

the element concentrations in the media revealed an ele-

vated level of Mg ions in all of the samples reaching the

highest concentrations in media incubated with plates of

the Mg-based alloys 2, 3 and 6 (Fig. 4). Furthermore, Al

ions were detected in media incubated with plate 2 and 3.

Nd, Y and Zn ions were only detected in traces for some

alloys. Nd concentration was highest in DMEM incubated

with plate No. 4 with 780 ± 551 lg/l, while the highest Y

concentration of 60 lg/l was detected for plate number 8 in

McCoy medium.

The highest Zn concentration, i.e. 1.99 ± 0.06 mg/l,

was measured in DMEM medium incubated with alloy

number 6.

3.4 Indirect incubation of the Mg alloys with Saos-2

cells and MSCs

In order to investigate the effects on cell viability of deg-

radation products released from the different Mg alloys

while corrosion occurs, Saos-2 cells as well as uninduced

and osteogenically induced MSCs were incubated with

medium, which was preincubated with the Mg plates for

120 h.

Incubation of medium preincubated with alloys 2 and 3

with Saos-2 cells led to a decrease in cell viability of

almost 100 % after 24 h (Fig. 5), with no recovery after 48

and 72 h. A decline in cell viability after 48 and 72 h was

also observed when medium preincubated with the alloy 6

was used. Medium employed after incubation with all other

Mg alloys did not affect cell viability when compared to

control groups.

In uninduced MSCs, the preincubated medium led to

different results of the viability assay in both patients

depending on the Mg alloy used. The highest decrease in

viability of uninduced MSCs of patient 1 was found when

medium of the alloys 2 or 3 was used (Fig. 6a). In unin-

duced MSCs of patient 2 the highest cytotoxic effects were

found when medium preincubated with the alloys 3 or 6

was used (Fig. 6b).

Medium of the alloy No. 1 also strongly decreased

viability during 48 h of incubation, but resulted in

improved viability after 72 h in patient number 1, whereas

viability of uninduced MSCs of patient 2 was not affected.

In MSCs of patient 1, medium preincubated with the alloy

No. 6 induced a reduction in viability after 48 h, whereas

almost no viable cells were detected after already 24 h of

incubation with uninduced MSCs of patient 2.

However, viability after treatment with media preincu-

bated with Mg plates 4, 5, 7 and 8 is comparable to the

control groups in both patients. Only medium of alloy

number 4 resulted in a viability decline after 72 h in

uninduced MSCs of patient 2.

Using osteogenically-induced MSCs, viability of cells

after incubation with Mg plates varied between the 2

donors. Incubation of osteogenically-induced MSCs of

Table 2 Adhesion of Saos-2 cells and undifferentiated primary

human MSCs on different Mg plates and the Ti control plate after

DAPI staining (639)

Sample Saos-2 MSCs patient 1 MSCs patient 2

1 1 11 11

2 2 1 1

3 2 2 2

4 11 11 11

5 1 11 11

6 22 22 11

7 1 1 11

8 1 11 1

Titan 11 11 11

?? is termed as the highest amount of attached cells and -- was

termed as no attached cells at all

Fig. 3 Microscopic images displaying attachment of undifferentiated primary human MSCs (Patient 1) on the Mg and Ti plates. Cells were

allowed to attach for 24 h, stained with DAPI (bottom row) and then recorded in 63-fold magnification
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patient 1 with Mg plates number 1, 2, 4 and 5 resulted in a

strong and even higher cell proliferation when compared to

the control groups (Fig. 6c). After incubation with medium

preincubated with plate 3, cytotoxic effects were observed

after 72 h. Viability of cells incubated with magnesium

plates 6 and 7 already decreased after 24 h, showing

recovery after 72 h in the samples incubated with plate No.

7. Regarding osteogenically-induced MSCs of patient 2,

plates number 1, 4, 5, 7 and 8 exhibited good cytocom-

patibility (Fig. 6d). Only with plates number 2, 3 and 6,

cell viability declined during incubation.

4 Discussion

In this study, we aimed to identify potential cytotoxic

effects on uninduced and osteogenically-induced MSCs

caused by direct contact with biodegradable Mg plates or

by the emitted ions. In the last years, Mg-based alloys have

raised great interest, because of ideal properties as bone

implants in orthopedic surgery [1, 3]. Next to their degra-

dation behavior, the cytocompatibility of these alloys is an

important factor, which needs to be evaluated before

application in animal models and clinical use.

We employed eight different Mg plates containing

varying amounts of Al, Zn, Nd and Y, which have been

previously investigated regarding their degradation

behavior in human whole blood as well as in PBS [13]. In

order to evaluate the cytocompatibility of these Mg plates,

the osteosarcoma cell line Saos-2 as well as uninduced and

osteogenically-induced MSCs were used, since Mg-based

bone implants will definitely come into contact with cells

of the osseous tissue after implantation. Therefore, in vitro

evaluation of potential cytotoxic as well as proliferative

effects on MSCs and cells of the osseous tissue are war-

ranted in order to find the optimal Mg-based bone implants

exhibiting the greatest benefit and least side effects for the

patient.

Fig. 4 The concentration (mg/l) of different elements (Al, Mg, Nd, Y and Zn) was measured after incubation of the Mg and Ti plates for 120 h

with Saos-2 cells in McCoys A5 (a; n = 1) and MSCs in DMEM (b; n = 2) medium. Data are given as mean ± SD

Fig. 5 Viability of Saos-2 cells

after incubation for 24, 48 and

72 h with fresh media

(‘‘media’’) or media, which was

preincubated with one of the Mg

plates or the Ti plate for 120 h.

The Ti control was used as a

standard and adjusted to 100 %.

Data are given as mean ± SD;

n = 3
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In the current study, we used the well-described MTT

assay, which allows detection of cell viability and by that

detection of cytotoxic effects of the test material [18]. In

order to avoid false results caused by the interaction of

magnesium and its corrosion products with the tetrazolium-

based MTT assay and interferences of phenol red with

formazan, the media and if present Mg or Ti plates were

removed completely from the tissue culture dish before

performing the MTT assay [8, 20].

Our data show that Mg alloys releasing high amounts of

Mg ions, i.e. plates number 2, 3 and 6 (MgAl3, MgAl9 and

MgAl3Zn1), induce cytotoxic effects on MSCs isolated

from patients. Furthermore, the release of Al ions, at least

in combination with high Mg concentrations, might also

increase the cytotoxic effects.

Overall, Mg plates number 4, 5, 7 and 8 (MgNd2,

MgY4, MgAl9Zn1 and MgY4Nd2) showed good cyto-

compatibility after direct and indirect contact with Saos-2

cells and MSCs. These Mg plates also showed a lesser Mg

release when compared to the Mg alloys 2, 3 and 6

(MgAl3, MgAl9 and MgAl3Zn1).

The Y and Nd concentrations detected in the release

assay are below the lowest concentration used in in vitro test

with other primary cells and cell lines [10]. Furthermore,

the highest Zn concentration measured is far below cyto-

toxic Zn concentrations detected in a previous study [21].

Moreover, this concentration is lower than the Zn dosage

causing 10 % of cell death in human ECs [22] and thus

should not influence cell viability of the MSCs.

Therefore, the observed difference in cytotoxicity

caused by the different Mg alloys seems to be mostly

dependent on the Mg ions released into the medium during

incubation, indicating that a lesser release of degradation

products from Mg alloys may contribute to improved cell

viability [23]. Furthermore, it has been proposed that next

to the degradation rate, the degradation mode also has vital

implications determining cytotoxicity and cell attachment

[24]. The decrease in cell viability observed after 24 h in

some direct incubations followed by a complete recovery

after 48 and 72 h could possibly be caused by the massive

release of H2 bubbles that occurs in the first 24 h with

certain alloys (Fig. 1; No. 4 and 5) [25].

Microscopic analysis of cell attachment on the Mg

plates also showed less cell growth on Mg alloys 2, 3 and 6

(MgAl3, MgAl9 and MgAl3Zn1), which can possibly be

explained by the fact that these magnesium plates exhibited

the highest corrosion degree, which hindered attachment of

cells. Furthermore, differences in viability and cell growth

Fig. 6 Viability assay with primary human MSCs incubated for 24,

48 and 72 h with fresh media (‘‘media’’) or media, which was

preincubated with Mg and Ti plates for 120 h. The assay has been

repeated with MSCs from two different patients: Patient 1 uninduced

(a) and osteogenically-induced (c) and Patient 2 uninduced (b) and

osteogenically-induced (d) MSCs. The Ti control was used as a

standard and adjusted to 100 %. Data are given as mean ± SD; n = 3
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caused by pH changes between the Mg plate-treated groups

were excluded, because the measured pH values did not

vary between the Mg samples.

Differences in viability were also detected when direct

or indirect incubation of cells and Mg plates was performed

leading to a higher decrease in viability after indirect

incubation. One reason might be that the concentration of

degradation products in the indirect incubation assay per-

formed with medium preincubated with Mg plates for

120 h was higher compared to direct incubation of cells

and Mg plates for up to 72 h only.

Interestingly, direct contact of magnesium alloys with os-

teogenically-induced MSCs resulted in an overall better via-

bility when compared to uninduced MSCs of the same patient.

Apparently, uninduced MSCs are much more sensitive to the

degradation products of the Mg alloys than osteogenic pro-

genitor cells. It is therefore absolutely necessary to investigate

each type of cell, which potentially gets in contact with the

Mg-based implant to get a reliable and complete cytocom-

patibility evaluation. Furthermore, primary cells need to be

used for these tests since cytological performance of Mg

alloys is not predictable only by using immortal cell lines.

Recently, we showed that human whole blood has a strong

impact on the degradation kinetics of Mg and that these

reactions cannot be imitated by simulated body fluids so far

[12, 13]. This fact needs to be taken into account when

performing cytocompatibility evaluations, since Mg degra-

dation mode and rate gained from in vitro cell culture

experiments might differ from the in vivo situation [23, 26].

5 Conclusion

In summary, our data demonstrate the importance of pre-

clinical in vitro tests for cytocompatibility evaluation of

Mg alloys. The cytological activity of a biodegradable Mg

alloy needs to be evaluated prior implantation with regard

to the cell type it gets into contact with. We highly rec-

ommend introducing the described testing design to the

preclinical test procedures before in vivo application of

new Mg-based implants.
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