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Abstract Biocorrosion properties and blood- and cell

compatibility of pure iron were studied in comparison with

316L stainless steel and Mg–Mn–Zn magnesium alloy to

reveal the possibility of pure iron as a biodegradable bio-

material. Both electrochemical and weight loss tests

showed that pure iron showed a relatively high corrosion

rate at the first several days and then decreased to a low

level during the following immersion due to the formation

of phosphates on the surface. However, the corrosion of

pure iron did not cause significant increase in pH value to

the solution. In comparison with 316L and Mg–Mn–Zn

alloy, the pure iron exhibited biodegradable property in a

moderate corrosion rate. Pure iron possessed similar

dynamic blood clotting time, prothrombin time and plasma

recalcification time to 316L and Mg–Mn–Zn alloy, but a

lower hemolysis ratio and a significant lower number

density of adhered platelets. MTT results revealed that the

extract except the one with 25% 24 h extract actually

displayed toxicity to cells and the toxicity increased with

the increasing of the iron ion concentration and the incu-

bation time. It was thought there should be an iron ion

concentration threshold in the effect of iron ion on the cell

toxicity.

1 Introduction

Biomaterials become more and more diversified with the

developing of medical science. During 1960s and 1970s, the

first generation of biomaterials was developed for use inside

human body, of which common feature was their biological

inertness [1]. The goal of all first-generation biomaterials

was to ‘‘achieve a suitable combination of physical prop-

erties to match those of the replaced tissue with a minimal

toxic response in the host’’ [2]. By the mid-1980s, the field

of biomaterials began to shift in emphasis from achieving

exclusively a bioinert tissue response to producing bioac-

tive components that could elicit a controlled action and

reaction in the physiological environment [3]. Second-

generation biomaterials were designed to be either resorb-

able or bioactive. Third-generation biomaterials combined

properties of bioactive materials and resorbable materials:

bioactive materials were made resorbable and resorbable

materials were made bioactive [1].

It still has a long way to apply third-generation bioma-

terials to clinical therapy. Searching for new second-gen-

eration biomaterials is suitable to the occasion. Compared

with the first-generation inert biomaterials, such as stain-

less steel and titanium [4], the second-generation resorb-

able biomaterials will not cause permanent physical

irritation or chronic inflammatory discomfort [5]. Cur-

rently, the resorbable biomaterials are mainly made of

polymers, such as poly lactic acid [6], poly-L-lactic acid [7,

8], collagen [9] and poly-lactic-glycolic acid [7, 10].

However, these polymer based implants usually have an

unsatisfactory mechanical strength.

Magnesium alloys show exciting potential as biomedical

implants based on the biodegradability and biocompati-

bility [11, 12]. Moreover, magnesium ion is essential to

human metabolism and is naturally found in bone tissue
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[13]. However, it was found that magnesium alloys cor-

roded too rapidly, especially in electrolytic, aqueous

environments, resulting in subcutaneous gas bubbles,

hemolysis and alkalization of body fluid which limited

their clinical applications [5]. In addition, low strength and

hardness also limit their application as bone screw and

bone plate. Table 1 lists the mechanical properties of

several biomaterials as well as magnesium alloys and pure

iron for comparison.

Pure iron is also corrodible in salt containing fluid.

Compared with magnesium alloys, pure iron shows slow

corrosion rate, high fracture strength and high hardness. In

addition, the reaction products of pure iron in physical

environment does not release gas or cause alkalization of

body fluid. The average content of iron in human body is

approximately 35–45 mg/kg body weight in adult women

and men, respectively [21, 22]. In healthy adults, iron loss

due to excretion is balanced by absorption of sufficient

dietary iron, from 1 to 2 mg daily, to maintain a relatively

constant amount of body iron throughout lift [21, 22].

Being one of the most abundant elements in the human

body, iron plays important roles in cellular processes such

as the synthesis of DNA, RNA and proteins, electron

transport, cellular respiration, cell proliferation and dif-

ferentiation, and regulation of gene expression [21, 23–25].

Most importantly, iron deficiency is a worldwide problem

although it plays a crucial role in health. A report from the

World Health Organization (WHO) estimates that 46% of

5–14 year-old children in world are anemic [26]. Physio-

logical iron loss from the body includes the excretion of

iron in bile, urine iron, and the daily loss of cells from the

skin and gut [21]. Iron metabolism takes place in special-

ized tissues: testes, brain, intestines, placenta, and skeletal

muscle [14]. As iron deficiency affects human health [15],

iron overload also lead to many diseases [16]. The capacity

of excreting iron through excretion and sloughing of cells

from skin and mucosal surfaces is very limited [27] and

thus iron homeostasis requires tight regulation, otherwise

cellular iron overload leads to toxicity and cell death via

free radical formation and lipid peroxidation [28, 29].

Recently, pure iron was studied as biodegradable stent

materials in vivo [30]. Short-term effects of the biode-

gradable iron stent in porcine coronary arteries demon-

strated that iron stent was safe and did not show evidence

of stent particle embolization or thrombosis and traces of

excess inflammation, or fibrin deposition [31]. Long-term

effects also demonstrated that there were no signs of local

or systemic toxicity [32] and significant obstruction of the

stented vessel caused by inflammation, neointimal prolif-

eration, or thrombotic events [33]. However, little funda-

mental information on the biocorrosion and blood

compatibility of pure iron was reported so far. In this paper,

in vitro experiments were conducted on pure iron in order

to reveal the biocorrosion and blood compatibility of pure

iron as a biodegradable implant material.

2 Experimental

2.1 Sample preparation

A pure iron bar with a purity of 99.9 wt% was used.

Samples with a dimension of 10 mm 9 10 mm 9 10 mm

for electrochemical test and samples with a dimension of

10 mm 9 10 mm 9 2 mm for immersion test and blood

and cell test were cut from the bar directly, and mounted by

epoxy resins with an exposed area of 1 cm2. The surface

was ground by 240–1200 # SiC papers followed by a

polishing up to 1 lm. In some tests, magnesium alloy (Mg–

1.10Mn–1.05Zn, wt% [34]) and 316L stainless steel were

also used for comparison.

2.2 Biocorrosion testing

2.2.1 Electrochemical test

All electrochemical tests were carried out at 37 ± 1�C in a

beaker containing 350 ml of Hank’s solution on a PAR-

STAT 2273 automatic laboratory corrosion measurement

system using a standard three-electrode configuration: the

Table 1 Summary of the mechanical properties of various materials and natural bone [6, 12–20]

Materials Young’s

modulus (GPa)

Ultimate tensile

strength (MPa)

Fracture toughness

(MPam1/2)

Elongation

(%)

Hardness

Stainless steel 189–205 620–695 50–200 40–52 320–350 HB

Titanium alloy 55–117 758–1200 55–115 10–33 241–375 HB

Magnesium alloy 41–45 65–258 15–40 3–13 57–69 HV

Polymer (PLA) 1.6–2.4 60–65 – 8.5–9.3 17–19 HV

Pure iron 205 245 – 50 80 HB

Synthetic hydroxyapatite 60–117 600 0.35-0.7 0 –

Natural cortical bone 3–30 130–180 3–6 – –
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saturated calomel as a reference, a platinum electrode as

the counter and the sample as the working electrode. In the

open circuit potential-time tests, the working electrode was

used to measure OCP up to 3600 s. In the potentiodynamic

polarization tests, the working electrode was first immersed

in Hank’s solution for 20 min and then the polarization

curve was measured at a scanning rate of 0.5 mV/s. In

order to ensure the results are not due to electrode fouling,

the electrode was cleaned by 5000 # SiC papers after each

measurement.

2.2.2 Immersion test

Immersion tests were carried out in Hank’s solution

according to ASTM-G31-72 [35]. Samples were immersed

in 150 ml solution at 37�C for 7, 14, 21 and 28 days,

respectively. Then the samples were removed from Hank’s

solution, gently rinsed with distilled water and absolute

alcohol, and dried at room temperature. After that, samples

were cleaned using a solution [36] of 595 g/l hydrochloric

acid and 3.5 g/l hexamethylene tetramine to remove the

surface corrosion products, and rinsed with alcohol, dried

at room temperature and finally weighed to calculate the

weight loss and the weight loss rate: weight loss = (weight

before immersion - weight after clean)/surface area,

weight loss rate = (weight before immersion - weight

after clean)/(surface area 9 immersion time). The sample

weight was measured before and after immersion by a

balance with an accuracy of 0.1 mg. Morphologies,

microstructures and surface chemical composition of the

immersed sample were characterized by scanning electron

microscope (SEM, SSX-550, Shimadzu Corp.), equipped

with energy-disperse spectrometer (EDS); X-ray diffrac-

tometer (XRD, D/MAX-RB, Rigaku Corporation) and X-

ray photoelectrons spectroscopy (XPS, Escalab250,

Thermo Corporation). pH value of Hank’s solution with

and without iron samples was recorded against time by a

pH meter with an accuracy of 0.001. An average of three

measurements was taken for each group.

2.3 Blood compatibility

2.3.1 Hemolysis assay [37]

Fresh whole blood from a healthy rabbit containing sodium

citrate (3.8 wt%) in a ratio of 9:1 was diluted with normal

saline (8 ml fresh rabbit blood was diluted by addition of

10 ml normal saline). Pure iron samples were rinsed three

times with deionized water and normal saline, and then

dipped in a standard tube containing 10 ml of normal saline

that was previously incubated at 37�C for 30 min. Then

0.2 ml of diluted blood was added to the tube and the

mixture was incubated at 37�C for 60 min. Normal saline

solution was used as a negative control and deionized water

as a positive control. After this, all tubes were centrifuged

at 3000 rpm for 5 min and transferred to cuvettes for

optical density measurement at a wavelength of 545 nm by

an enzyme-linked immunoassay (ELISA) reader. The

hemolysis ratio (HR) was calculated by

HRð%Þ ¼ O:D:ðtestÞ � O:D:ðnegative controlÞ
O:D:ðpositive controlÞ � O:D:ðnegative controlÞ
� 100%

where O.D.(test), O.D.(positive control) and O.D.(negative

control) are the optical densities of the test sample, the

positive control and the negative control, respectively. All

date were calculated based on the average of three replicates.

2.3.2 Dynamic clotting time

All samples, including pure iron, magnesium alloy and

316L stainless steel, were disinfected with ultraviolet ray

for 30 min. The examples were placed in a incubator at

37�C for 5 min and 100 ll rabbit whole blood (containing

3.8 wt% citrate acid solution, blood/citrate acid = 9:1) was

dropped onto the surface of the examples, followed by the

addition of 10 ll of 0.2 mol/l CaCl2 solution and mixed

uniformly. After 10, 30, 50, 70 and 90 min, each sample

was transferred into a beaker containing 50 ml of distilled

water and rinsed gently, then the optical density of the

supernatant was determined at 545 nm wavelengths using a

spectrophotometer. The relationship between the optical

density and time was plotted as the clotting time curve,

which would indicate the relative clotting time of each

sample. The initial clotting time and the whole clotting

time were defined as a time interval when the optical

density of solution is 0.1 and 0.01, respectively.

2.3.3 Prothrombin time (PT)

Prothrombin time was measured to assess hylan-induced

deferment or interdiction of the extrinsic coagulation

pathway. Platelet poor plasma (PPP) was prepared by

centrifuging the whole blood (containing 3.8 wt% citrate

acid solution, blood/citrate acid = 9:1) extracted from a

healthy rabbit at 3000 rpm for 15 min. Samples were

rinsed with distilled water for 10 min and then dried at

room temperature followed by disinfection with ultraviolet

ray for 30 min. Hundred and fifty microliter PPP was

dropped onto the surface of the sample and then incubated

at 37�C for 3 min. Afterwards 100 ll incubated PPP

solution was added into 200 ll PT reagent (PT reagent kit,

Wuhan Zhongtai Biotech) in a test tube. Immediately, the

time for initiation of the first fibrin strand formation was

detected automatically by the semi-automatic coagulation
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instrument (GF-2000IIsemi-automatic coagulation instru-

ment, Shandong Gaomi Caihong).

2.3.4 Plasma recalcification time (PRT)

Plasma recalcification time was measured to compare sub-

strate-induced delay in clotting or PPP following activation

of prothrombin (factor II) in the presence of Ca2?. Platelet

rich plasma (PRP) was prepared by centrifuging the whole

blood (containing 3.8 wt% citrate acid solution, blood/citrate

acid = 9:1) extracted from a healthy rabbit at 1500 rpm for

15 min. Samples were rinsed with distilled water for 10 min

and then dried at room temperature followed by disinfection

with ultraviolet ray for 30 min. 150 ll PRP was dropped

onto the surface of the samples and incubated for 3 min at

37�C. Then the PRT measurements were performed by

adding 100 ll incubated PRP solution into 100 ll CaCl2
solution (0.025 mol/l) incubated in a test tube at 37�C for

30 min. Immediately, the time for initiation of the first fibrin

strand formation was detected automatically by the semi-

automatic coagulation instrument.

2.3.5 Platelet adhesion

The PRP was overlaid the samples and incubated at 37�C

for 0.5–3 h, respectively. The samples were rinsed with

phosphate buffer solution (PBS) to remove the non-

adherent platelets. The adhered platelets were fixed in 2.5

vol.% glutaraldehyde solutions for 12 h at room tempera-

ture followed by dehydration in a gradient ethanol/distilled

water mixture. After dehydrating, the samples were sub-

sequently dealcoholized through 50, 75, 90 and 100%

isoamyl acetate water solutions twice for 10 min each and

dried at 4�C. The samples were coated by Au and observed

under SEM. The photographs of platelets were randomly

taken from the observation. Nine of different field were

randomly chosen to count the number of platelets and

values were expressed as number density of adhered

platelets per square millimeter of surface.

2.4 MTT test

Mouse bone marrow stem cells were cultured in the Dul-

becco’s Modified Eagle’s Medium (DMEM, Gibco) with

10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin

and 100 lg/ml streptomycin in a humidified atmosphere of

5% CO2 at 37�C. The toxicity tests were carried out by

indirect contact. Extracts were prepared using DMEM

medium as the extraction medium in a humidified atmo-

sphere with 5% CO2 at 37�C for 24–72 h according to ISO

10993-5 [38] and ISO 10993-12 [39], named 24 h-extract

and 72 h-extract, respectively. The ratio of the total surface

area of samples to the volume of extraction medium was at

3 cm2/ml. Extracts were filtrated though bacterial filters to

remove particulate matter, then serially diluted to 50–10%

concentration. DMEM culture medium was used as nega-

tive control. Cells were incubated in 96-well cell culture

plates at 1 9 103 cells/100 ll medium in each well and

incubated in a humidified atmosphere with 5% CO2 at

37�C for 24 h. The medium was then replaced with 100 ll

corresponding extracts. After being incubated in a humid-

ified atmosphere with 5% CO2 at 37�C for 2, 4 and 7 days,

respectively, the mediums were discarded and replaced by

20 ll MTT solution at the end of each incubation time, and

then incubated at 37�C for 6 h. Then, the medium was

discarded and replaced by 150 ll dimethylsulfoxide

(DMSO). After gentle shaking for 10 min, the optical

density was determined with an enzyme-linked immuno-

assay (ELISA) reader at a wavelength of 545 nm. All

experiments were carried out in triplicate. The cell viability

was expressed as ‘‘Relative Growth Rate’’ (RGR) deter-

mined by

RGRð%Þ ¼ O:D:ðtestÞ
O:D:ðnegative controlÞ � 100%

where O.D.(test) and O.D.(negative control) are the optical

densities of the testing sample and the negative control,

respectively. The data was expressed in mean ± S.D.

2.5 Statistical analysis

All data were expressed as mean ± standard deviation.

Differences between two groups were analyzed by the

independent-samples t-test. A value of p \ 0.05 was con-

sidered to be statistically significant.

3 Results

3.1 Biocorrosion properties

Figure 1a shows the OCP—time curve of the pure iron

sample in Hank’s solution. OCP decreased as the time

increasing. Figure 1b shows the polarization curve of the

pure iron. No plateau can be found in the anodic region,

showing that no passivation film was formed on the surface

of the pure iron to protect the sample from corrosion attack.

Table 2 lists the electrochemical parameters of the pure

iron obtained from Fig. 1b. The electrochemical parame-

ters of Mg–Zn–Mn alloy and 316L in Hank’s solution are

also listed for comparison. The highest corrosion potential

(Ecorr) together with the highest break potential (Eb) was

observed for 316L stainless steel, indicating the corrosion

rate of 316L stainless steel is extremely low. Ecorr and Eb of

the pure iron are all lower while the corrosion current (Icorr)

is higher than those of 316L stainless steel, demonstrating
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that the corrosion rate of the pure iron is higher than that of

316L stainless steel. A higher Ecorr together with a higher

Eb but a lower Icorr was observed for the pure iron com-

pared with Mg–Mn–Zn alloy, showing that the corrosion

rate in Hank’s solution of the pure iron is lower than that of

Mg–Mn–Zn alloy.

Figure 2 shows the weight loss and the weight loss rate

curves of pure iron samples in Hank’s solution. The weight

loss fast at the first 21 days, however, a low weight loss

was observed during the following immersion. Also the

weight loss rate kept at a relatively high level at the first

21 days and then decreased to a low level during the fol-

lowing immersion.

Figure 3 shows the pH value of Hank’s solution with

and without the pure iron sample. It was noted that the pH

value of Hank’s solution without the pure iron sample

increased with time, especially in the first 4 days. The pH

value of Hank’s solution with the pure iron sample

exhibited a similar tendency, but the pH value was slightly

high. With the consideration of the increase in the pH value

of Hank’s solution without the pure iron sample, it can be

concluded that the increase in the pH value of Hank’s

solution with the pure iron sample is partly caused by the

corrosion of the pure iron sample. An absolute increase in

pH value caused by the corrosion of the pure iron sample

(the pH of Hank’s solution with the pure iron sample —

the pH of Hank’s solution without the pure iron sample) is

in a range of 0–0.26, indicating that the corrosion of the

pure iron sample resulted in a limited increase in the pH

value.

3.2 Surface microstructure

Figure 4 shows XRD pattern on the pure iron immersed in

Hank’s solution for 4 weeks. Mg3(PO4)2, Ca3(PO4)2 and

Fe3(PO4)2�8H2O were detected by XRD, indicating that the

corrosion products were mainly composed of phosphates.

Figure 5a depicts the wide scan XPS spectra of the pure

iron immersed in Hank’s solution for 4 weeks, with ele-

ments Fe, O, P, C, Ca, Mg and Na being detected. All the

binding energies were referenced to that of C 1s peak at

284.6 eV. The spectra of Fe 2p is shown in Fig. 5b. After

Fig. 1 a open circuit potential-time curve, and b polarization curve

of the pure iron

Table 2 Electrochemical parameters of the pure iron in comparison with Mg–Mn–Zn alloy and 316L stainless steel

Materials Ecorr, V Icorr, A Eb, V Eb- Ecorr, V Ref.

Pure Fe -0.510 1.68 9 10-5 -0.40 0.11 This work

Mg–Mn–Zn alloy -1.505 7.92 9 10-5 -1.308 0.197 Erlin Zhang [34]

316L stainless steel -0.246 9.11 9 10-7 0.‘233 0.479 Kemin Zhang [40]

Fig. 2 Weight loss and weight loss rate of pure iron samples in

Hank’s solution
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30 s ion etching, no difference was observed in the wide

scan spectra and Fe 2p spectra compared with top surface

(without ion etching). However, the intensity of Fe 2p was

quite weak, which indicates Fe content in the surface

products is low. According to Fig. 5b, it is deduced that the

element Fe is mainly in the form of Fe2? with small

amount of Fe3?.

Figure 6 illustrates the surface microstructure and EDS

result of the pure iron immersed in Hank’s solution for

4 weeks. Some plate-like crystals and floc were observed

on the surface as shown in Fig. 6a. EDS analysis at dif-

ferent location, as shown in Fig. 6b, indicates that the

plate-like crystals and floc were mainly composed of C, O,

P, Ca and Fe and a small amount of Mg was also detected

in the floc. Combined with the XRD and XPS result shown

in Figs. 4, 5, it can be concluded that the plate-like crystals

were mainly composed of Ca3(PO4)2 and Fe3(PO4)2�8H2O

while the floc was mainly composed of Mg3(PO4)2,

Ca3(PO4)2 and Fe3(PO4)2�8H2O. Figure 7 illustrates the

surface topography of the immersed pure iron sample after

cleaning. Some corrosion holes were homogeneously dis-

tributed on the surface of the sample, meaning that the pure

iron sample was corroded in a uniform corrosion mode.

3.3 Blood compatibility

3.3.1 Hemolysis

Hemolysis is regarded as an especially significant screen-

ing test. A high plasma hemoglobin level normally indi-

cates hemolysis and reflects erythrocyte membrane

fragility in contact with materials and devices. Table 3 lists

the hemolysis ratio of the pure iron. The results of Mg–

Mn–Zn alloy and 316L stainless steel are also listed for

comparison. Optical density of the negative control and the

positive control both are within the recommended values

Fig. 3 pH value curves of Hank’s solution with and without the pure

iron sample and the absolute pH value increase curve of Hank’s

solution with the pure iron sample

Fig. 4 XRD pattern of the pure iron sample immersed in Hank’s

solution for 4 weeks

Fig. 5 XPS spectra of the pure iron after immersion in Hank’s

solution for 4 weeks: a wide scan spectra. b Fe 2p spectra
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according to ISO 10993-4 [41], respectively. According to

the data in Table 3, the hemolysis ratio of pure iron is

about 2.44%, lower than the recommended value of 5% in

standard ISO 10993-4, indicating that the pure iron does

not cause hemolysis to blood system. Compared with Mg–

Mn–Zn alloy and 316L stainless steel, the pure iron pos-

sesses an excellent anti-hemolysis property.

3.3.2 Dynamic clotting time

In vitro dynamic blood clotting time test measures the

degree of intrinsic coagulation factors activation when

tested materials are contacted with blood. Figure 8 shows

the dynamic clotting time curve of the pure iron. The

dynamic clotting time curve of the pure iron decreased

smoothly with an increase in time. The initial clotting time

and the whole clotting time were calculated from Fig. 8

and listed in Table 4. The results of Mg–Mn–Zn alloy and

316L stainless steel are also listed for comparison. The

initial clotting time and the whole clotting time of three

kinds of materials are in the same level, and the initial

clotting time of pure iron was slightly longer than that of

316L stainless steel, demonstrating the pure iron as well as

stainless steel and Mg–Mn–Zn alloy possesses outstanding

anticoagulant property.

3.3.3 PT and PRT

Table 3 shows PT and PRT values of the pure iron. The

values of 316L stainless steel and Mg–Mn–Zn alloy are

also measured and listed for comparison. For PT value,

there is a significant difference (p = 0.002 \ 0.05)

between the pure iron and Mg–Mn–Zn alloy, but no dif-

ference (p = 0.568) between the pure iron and 316L

stainless steel. For PRT value, there is also a significant

difference (p = 0.024 \ 0.05) between the pure iron and

Mg–Mn–Zn alloy, but no difference (p = 0.261) between

the pure iron and 316L stainless steel. The PT of the pure

iron is similar to that of 316L stainless steel, but the PRT of

the pure iron is slightly less than that of 316L stainless steel

and Mg–Mn–Zn alloy, indicating the pure iron did not

cause obvious effect on the extrinsic coagulation pathway

and the intrinsic coagulation pathway.

3.3.4 Platelet adhesion

Figures 9, 10 illustrate the morphologies of platelets on the

surfaces of the pure iron, 316L stainless steel and Mg–Mn–

Zn alloy after incubation for 0.5–3 h, respectively. After

0.5 h incubation, some platelets on the surface of the pure

iron presented round shape and a few was agglomerated

and distorted, as shown in Fig. 9a, while the platelets on

the surface of 316L stainless steel and Mg–Mn–Zn alloy

have extended pseudopodia, as shown in Fig. 9b, c. When

the incubation time extended to 3 h, the platelets on the

surface of the pure iron presented round approximately

Fig. 6 a SEM surface topography of the pure iron sample immersed

in Hank’s solution for 4 weeks. b EDS spectra of location A, B and C
in Fig. 6a

Fig. 7 SEM surface topography of the pure iron sample after

cleaning corrosion products
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with some short pseudopodia spreading on the surface, as

shown in Fig. 10a, while the platelets on 316L stainless

steel and Mg–Mn–Zn alloy had many extended pseudo-

podia and even were activated to interconnection.

Table 4 lists the number density of platelets on the

surfaces of the pure iron, 316L stainless steel and Mg–Mn–

Zn alloy. There is a significant difference in the number

density of platelets on the pure iron and 316L stainless steel

(p \ 0.001), and Mg–Mn–Zn alloy (p \ 0.001). When the

incubation time extended to 3 h, the number density of

platelets on the pure iron is still significantly less than that

on 316L stainless steel (p \ 0.001) and Mg–Mn–Zn alloy

(p \ 0.001). This means that the pure iron exhibits very

good anti-platelet adhesion properties.

3.4 Cells toxicity

Cell toxicity test was carried out through evaluating the

cell viability. Figure 11 illustrates the cell viability

cultured in the extracts with 100, 50 and 25% concentration

for 2, 4 and 7 days. For all extracts, there is a significant

decrease (p \ 0.05) in the cells viability between all time

intervals except for the extract with 100% of 24 h-extract

Table 3 HR, PT, PRT, initial

and whole clotting time of the

pure iron, Mg–Mn–Zn alloy and

316L stainless steel

Materials Pure iron Mg–Mn–Zn alloy 316L

HR (%) 2.44 65.75 [34] 5.03 [42]

PT/s 9.6 ± 0.4 7.65 ± 0.25 9.4 ± 0.4

PRT/s 317.4 ± 7.8 341.7 ± 9.1 329.2 ± 13.6

Initial clotting time/min 44 45 39 [43]

Whole clotting time/min [90 [90 [90 [43]

Fig. 8 Dynamic clotting time curve of the pure iron

Table 4 Number densities of platelets on the surface of the pure iron,

316L stainless steel and Mg–Mn–Zn alloy

Incubation

period

Pure iron 316L Mg–Mn–Zn alloy

0.5 h 655 ± 75 4807 ± 350 3715 ± 393

3 h 940 ± 164 7211 ± 633 10270 ± 918

Fig. 9 Platelets on the surface of the pure iron, 316L stainless steel

and Mg–Mn–Zn alloy incubated for 0.5 h: a pure iron, b 316L

stainless steel, and c Mg–Mn–Zn alloy
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(p = 0.078) and the extract with 25% of the 72 h-extract

(p = 0.471) between 4–7 days. For 24 h-extract, as shown

in Fig. 11a, the cells viability decreased obviously

(p \ 0.05) with the increasing of extract concentration.

Similar result was observed for the case of 72 h-extract, but

no significant difference is found between the extract with

50% of the 72 h-extract and the extract with 25% of the

72 h-extract at day 2 (p = 0.358), day 4 (p = 0.402) and

day 7 (p = 0.462). In comparison with the 24 h-extracts

with different concentration, the cells viability cultured in

the 72 h-extracts with the same concentration showed a

statistically significant decrease (p \ 0.05) except for the

concentration of 50% (p = 0.135) at all incubation time.

Therefore, it is concluded that cells viability is positively

influenced by the iron ion concentration and the incubation

time. According to Fig. 11, it can also be seen that cells

cultured in the extracts with 25% of the 24 h-extract

showed a higher optical density than the control at day 2,

indicating that the extract with 25% of the 24 h-extract

caused no influence on cells proliferation after 2 days

incubation, while other extracts exhibited toxicity to cells.

4 Discussion

4.1 Biocorrosion properties

As a biodegradable material, the corrosion property is very

crucial. The overall degradation way for polymer bioma-

terials and the rapid corrosion rate for magnesium

Fig. 10 Platelets on the surface of the pure iron, 316L stainless steel

and Mg dipped in the fresh rabbit blood plasma for 3 h: a pure iron, b
316L stainless steel, and c Mg–Mn–Zn alloy

Fig. 11 Cells viability after 2, 4 and 7 days of culture in the extract

media with 100, 50 and 25% concentration, respectively. a 24 h-

extract. b 72 h-extract
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biomaterials result in the lose of the mechanical strength of

the implants before the recovery or healing of the surgical

region [5]. Therefore, it is desired that once a biodegradable

biomaterial is implanted in human body, it could gradually

be dissolved and absorbed in a suitable rate, which matches

the recovery or healing rate of the replaced tissue.

In general, the lower OCP is, the higher the corrosion

driving force is. Previous study shows that OCP of mag-

nesium alloys increases with time, indicating the corrosion

rate of magnesium alloys decrease with time due to the

increase in pH value and the accumulation of products on

the surface [44]. Electrochemical test in Fig. 1a clearly

indicated OCP of the pure iron decreased with the

increasing of time in Hank’s solution, displaying that the

corrosion rate of the pure iron should increase with the

increasing of immersion time in Hank’s solution, and then

get a steady value due to the accumulation of products on

the surface. No passivation stage and noble breakdown

potential were found in the polarization curve of pure iron,

indicating that no protective film formed on the surface of

the pure iron during the early stage of corrosion.

The electrochemical results in Table 2 clearly demon-

strate that the corrosion rate of the pure iron in Hank’s

solution is two orders of magnitude higher than that of

316L stainless steel, but lower than that of Mg–Mn–Zn

alloy. 316L stainless steel is widely accepted as non-bio-

degradable and inert biomaterials and the degradation of

magnesium alloy is considered to be too fast as implant

materials. According to the previous studies [45] on

immersion result of Mg–Mn–Zn alloys suggest that the

corrosion rate of Mg–Mn–Zn alloys in Hank’s solution is

one order of magnitude higher than that of pure iron.

Therefore, the moderate corrosion rate of the pure iron

might meet the requirement as a biodegradable implant

material. Immersion result illustrates the weight lost fast at

the first 21 days as shown in Fig. 2. However, a steady

weight loss was observed during the following immersion

while the weight loss rate kept at a relatively high level at

the first 21 days and then decreased to a low level during

the following immersion. The long-term corrosion rate that

increased first and then decreased as shown in Fig. 2 was

consistent with the electrochemical results. A paper [46] on

phosphating treatment applied to Mg–Mn–Zn alloy sug-

gested the phosphate layer could protect magnesium alloy

from fast corrosion. Similarly, the phosphate layer on

steel decreased the corrosion rate [47]. According to cor-

rosion products on iron in immersion test, it could be

concluded that the decrease of weight loss rate should be

affected by the deposition of products mainly composed

of phosphates.

Previous studies [48, 49] on the corrosion behavior of

pure iron in sea water have shown that pure iron was

corroded in a oxygen-absorption corrosion mode.

Cathode reaction: O2 þ 2H2O þ 4e� ¼ 4OH� ð1Þ
Anode reaction: Feþ 2OH� � 2e� ¼ Fe OHð Þ2 ð2Þ

However, only phosphates including Mg3(PO4)2,

Ca3(PO4)2 and Fe3(PO4)2�8H2O were detected by XRD

on the pure iron sample when the sample was immersed in

Hank’s solution for 4 weeks, as shown in Fig. 4. Hank’s

solution is a chlorides, sulphate and phosphates containing

solution, and the increase in pH value due to the corrosion

of the pure iron promotes the precipitation and deposition

of phosphates, including Mg3(PO4)2, Ca3(PO4)2 and

Fe3(PO4)2�8H2O. Therefore, it is proposed that following

reactions happen on the surface of the pure iron and in the

solution during the immersion in Hank’s solution:

Fe OHð Þ2 + Cl� ¼ FeClOH + OH� ð3Þ

FeClOH + Hþ ¼ Fe2þ + Cl� + H2O ð4Þ

Fe2þ + O2 + 3OH� ¼ Fe OHð Þ3# þO�2 ð5Þ

Fe OHð Þ3 + 2Cl� ¼ FeCl2OH + 2OH� ð6Þ

FeCl2OH + Hþ ¼ Fe3þ + 2Cl� + H2O ð7Þ

2PO3�
4 + 3Ca2þ ¼ Ca3 PO4ð Þ2# ð8Þ

2PO3�
4 + 3Mg2þ ¼ Mg3 PO4ð Þ2# ð9Þ

2PO3�
4 + 3Fe2þ + 8H2O ¼ Fe3 PO4ð Þ2�8H2O ð10Þ

PO3�
4 + Fe3þ ¼ FePO4 # ð11Þ

The alkalization effect is a severe problem for

biodegradable materials such as magnesium alloys [5]. A

study by Song, G. L. showed that the corrosion of

magnesium implant gave rise to an increase in pH value

of local body fluid in adjacent to the magnesium alloy [5],

which could unfavorably affect the pH dependent

physiological reaction balances and even lead to an

alkaline poisoning effect [50]. The pH measurement in

Fig. 3 demonstrates that the corrosion of the pure iron only

causes slightly alkalization to Hank’s solution, about 0.26-

increase, which will not cause damage to local body

environment. The immersion test also revealed that the

pure iron was corroded in a uniform way, as shown in

Fig. 7, suggesting that the implant of the pure iron would

not lose function through pitting and could exert all its

benefit of mechanical properties.

4.2 Blood compatibility

The materials to be used in contact with blood must possess

good blood compatibility, such as low hemolysis ratio,

excellent anticoagulant property and outstanding anti-

thrombus property. The damage and destructive effect of

medical material to the erythrocyte is assessed through
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hemolysis ratio. According to standard ISO 10993-4, the

hemolysis ratio has to be less than 5% [38]. The antico-

agulant property of medical materials is evaluated through

a series of testing including dynamic clotting time, PT and

PRT. Generally, long initial clotting time, whole clotting

time, PT and PRT are always desired.

Hemolysis result in Table 3 clearly proves that the

hemolysis ratio of pure iron is lower than the recommended

value, demonstrating that the pure iron causes no damage

to erythrocyte. Previous study on magnesium alloys has

revealed that the high hemolysis ratio was caused mainly

by the significant increase in pH value rather than the

releasing of alloying elements concentration due to the

corrosion of magnesium alloys [34]. The pH measurement

in Fig. 3 indicates that the corrosion of the pure iron did

not cause a significant increase in pH value, which con-

tributes to the low hemolysis.

The blood coagulation pathway is divided into intrinsic

pathway and extrinsic pathway [51]. The activation degree

of the intrinsic pathway is assessed by dynamic clotting

time and PRT, while the activation degree of the extrinsic

pathway is assessed through PT [52]. 316L stainless steel is

applied as stent materials due to its outstanding blood

compatibility. The initial clotting time and the whole

clotting time of the pure iron and 316L stainless steel are in

the same level as shown in Table 4. PRT results in Table 3

also reveal that the effect of the pure iron on the intrinsic

coagulation pathway is approximately similar to that of

316L stainless steel. Similar results are also observed in PT

value. From these results, it can be concluded that pure iron

possesses outstanding anticoagulation properties as stain-

less does.

Thrombus is blood clot that forms in blood vessel and

platelet adhesion at sites of vascular injury is the key step

in thrombus [53, 54]. Therefore, platelets adhesion test can

detect the effect on the formation of thrombus when tested

materials are in contact with blood. The significantly low

number density of the platelets and the round-shape of the

platelets on the pure iron indicate that the pure iron pos-

sesses excellent anti-platelets adhesion property in com-

parison with 316L stainless steel and Mg–Mn–Zn alloy.

The low hemolysis ratio, the excellent anticoagulant

properties and the outstanding anti-platelets adhesion

property suggest the pure iron should be a potential bio-

material to be used in contact with blood.

4.3 Cells toxicity

The cells proliferation results in Fig. 11 clearly show that

the pure iron exhibits toxicity to mouse bone marrow stem

cell during the tested concentration and duration. It can be

also found that the toxicity increased with the increasing of

extracts concentration and the incubation time, displaying

that cells toxicity is relevant to iron ion concentration.

The delivery of iron to cells involves a number of spe-

cialized transport systems and membrane carriers [55].

Ferric iron combines with transferring (Tf) and then inte-

grates with a specific cell surface receptor, transferrins

receptor 1 (TfR1) [56, 57]. The Fe2–Tf–TfR1 complex is

internalized by receptor-mediated endocytosis, and the iron

is released from Tf through a process that involves acidi-

fication of endosomes and likely reduction of the iron via

the enzyme Steap3 [56, 58]. Divalent metal ion transporter

1 (DMT1) carries the released iron across the endosomal

membrane into the cytoplasm of the cell [59, 60], where it

can be utilized for metabolic purposes. Most tissues are

able to divest themselves of iron, a process mediated pre-

dominantly by the iron transporter ferroportin (FPN) [56].

Iron ion is essential to human health [61], but the del-

eterious effect of iron on cell culture is relevant to its

ability to generate reactive oxygen species via Fenton

reaction as followings [23, 62, 63].

Fe3þ þ � O�2 ! Fe2þ þ O2 ð12Þ

Fe2þ þ H2O2 ! Fe3þ þ � OH þ OH� ð13Þ

Highly reactive oxygen species (ROS), such as hydroxyl

(OH-) and superoxide radicals (O2
-), are highly toxic,

owing to their ability to react rapidly with almost every

molecule found in living cells. In addition, free iron can

react directly with unsaturated fatty acids and induce lipid

hydroperoxides to form alkoxyl and/or peroxyl radicals

and, in turn, severely impair cellular integrity and cause

cell death [64].

Although ROS are damaging, they are also generated

during normal metabolism in organelles [56]. As long as

iron ion level is well maintained within cells, the body will

use a range of defense strategies to protect against exces-

sive ROS accumulation and their effects [56]. Based on the

toxicity mechanism and toxicity results in Fig. 11, an

important conclusion could be elicited: only when the

concentration of iron in cells is accumulated to a limited

value, the toxicity of iron will be revealed. Another study

[30] has reported that the extract with less than 10 lg/ml

iron ion enhanced the metabolic activity of cells and the

extract with less than 50 lg/ml iron ion did not display

toxicity to cells. Thus, how to detect and confirm the safe

value of the iron ion concentration is quite important. The

extract with 25% of 24 h-extract exhibited no toxicity after

2 day incubation, but toxicity after 4 days incubation. It is

proposed that the safe vale of iron ion concentration is

close to the ion concentration of the extract with 25% of

24 h-extraction. According to the result of immersion test,

the mean weight loss rate of the pure iron in Hank’s

solution was about 10 9 10-5 gcm-1day-1. Supposed the
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degradable rate of the pure iron in Hank’s solution and

DMEM culture medium is equal, the calculated iron ion

concentration of the extract with 25% of 24 h-extract was

is about 0.075 mg/ml. Thus, the safe concentration of iron

should be less than 0.075 mg/ml. It was reported elsewhere

that the safe iron ion concentration was about 0.050 mg/ml

[30] which is close to the calculated safe concentration in

this paper.

5 Conclusion

Pure iron exhibited medium corrosion rate in Hank’s

solution in comparison with magnesium alloy and stainless

steel, but the corrosion caused no alkalinization to Hank’s

solution. It was revealed that the pure iron possessed a low

hemolysis ratio, excellent anticoagulant property and out-

standing anti-platelets adhesion property. However, the

iron ion actually showed toxicity to cell when the iron ion

concentration exceeded a critical value.
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