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Uniform and accelerated 
degradation of pure iron patterned 
by Pt disc arrays
Tao Huang & Yufeng Zheng

Pure iron has been confirmed as a promising biodegradable metal. However, the degradation rate of 
pure iron should be accelerated to meet the clinical requirements. In this work, two different designs 
of platinum disc arrays, including sizes of Φ20 μm × S5 μm and Φ4 μm × S4 μm, have been coated 
on the surface of pure iron. Corrosion tests showed the platinum discs formed plenty of galvanic cells 
with the iron matrix which significantly accelerated the degradation of pure iron. Simultaneously, due 
to the designability of the shape, size as well as distribution of Pt discs, the degradation rate as well 
as degradation uniformity of pure iron can be effectively controlled by coating with platinum discs. 
The cytotoxicity test results unveiled that Pt discs patterned pure iron exhibited almost no toxicity 
to human umbilical vein endothelial cells, but a significant inhibition on proliferation of vascular 
smooth muscle cells. In addition, the hemolysis rate of Pt discs patterned pure iron was lower than 1%. 
Moreover, Pt discs also effectively reduced the number of adhered platelets. All these results indicated 
that Pt discs patterning is an effective way to accelerate degradation and improve biocompatibility of 
pure iron.

Biodegradable stents are considered to be the next generation of stents1, which can effectively avoid late stent 
thrombosis that happens frequently among permanent stents. Iron-based material2–7 has been considered to be 
one of the most potential candidates for biodegradable stent applications.

Iron is an essential nutrient element in human body which plays a vital role in many biochemical reactions, 
such as induction and transportation of oxygen, electron transferring, catalyst, and so forth8. Besides, iron also 
has good mechanical properties as well as good biocompatibility2,9,10, which are close to that of 316L stainless 
steel. In 2001, pure iron was first implanted into New Zealand white rabbits and its safety as stent material was 
verified11. From then on, the biosafety of pure iron stents was further confirmed through a series of both in vitro 
and in vivo investigations9,12–16. Nevertheless, too slow degradation of pure iron was found which cannot meet the 
clinical requirement. Moreover, localized pitting corrosion was found to be the main corrosion mode of pure iron 
in physiological environment, which may cause early fracture of stent. Therefore, iron based materials with faster 
degradation and more uniform corrosion modes need to be developed.

Up to now, numerous methods have been tried to enhance mechanical properties and corrosion rate of pure 
iron, such as alloying3,14,17–19, compositing as well as new preparation techniques20–23. Some of these methods 
sped up the degradation of pure iron, but not enough. Researches on surface modification of pure iron have also 
been reported, such as Fe-O thin film24, calcium zinc phosphate coating25, lanthanum ion implanting26, and ion 
nitriding27. Most of these previous researches on surface modification of pure iron significantly improved bio-
compatibility of pure iron, but in the meantime, the corrosion resistance was enhanced. Therefore, these methods 
are inconsistent with the goal of making pure iron more suitable for biodegradable implant applications.

Surface patterning has been demonstrated as an effective way to adjust the adhesion, stretch and proliferation 
of cells, thereby improving the interaction between implants and the host28–30. In the field of biomedical metallic 
materials, surface patterning was frequently adopted to regulate cells behavior on the implants made of pure 
titanium and titanium oxide31,32. However, using surface patterning to control corrosion behavior of metallic 
materials has not been reported previously.

In this work, platinum disc arrays were prepared on the surface of pure iron through photolithography and 
electron beam evaporation. Platinum has been confirmed to be a material with excellent hemocompatibility33. 
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And because of its high corrosion potential, platinum discs can be introduced to accelerate degradation rate of 
pure iron matrix through forming galvanic cells. Furthermore, the corrosion rate and distribution can be effec-
tively controlled via designing the size, shape and distribution of platinum discs.

Results
Microstructure and chemical characterization of Pt discs patterned pure iron. Figure 1 shows 
the ESEM images and the EDS analysis of Pt discs patterned pure iron, with uncoated pure iron as control. In this 
work, two different designs of platinum disc arrays including sizes of Φ 20 μm ×  S5 μm (Φ 20 μm represents that 
the diameter of the platinum disc is 20 μm, S5 μm means that the space between two nearest platinum discs is 
5 μm) and Φ 4 μm ×  S4 μm were prepared. According to the cross section images, the thickness of Pt disc with size 
of Φ 4 μm ×  S4 μm is about 80 nm, while that of the Φ 20 μm ×  S5 μm one is approximately 285 nm.

Electrochemical corrosion behavior of Pt discs patterned pure iron. Figure 2(a) shows the poten-
tiodynamic polarization curves of Pt disc arrays patterned pure iron in Hank’s solution, and the mean electro-
chemical parameters are listed on Table 1. Comparing to those of pure iron, patterning by Pt discs significantly 
decreased the corrosion potential and increased the corrosion current density, indicating greater tendency to be 
corroded. Among experimental samples, the group with size of Φ 4 μm ×  S4 μm exhibited the highest corrosion 
tendency.

Static immersion corrosion behavior of Pt discs patterned pure iron. Figure 3 shows the surface 
morphology of Pt discs patterned pure iron samples after 3, 7, 14, 28 and 42 days static immersion in Hank’s 
solution. As can be seen from Fig. 3:

(1) After 3 days immersion, the surface of pure iron kept intact, only a few deposited salts were observed. As for 
Pt discs patterned pure iron samples, corrosion happened first on the iron matrix which closely surrounded 
Pt discs, and this phenomenon was more obvious on the Φ 4 μm ×  S4 μm samples.

(2) After 7 days immersion, grain boundary could be observed clearly on the surface of uncoated pure iron. On 
the surface of Pt discs patterned pure iron, the corrosion range continued spreading outward.

Figure 1. Microstructure of Pt discs patterned pure iron: (a) uncoated pure iron, (b) Φ 4 μm ×  S4 μm and  
(c) Φ 20 μm ×  S5 μm Pt discs patterned pure iron, (d) and (g) are energy spectrum analysis related to area A and 
B respectively, (e) and (f) are energy spectrum plane scanning analysis of Pt, (h) and (i) are the cross sections of 
Φ 4 μm ×  S4 μm and Φ 20 μm ×  S5 μm patterned pure iron, respectively.
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(3) After 14 days immersion, the corrosion of uncoated pure iron relatively deepened. On the surface of Pt discs 
patterned pure iron, the corrosion extended to the whole exposed pure iron matrix. In a macro perspective, 
the corrosion was uniform.

(4) After 28 days immersion, on the surface of uncoated pure iron, it can be clearly observed that corrosion di-
rections varied on grains with different orientations. Corrosion on the surface of Pt discs patterned pure iron 
started penetrating into the iron matrix covered by Pt discs.

(5) After 42 days immersion, localized corrosion pits began emerging on the surface of uncoated pure iron. 
Pt discs with size of Φ 4 μm ×  S4 μm fell off from the pure iron matrix and corresponding corrosion pits 
remained in situ. On the surface of Pt discs patterned pure iron with size of Φ 20 μm ×  S5 μm, corrosion of 
pure iron matrix continued stretching to the center under Pt discs.

Figure 2(b) shows the corrosion rates calculated from weight loss after samples immersed in Hank’s solu-
tion for 3, 7, 14, 28 and 42 days, respectively. Pt discs patterned pure iron kept faster corrosion rate than that 
of uncoated one through the whole experimental period, and the Pt discs patterned pure iron with size of 
Φ 4 μm ×  S4 μm exhibited the fastest corrosion. Corrosion rates of all samples increased with time.

Cytotoxicity of Pt discs patterned pure iron. Figure 4(a–c) illustrates the ion concentrations 
of extractions (a) and the cell viabilities of (b) human umbilical vein endothelial cells EA. hy-926 and (c) 
human vascular smooth musle cells (VSMC) after 1, 2 and 4 days incubation in experimental materials 
extraction mediums. According to Fig. 4(a), the order of iron ion concentration in extraction mediums was: 
Φ 4 μm ×  S4 μm (52.494 ±  1.4374 μg∙mL−1) >  Φ 20 μm ×  S5 μm (48.784 ±  1.215 μg∙mL−1) >  uncoated pure iron 
(13.601 ±  0.5482 μg∙mL−1), which matched well with the corrosion results of static immersion tests in Hank’s 
solution. The corrosion rate of Pt discs patterned pure iron in DMEM was about 4 times faster than that of 
uncoated pure iron. Furthermore, because of the high chemical stability of Pt, Pt ion concentration was very low. 
According to Fig. 4(b), viabilities of EA. hy-926 cells were similar among these three kinds of materials, basically 
maintained above 90% through the whole test period. However, the viabilities of VSMC decreased as the incuba-
tion time increased. After 24 h incubation, the VSMC cells viabilities of all the experimental samples decreased to 
lower than 60%. This might be attributed to the inhibitory effect of iron ions on the proliferation of VSMC cells12.

Hemolysis of Pt discs patterned pure iron. Figure 4(d) shows the hemolysis percentage of Pt discs pat-
terned pure iron, with uncoated pure iron as control. The hemolysis of Pt discs patterned pure iron was decreased 
to around 1% when compared to that of uncoated one (approximately 2%). On the whole, the hemolysis of all 
these materials were lower than 5%, the judging criterion for biomaterials in ASTM F756-0834, indicating their 
good hemocompatibility.

Platelet adhesion tests on Pt discs patterned pure iron. Figure 4(e) illustrates the number of adhered 
platelets per unit area on the surface of samples. The number of platelets adhered on the uncoated pure iron was 
the largest, while that on the Φ 4 μm ×  S4 μm Pt discs patterned pure iron was the least. The morphologies of 
adhered human platelets on the Pt discs patterned pure iron specimens are shown in Fig. 4(f–h). On the surface 

Figure 2. (a) potentiodynamic polarization curves of Pt discs patterned pure iron in Hank’s solution,  
(b) corrosion rates calculated from weight loss of samples after static immersion in Hank’s solution. *represents 
p <  0.05.

Materials Ecorr (V) Icorr (μA·cm−2) Vcorr (mm/year)

Corrosion rate (mg·cm−2·d−1)

Electrochemical test Immersion test for 42 days

Uncoated pure iron − 0.69932 9.64230 0.11204 0.24127 0.14853

Φ 4 μm ×  S4 μm − 0.88616 19.754 0.22256 0.47927 0.38324

Φ 20 μm ×  S5 μm − 0.76282 17.698 0.20565 0.44285 0.34565

Table 1.  Average electrochemical parameters of Pt discs patterned pure iron (uncoated pure iron as 
control). Note: Corrosion potential (Ecorr), corrosion current density (Icorr) and corrosion rate (Vcorr).
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of Pt discs patterned pure iron, platelets were more likely to adhere to the pure iron substrate, while it was hard to 
see platelet adhered on the Pt discs. Of note, large amount of deposited substances were observed. According to 
the results of previous reports3,23,35,36, the deposited substance was mainly composed of corrosion products of iron 
matrix and salts deposited from PRP and PBS. Most of platelets on all these three kinds of materials were activated 
and started to extend pseudopodia. Based on the results of platelet adhesion tests, Pt discs patterning can decrease 
the thrombosis risk of pure iron.

Figure 3. SEM images of samples’ surface morphology after statically immersed in Hank’s solution for 3, 7, 
14, 28 and 42 days. 
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Discussion
Accelerating degradation rate of pure iron has puzzled scholars for many years. In this study, Pt disc patterns were 
first adopted to regulate the corrosion behavior of pure iron for biomedical applications. It is widely believed that 
there are two main methods to accelerate corrosion of pure iron37: on the one hand, adding less noble alloying 
elements into iron matrix to enhance the corrosion tendency; on the other hand, introducing noble metals which 
can act as cathodes to drive the corrosion of iron matrix (anodes). The standard electrode potential of Pt is + 1.2 V, 
which is much higher than that of Fe (− 0.44 V)38. In this work, Pt disc arrays on the surface of pure iron was 
prepared by lithography and electron beam evaporation, aiming at accelerating the degradation rate of pure iron 
matrix through galvanic corrosion.

Figure 5 illustrates the corrosion mechanism of Pt discs patterned pure iron in Hank’s solution. When soaking 
in Hank’s solution, Pt discs as cathodes formed plenty of galvanic cells with pure iron matrix (anodes), which 
altered the main corrosion mode of pure iron from localized corrosion into galvanic corrosion. Corrosion first 
started from the iron matrix closely around Pt discs, which was oxidized into ferrous ions (Equation 1). Electrons 
generated from iron matrix dissolving were transferred to Pt discs (as shown in Fig. 5(b)) where they were con-
sumed by dissolved oxygen (Equation 2).

→ ++ −Fe Fe 2e (anode reaction) (1)2

+ + →− −O 2H O 4e 4OH (cathode reaction) (2)2 2

Due to the solution alkalization near Pt discs (Equation 2), iron hydroxide preferentially formed at this place 
(Equation 3). Since the instability of ferrous hydroxide, it was easy to be oxidized into ferric hydroxide by dis-
solved oxygen. The reaction can be expressed as Equation 4:

+ →+ −Fe 2OH Fe(OH) (3)
2

2

Figure 4. (a) ion concentration in experimental materials’ extraction mediums, cell viability of (b) EA. Hy-926 
and (c) VSMC after cultured in extraction mediums and positive control for 1, 2 and 4 days, (d) hemolysis of  
Pt discs patterned pure iron, (e) the number of adhered platelets per unit area on the surface of samples,  
(f–h) are morphologies of platelets adhered on the surface of uncoated pure iron and Pt discs patterned pure 
iron. *represents p <  0.05.
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+ + →4Fe(OH) O 2H O 4Fe(OH) (4)2 2 2 3

With time, corrosion area gradually expanded into the whole area of exposed iron matrix. Afterwards, cor-
rosion penetrated into the iron matrix beneath the Pt discs as the infiltration of Hank’s solution (Fig. 5(c)). 
When the whole iron matrix under Pt discs corroded, the Pt discs fell off and corrosion pits remained in situ. 
Consumption of OH− on the tip of corrosion pits formed an acid atmosphere in this region, then pure iron in 
this region can act as anode. The corrosion current density on this tiny anode can be very large so that pure iron 
matrix in this region corroded rapidly. Therefore, the depth of corrosion pits increased gradually with time. In 
addition, as the existence of corrosion pits increased the contacting area of pure iron matrix with corrosive solu-
tion, then accelerate the corrosion rate. Therefore, the accelerating effect on degradation of iron matrix can be 
lasted even after the dropping of Pt discs (Fig. 5(d)).

The phenomenon that the Pt discs patterned pure iron with size of Φ 4 μm ×  S4 μm corroded faster than that 
with size of Φ 20 μm ×  S5 μm can be explained by theoretical calculations. Pt discs covered corresponding surface 
area of pure iron, so the sum of area of exposed iron matrix (A1) and Pt discs (A2) should be a constant value ( the 
area of pure iron before patterning, A), which can be expressed as A1 +  A2 =  A. The corrosion current of Pt discs 
patterned pure iron can be calculated by Equation 539:
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Ecorr1 and Ecorr2 are the corrosion potential of Fe and Pt as isolated electrode, respectively. The corresponding 
corrosion currents are represented as Icorr1 and Icorr2, respectively. βa1 and βc1 respectively represented the slope of 
the anode polarization curve and the slope of cathode polarization curve in the natural logarithm Tafel curves of 
pure iron matrix. βa2 and βc2 respectively represented the slope of the anode polarization curve and the slope of 
cathode polarization curve in the natural logarithm Tafel curves of Pt discs.

Based on Equation 5, there will be a maximum value of galvanic current with the variation of the area of Pt 
discs (A2), take the derivative of Equation 5:
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when A2/A1 =  βc2/βa1, ∂
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2
 =  0, a maximum value of corrosion current can be obtained.

Figure 6 shows the natural logarithm Tafel curves of pure iron and pure platinum measured in Hank’s solu-
tion at temperature of 37 ±  0.5 °C. According to these curves, the values of βa1, βc2 can be obtained as 0.399 and 
0.102, respectively. Hence, βc2/βa1 =  0.25564 and A2/A can be calculated to be 0.2036. That is, when the area of Pt 
discs occupies 20.36% of the total area, the corrosion current will achieve to its maximum value. By contrast, the 
bigger gap between 0.2036 and real value of A2/A, the smaller the corrosion current is. In terms of Pt discs pat-
terned pure iron with size of Φ 4 μm ×  S4 μm, the value of A2/A is 0.19635, which is very close to 0.2036. However, 
the A2/A value of Pt discs patterned pure iron with size of Φ 20 μm ×  S5 μm is 0.50265, which is far away from 

Figure 5. Illustration of the corrosion mechanism for Pt discs patterned pure iron: (a) initial corrosion 
reaction; (b) and (c) were the formation procedure of hydroxide layer; (d) after Pt discs fell off, the degradation 
rate of pure iron can be continuing accelerated by the corrosion pits.
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0.2036. Therefore, according to above mentioned theoretical calculation, Pt discs patterned pure iron with size of 
Φ 4 μm ×  S4 μm can corrode faster than the one with size of Φ 20 μm ×  S5 μm.

The corrosion rates of Φ 20 μm ×  S5 μm and Φ 4 μm ×  S4 μm Pt discs patterned pure iron in static immersion 
test were about 2.33 and 2.58 times as that of pure iron, respectively. Compare to the previous reports23,36,40,41 
which successfully accelerated corrosion rate of pure iron through various technologies, the corrosion rates of 
almost all the developed samples in static immersion test were no more than 2 times as that of pure iron, such as 
Fe-5 wt.% W composite (1.15 times)23, Fe-0.5 wt.% CNT composite (1.96 times)23 and Fe-5 wt.% Fe2O3 composite 
(1.38 times)36. There was one exception, the corrosion rate of Fe-5 wt.% Pt composite was about 2.73 times as that 
of pure iron33. However, the high corrosion rate of Fe-5 wt.% Pt composite may be partly due to the low density 
and the existed FeO.

The biocompatibility of Pt discs patterned pure iron can be discussed from two aspects, including cytotox-
icity and hemocompatibility. The cytotoxicity of biodegradable metallic materials are mainly attributed to the 
released metallic ions2 and degradation particles42 which can promote or inhibit cell metabolic activities and 
proliferation. The related studies have shown that Pt ion has significant cytotoxicity43. However, the content of Pt 
ions released into the body fluid would be very low due to the high chemical stability of Pt. The extremely low Pt 
ion concentration in the extractions measured in this work matched the above deduction. Therefore, the effect of 
Pt exerted on cells proliferation would be very small. The cytotoxicity of Pt discs patterned pure iron should be 
mainly attributed to Fe2+ and Fe3+ ions. According to the work of Zhu13, there was almost no effect on vascular 
endothelial cells when the concentration of iron ions was lower than 50 μg∙mL−1. The concentration of iron ions 
of uncoated pure iron, Φ 4 μm ×  S4 μm and Φ 20 μm ×  S5 μm Pt discs patterned pure iron were 13.601 μg∙mL−1, 
52.494 μg∙mL−1 and 48.784 μg∙mL−1, respectively. Although the iron ion concentration was slightly higher than 
50 μg∙mL−1 for Φ 4 μm ×  S4 μm Pt discs patterned iron, yet no significant cytotoxicity was observed. All the exper-
imental materials showed no obvious toxicity to EA. hy-926 cells. On the contrary, all of these materials strongly 
hindered the proliferation of vascular smooth muscle cells. Muller et al.12 found that ferrous ions could exert 
adverse effect on the proliferation of VSMC cells in the sight of gene expression. According to the report of 
Schaffer et al.44, Fe2+ and Fe3+ ions could repress the migration of smooth muscle cells at the concentration of 
1 mM, while good endothelial coverage were found on iron wires.

In terms of hemocompatibility, Pt was confirmed as a very good stent material and has been applied in clinic, 
such as platinum-iridium alloy stents45–47 and platinum-chromium alloy stents48. Especially, platinum-iridium 
alloy stents with the content of Pt over 90 wt.% were applied largely, which showed good effects on the treat-
ment of blood vessel blockages in children congenital heart disease. By this token, Pt is a material with excellent 
hemocompatibility. From the results of hemolysis tests, pure iron patterned by Pt discs could slightly decrease 
hemolysis. Moreover, electrochemical corrosion will be triggered when the Pt discs patterned pure iron immersed 
in serum, the electron released from pure iron matrix (anode) will be transferred to the Pt discs (cathode). Then, 
the Pt discs are negatively charged. The main cells in blood, including erythrocyte, leukocyte and platelet, are also 
negatively charged. Therefore, the negatively charged Pt discs might reject the platelets adhesion by electrostatic 
interaction. Previous works had also demonstrated that negatively charged materials can prevent platelet adhe-
sion49,50. Before the adhesion of platelets, plasma proteins, including albumin, globin and fibrin, are competitively 
absorbed on the surface of biomaterials. The most abundant platelet membrane component glycoprotein IIb/IIIa 
is the receptor of Arg-Gly-Asp (RGD) peptide on fibrin51. Therefore, the absorption of fibrin plays a dominant 
role to promote the adhesion of platelet. However, the albumin is an anticoagulant protein which can hinder the 
adhesion of platelets and leucocytes52. Negatively charged surface can enhance the absorption of albumin but 
causes an adverse impact on absorption of fibrin53. Therefore it can be speculated that the negatively charged 
platinum discs in the present study would prevent platelets adhesion.

Then the number of adhered platelets on the surface of Pt discs patterned pure iron was much less than that 
on the surface of uncoated pure iron. All these results proved that Pt patterning has the potential to decrease the 
risk of thrombosis of pure iron.

In summary, two different designs of platinum disc arrays, including sizes of Φ20 μm ×  S5 μm and 
Φ 4 μm ×  S4 μm, have been coated on the surface of pure iron in this work. The influence of Pt disc arrays on the 

Figure 6. The natural logarithm Tafel curves of pure iron and pure plantinum. 
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degradation of pure iron matrix in vitro was investigated by electrochemical tests and static immersion tests. The 
results indicated that coating platinum disc arrays on the surface of pure iron can form a plenty of galvanic cells 
to accelerate the degradation of pure iron. Simultaneously, due to the designability of the shape, size as well as 
distribution of Pt discs, the degradation rate as well as uniformity of pure iron can be effectively controlled by 
coating with platinum discs. The in vitro biocompatibility of Pt discs patterned pure iron has also been researched 
by indirect cytotoxicity tests, hemolysis tests and platelet adhesion tests. Pt discs patterned pure iron exhibited 
almost no toxicity to human umbilical vein endothelial cells (EA. hy-926), but performed a significant inhibition 
on proliferation of vascular smooth muscle cells (VSMC). In addition, the hemolysis of Pt discs patterned pure 
iron was lower than 1%. Moreover, the number of adhered platelets on pure iron coated with platinum discs was 
less than that on uncoated pure iron. Especially for pure iron coated by Pt discs with size of Φ 4 μm ×  S4 μm, the 
number of adhered platelets was the lowest. These results indicated pure iron patterned by platinum discs have 
the potential to decrease the risk of thrombosis.

Materials and Methods
Materials preparation. Two different designs of platinum disc arrays, including sizes of Φ20 μm ×  S5 μm 
and Φ 4 μm ×  S4 μm, have been deposited on the surface of pure iron (99.95% purity, ZhongNuo Advanced 
Material (Beijing) Technology Co., China) through photolithography and electron beam evaporation. Figure 7 
illustrates the preparation procedure. First of all, a layer of photoresist (Shipley-9912) was spin coated on the 
polished pure iron (Φ 75 ×  1 mm2), then covered by a lithography mask. Afterwards, specimens were exposed to 
ultraviolet light and the part without the protection of lithography mask was rinsed in organic solvent (4 wt.% 
NaOH solution). After rinsing, a layer of photoresist with via-hole arrays was obtained. Electron beam evapora-
tion was adopted to deposit Pt (99.99% purity, ZhongNuo Advanced Material (Beijing) Technology Co., China) 
on the surface of pure iron across the via-holes. Lastly, photoresist layer was removed using acetone.

Microstructure characterization. Pt disc arrays on the surface of pure iron was observed using environ-
mental scanning electron microscope (ESEM, Quanta 200FEG), with an energy dispersive spectrometer (EDS) 
attached. The energy dispersive spectrometer was employed for the analysis of chemical composition.

Electrochemical measurements. Electrochemical measurements were carried out using a traditional 
three-electrode cell at an electrochemical work station (PGSTAT 302 N, Metrohm Autolab). The specimen, a 
saturated calomel electrode (SCE) and a platinum electrode were acted as working electrode, reference electrode 
and the auxiliary electrode, respectively. All the measurements were maintained at temperature of 37 ±  0.5 °C 
in Hank’s solution54 with pH value of 7.4. The area of working electrode exposed to the solution was 0.3318 cm2. 
The open circuit potential (OCP) measurement was set for 9000 s. The potentiodynamic polarization curves 
were carried out from (OCP value −  600) mV (vs. SCE) to (OCP value +  600) mV (vs. SCE) at a scanning rate of 
0.33 mV·s−1. An average of at least three measurements was taken for each group. The corrosion rates were calcu-
lated according to ASTM-G102-8955 using the following formulas:

ρ
=V K I EWcorr

corr
1

=CR K I EWcorr2

where Vcorr (mm/yr) is the corrosion rate in terms of penetration rate, CR (mg·cm−2·day−1) is the corrosion 
rate in terms of mass loss rate, EW is the equivalent weight, K1 =  3.27 ×  10−3 mm·g·μA−1·cm−1·year−1 and 
K2 =  8.954 ×  10−3 g·cm2·μA−1·m−2·day−1.

Static immersion tests. Static immersion tests were performed in Hank’s solution for 3, 7, 14, 28 and 42 
days, respectively. 50 mL Hank’s solution was used for each sample following ASTM-G31-7256 at 37 °C in water 
bath. After 3, 7, 14, 28 and 42 days respectively, the samples were removed from the solution, gently rinsed with 
distilled water and quickly dried in case of oxidation. Changes on the surface morphologies after immersion were 
characterized by ESEM (Quanta 200FEG). Samples were immersed in the 10 mol/L NaOH solution to remove the 
corrosion products before weighing. An average of three measurements was taken for each group. The degrada-
tion rates were calculated based on the formula below:

Figure 7. The process of preparation of Pt discs patterned pure iron. 
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=CR m
St

where CR (mg·cm−2·day−1) is the corrosion rate, m (mg) is the mass loss, S (cm2) is the surface area of the speci-
men exposed to the solution and t (day) is the immersion time.

Cytotoxicity tests. The cytotoxicity tests were performed by indirect contact methods. Human umbilical 
vein endothelial cells (EA. hy-926) and human vascular smooth muscle cells (VSMC) were used to evaluate the 
cytotoxicity of the Pt discs patterned pure iron. At first, cells were cultured in the Dulbecco’s modified Eagle’s 
medium (DMEM) with 10% fetal bovine serum (FBS), 100 U·mL−1 penicillin and 100 μg·mL−1 streptomycin at 
37 °C in a humidified atmosphere with 5% CO2. According to ISO 10993-1257, extraction medium was prepared 
using serum-free DMEM with a surface area/extraction medium ratio of 1.25 cm2·mL−1 in a humidified atmos-
phere with 5% CO2 at 37 °C for 72 h. After the extracts were centrifuged, the supernatant fluid was withdrawn and 
stored at 4 °C before cytotoxicity test. The control groups involved DMEM medium as the negative control and 
DMEM including 10% dimethyl sulfoxide (DMSO) as the positive control. The concentrations of metallic ions in 
the extraction medium were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) 
(Leeman, Profile). Cells were incubated in the 96-well plates at the density of approximately 5 ×  103 cells per 
100 μL medium in each well and incubated for 24 h to allow attachment. DMEM was then replaced by extraction 
mediums, and 10 μL serum was added to each well. After 1, 2 and 4 days incubation, 10 μL of cell counting kit 
(CCK-8) solution was added to each well, then continued incubating for 3 h. The absorbance of each well was 
tested using microplate reader (Bio-RAD680) at the wavelength of 450 nm. Viability of cells (X) was calculated 
using the following formula according to ISO 19003-558:

= ×X OD
OD

100%1

2

Here OD1 is the mean absorbance of experimental sample groups and positive control group. OD2 is the mean 
absorbance of negative control group.

Hemolysis test and platelet adhesion. Healthy human blood (anticoagulant was 3.8 wt.% citric acid 
sodium) extracted from volunteers was diluted by physiological saline based on volume ratio of 4:5. Uncoated 
pure iron and Pt discs patterned pure iron were separately put into centrifugal tubes with 10 mL physiological 
saline for 30 minutes, temperature was kept at 37 °C. Then 0.2 mL diluted blood was added to each tube and 
incubated at 37 °C for 60 minutes, 10 mL deionized water with 0.2 mL diluted blood as the positive control and 
10 mL physiological saline with 0.2 mL diluted blood as the negative control. After completion of the above steps, 
samples were removed, and then these tubes were centrifuged at 800 g for 5 minutes. Supernatant was transferred 
to 96-well plates, the absorbance (OD) was determined by a microplate reader (Bio-RAD680) at the wavelength 
of 545 nm. Hemolysis of samples was calculated by the following formula:

=
−

−
×Hemolysis OD test OD negative control

OD positive control OD negative control
( ) ( )

( ) ( )
100%

For platelet adhesion, whole blood from healthy human body was centrifuged at 1000 r/min for 10 minutes. 
Platelet rich plasma (PRP) was obtained from the upper fluid. Samples after ultraviolet disinfection were moved 
to 24-well plates and 0.2 ml PRP was added to each well, then incubated at 37 °C for 1 h. After gently rinsed by 
phosphate buffered saline (PBS), platelets on samples were fixed using 2.5% glutaraldehyde solution at room 
temperature for 1 h. Then dehydrated with gradient alcohol solution (concentration of 50%, 60%, 70%, 80%, 90%, 
95% and 100%), each concentration for 10 min, and finally freeze-dried for 2 days. The morphologies of platelet 
adhered on the specimens were observed by ESEM (Quanta 200FEG).

Statistical analysis. All quantitative data are expressed as mean ±  standard deviations with n =  3. Statistical 
analysis was performed by one way analysis of variance (ANOVA) followed by Tukey’s post hoc tests using SPSS 
19.0 and p-values less than 0.05 were considered statistically significant.

References
1. Colombo, A. & Karvouni, E. Biodegradable stents “fulfilling the mission and stepping away”. Circulation 102, 371–373 (2000).
2. Hermawan, H., Dubé, D. & Mantovani, D. Degradable metallic biomaterials: design and development of Fe–Mn alloys for stents. 

Journal of Biomedical Materials Research Part A 93, 1–11 (2010).
3. Liu, B. & Zheng, Y. Effects of alloying elements (Mn, Co, Al, W, Sn, B, C and S) on biodegradability and in vitro biocompatibility of 

pure iron. Acta biomaterialia 7, 1407–1420 (2011).
4. Obayi, C. S. et al. Influence of cross-rolling on the micro-texture and biodegradation of pure iron as biodegradable material for 

medical implants. Acta biomaterialia 17, 68–77 (2015).
5. Hermawan, H. & Mantovani, D. Process of prototyping coronary stents from biodegradable Fe–Mn alloys. Acta biomaterialia 9, 

8585–8592 (2013).
6. O’Brien, B. & Carroll, W. The evolution of cardiovascular stent materials and surfaces in response to clinical drivers: a review. Acta 

biomaterialia 5, 945–958 (2009).
7. Garg, S. & Serruys, P. W. Coronary stents: looking forward. Journal of the American College of Cardiology 56, S43–S78 (2010).
8. Papanikolaou, G. & Pantopoulos, K. Iron metabolism and toxicity. Toxicol Appl Pharmacol 202, 199–211, doi: 10.1016/j.

taap.2004.06.021 (2005).
9. Peuster, M. et al. Long-term biocompatibility of a corrodible peripheral iron stent in the porcine descending aorta. Biomaterials 27, 

4955–4962, doi: 10.1016/j.biomaterials.2006.05.029 (2006).
10. Song, M.-M. et al. Cytotoxicity and cellular uptake of iron nanowires. Biomaterials 31, 1509–1517 (2010).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:23627 | DOI: 10.1038/srep23627

11. Peuster, M. et al. A novel approach to temporary stenting: degradable cardiovascular stents produced from corrodible metal—results 
6–18 months after implantation into New Zealand white rabbits. Heart 86, 563–569 (2001).

12. Mueller, P. P., May, T., Perz, A., Hauser, H. & Peuster, M. Control of smooth muscle cell proliferation by ferrous iron. Biomaterials 27, 
2193–2200 (2006).

13. Zhu, S. et al. Biocompatibility of pure iron: In vitro assessment of degradation kinetics and cytotoxicity on endothelial cells. Materials 
Science and Engineering: C 29, 1589–1592 (2009).

14. Kraus, T. et al. Biodegradable Fe-based alloys for use in osteosynthesis–outcome of an in-vivo study after 52 weeks. Acta 
biomaterialia 10, 3346–3353 (2014).

15. Waksman, R. et al. Short‐Term Effects of Biocorrodible Iron Stents in Porcine Coronary Arteries. Journal of interventional cardiology 
21, 15–20 (2008).

16. Wu, C. et al. Short-term safety and efficacy of the biodegradable iron stent in mini-swine coronary arteries. Chinese medical journal 
126, 4752–4757 (2012).

17. Hermawan, H., Purnama, A., Dube, D., Couet, J. & Mantovani, D. Fe–Mn alloys for metallic biodegradable stents: degradation and 
cell viability studies. Acta biomaterialia 6, 1852–1860 (2010).

18. Wang, W. Q., Wang, J. & Qi, M. In Advanced Materials Research. 1200–1206 (Trans Tech Publ).
19. Săndulache, F., Stanciu, S., Cimpoesu, R., Ratoi, M. & Cimpoesu, N. In Applied Mechanics and Materials. 566–571 (Trans Tech Publ).
20. Nie, F., Zheng, Y., Wei, S., Hu, C. & Yang, G. In vitro corrosion, cytotoxicity and hemocompatibility of bulk nanocrystalline pure 

iron. Biomedical Materials 5, 065015 (2010).
21. Moravej, M., Purnama, A., Fiset, M., Couet, J. & Mantovani, D. Electroformed pure iron as a new biomaterial for degradable stents: 

In vitro degradation and preliminary cell viability studies. Acta biomaterialia 6, 1843–1851 (2010).
22. Moravej, M., Prima, F., Fiset, M. & Mantovani, D. Electroformed iron as new biomaterial for degradable stents: Development process 

and structure–properties relationship. Acta biomaterialia 6, 1726–1735 (2010).
23. Cheng, J. & Zheng, Y. In vitro study on newly designed biodegradable Fe‐X composites (X =  W, CNT) prepared by spark plasma 

sintering. Journal of Biomedical Materials Research Part B: Applied Biomaterials 101B, 485–497 (2013).
24. Zhu, S. et al. Biocompatibility of Fe–O films synthesized by plasma immersion ion implantation and deposition. Surface and 

Coatings Technology 203, 1523–1529 (2009).
25. Chen, H., Zhang, E. & Yang, K. Microstructure, corrosion properties and bio-compatibility of calcium zinc phosphate coating on 

pure iron for biomedical application. Materials Science and Engineering: C 34, 201–206 (2014).
26. Zhu, S., Huang, N., Shu, H., Wu, Y. & Xu, L. Corrosion resistance and blood compatibility of lanthanum ion implanted pure iron by 

MEVVA. Applied Surface Science 256, 99–104 (2009).
27. Chen, C.-Z. et al. The microstructure and properties of commercial pure iron modified by plasma nitriding. Solid State Ionics 179, 

971–974 (2008).
28. El-Ali, J., Sorger, P. K. & Jensen, K. F. Cells on chips. Nature 442, 403–411 (2006).
29. Folch, A. & Toner, M. Cellular micropatterns on biocompatible materials. Biotechnology progress 14, 388–392 (1998).
30. Falconnet, D., Csucs, G., Grandin, H. M. & Textor, M. Surface engineering approaches to micropattern surfaces for cell-based assays. 

Biomaterials 27, 3044–3063 (2006).
31. Wennerberg, A. & Albrektsson, T. Effects of titanium surface topography on bone integration: a systematic review. Clinical oral 

implants research 20, 172–184 (2009).
32. Pan, Z. et al. Control of cell nucleus shapes via micropillar patterns. Biomaterials 33, 1730–1735 (2012).
33. Huang, T., Cheng, J. & Zheng, Y. In vitro degradation and biocompatibility of Fe–Pd and Fe–Pt composites fabricated by spark 

plasma sintering. Materials Science and Engineering: C 35, 43–53 (2014).
34. ASTM F. F756-08, Standard Practice for Assessment of Hemolytic Properties of Materials,” ASTM International, West 

Conshohocken, PA. ASTM Book of Standards (2013).
35. Cheng, J., Liu, B., Wu, Y. & Zheng, Y. Comparative in vitro Study on Pure Metals (Fe, Mn, Mg, Zn and W) as Biodegradable Metals. 

Journal of Materials Science & Technology (2013).
36. Cheng, J., Huang, T. & Zheng, Y. Microstructure, mechanical property, biodegradation behavior, and biocompatibility of 

biodegradable Fe–Fe2O3 composites. Journal of Biomedical Materials Research Part A 102, 2277–2287 (2014).
37. Schinhammer, M., Hänzi, A. C., Löffler, J. F. & Uggowitzer, P. J. Design strategy for biodegradable Fe-based alloys for medical 

applications. Acta biomaterialia 6, 1705–1713 (2010).
38. Vanýsek, P. In CRC Handbook of Chemistry and Physics Vol. 8 (ed David R. Lide) 20–29 (CRC Press, 2005).
39. Cao, C. principle of corrosion electrochemistry (the third edition). Corrosion Science and Protection Technology 3, 026 (2008).
40. Huang, T., Cheng, J., Bian, D. & Zheng, Y. Fe–Au and Fe–Ag composites as candidates for biodegradable stent materials. Journal of 

Biomedical Materials Research Part B: Applied Biomaterials (2015).
41. Wegener, B. et al. Microstructure, cytotoxicity and corrosion of powder-metallurgical iron alloys for biodegradable bone 

replacement materials. Materials Science and Engineering: B 176, 1789–1796 (2011).
42. Gu, X., Zheng, Y., Cheng, Y., Zhong, S. & Xi, T. In vitro corrosion and biocompatibility of binary magnesium alloys. Biomaterials 30, 

484–498 (2009).
43. Biesiekierski, A., Wang, J., Abdel-Hady Gepreel, M. & Wen, C. A new look at biomedical Ti-based shape memory alloys. Acta 

biomaterialia 8, 1661–1669 (2012).
44. Schaffer, J. E., Nauman, E. A. & Stanciu, L. A. Cold-drawn bioabsorbable ferrous and ferrous composite wires: an evaluation of  

in vitro vascular cytocompatibility. Acta biomaterialia 9, 8574–8584 (2012).
45. Zhang, X.-X. et al. In vivo distribution of c-myc antisense oligodeoxynucleotides local delivered by gelatin-coated platinum-iridium 

stents in rabbits and its effect on apoptosis. Chinese medical journal 117, 258–263 (2004).
46. Xinxia, Z., Changcong, C. & Meng, M. Different design of platinium-iridium stent influence the vascular response in normal rabbit 

carotid arteries. Journal of Xi’an Medical University (Chinese) 2, 004 (2001).
47. Qureshi, S. A., Zubrzycka, M., Brzezinska-Rajszys, G., Kosciesza, A. & Ksiazyk, J. Use of covered Cheatham-Platinum stents in aortic 

coarctation and recoarctation. Cardiology in the Young 14, 50–54 (2004).
48. Stone, G. W. et al. A prospective, randomized evaluation of a novel everolimus-eluting coronary stent: the PLATINUM (a 

Prospective, Randomized, Multicenter Trial to Assess an Everolimus-Eluting Coronary Stent System [PROMUS Element] for the 
Treatment of Up to Two de Novo Coronary Artery Lesions) trial. Journal of the American College of Cardiology 57, 1700–1708 
(2011).

49. Takami, Y. et al. Protein adsorption onto ceramic surfaces. Journal of Biomedical Materials Research 40, 24–30 (1998).
50. Kulik, E. & Ikada, Y. In vitro platelet adhesion to nonionic and ionic hydrogels with different water contents. Journal of Biomedical 

Materials Research 30, 295–304 (1996).
51. Lasz, E. et al. β  3 Integrin-Derived Peptide 217–230 Inhibits Fibrinogen Binding and Platelet Aggregation: Significance of RGD 

Sequences and Fibrinogen Aα -Chain. Biochemical and biophysical research communications 190, 118–124 (1993).
52. Amiji, M., Park, H. & Park, K. Study on the prevention of surface-induced platelet activation by albumin coating. Journal of 

Biomaterials Science, Polymer Edition 3, 375–388 (1992).
53. Norde, W. & Lyklema, J. The adsorption of human plasma albumin and bovine pancreas ribonuclease at negatively charged 

polystyrene surfaces: III. Electrophoresis. Journal of Colloid and Interface Science 66, 277–284 (1978).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:23627 | DOI: 10.1038/srep23627

54. Kuwahara, H., Al-Abdullat, Y., Mazaki, N., Tsutsumi, S. & Aizawa, T. Precipitation of magnesium apatite on pure magnesium surface 
during immersing in Hank’s solution. Materials Transactions (Japan) 42, 1317–1321 (2001).

55. ASTM G102-89, Standard Practice for Calculation of Corrosion Rates and Related Information from Electrochemical 
Measurements. ASTM Book of Standards (1999).

56. ASTM G. G 31–72, Standard practice for laboratory immersion corrosion testing of metals. ASTM Book of Standards (2004).
57. ISO, E. 10993-12: 2008–Biological evaluation of medical devices–Part 12: Sample preparation and reference materials (ISO 10993-

12: 2007). German version: DIN EN ISO, 10993–10912 (2008).
58. ISO, E. 10993-5: Biological evaluation of medical devices. Tests for in vitro cytotoxicity (2009).

Acknowledgements
This work was supported by the National Basic Research Program of China (973 Program) (Grant No. 
2012CB619102), National Science Fund for Distinguished Young Scholars (Grant No. 51225101), National 
Natural Science Foundation of China (Grant No. 51431002 and 31170909), Beijing Municipal Science and 
Technology Project (Z141100002814008).

Author Contributions
T.H. and Y.F.Z. wrote the main manuscript text and prepared figures. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Huang, T. and Zheng, Y. Uniform and accelerated degradation of pure iron patterned 
by Pt disc arrays. Sci. Rep. 6, 23627; doi: 10.1038/srep23627 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Uniform and accelerated degradation of pure iron patterned by Pt disc arrays
	Introduction
	Results
	Microstructure and chemical characterization of Pt discs patterned pure iron
	Electrochemical corrosion behavior of Pt discs patterned pure iron
	Static immersion corrosion behavior of Pt discs patterned pure iron
	Cytotoxicity of Pt discs patterned pure iron
	Hemolysis of Pt discs patterned pure iron
	Platelet adhesion tests on Pt discs patterned pure iron

	Discussion
	Materials and Methods
	Materials preparation
	Microstructure characterization
	Electrochemical measurements
	Static immersion tests
	Cytotoxicity tests
	Hemolysis test and platelet adhesion
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Uniform and accelerated degradation of pure iron patterned by Pt disc arrays
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23627
            
         
          
             
                Tao Huang
                Yufeng Zheng
            
         
          doi:10.1038/srep23627
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23627
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23627
            
         
      
       
          
          
          
             
                doi:10.1038/srep23627
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23627
            
         
          
          
      
       
       
          True
      
   




