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Abstract: Metal stents are commonly used to revascularize

occluded arteries. A bioabsorbable metal stent that harm-

lessly erodes away over time may minimize the normal

chronic risks associated with permanent implants. However,

there is no simple, low-cost method of introducing candidate

materials into the arterial environment. Here, we developed a

novel experimental model where a biomaterial wire is

implanted into a rat artery lumen (simulating bioabsorbable

stent blood contact) or artery wall (simulating bioabsorbable

stent matrix contact). We use this model to clarify the corro-

sion mechanism of iron (�99.5 wt %), which is a candidate

bioabsorbable stent material due to its biocompatibility and

mechanical strength. We found that iron wire encapsulation

within the arterial wall extracellular matrix resulted in sub-

stantial biocorrosion by 22 days, with a voluminous corrosion

product retained within the vessel wall at 9 months. In con-

trast, the blood-contacting luminal implant experienced mini-

mal biocorrosion at 9 months. The importance of arterial blood

versus arterial wall contact for regulating biocorrosion was

confirmed with magnesium wires. We found that magnesium

was highly corroded when placed in the arterial wall but was

not corroded when exposed to blood in the arterial lumen for 3

weeks. The results demonstrate the capability of the vascular

implantation model to conduct rapid in vivo assessments of

vascular biomaterial corrosion behavior and to predict long-

term biocorrosion behavior frommaterial analyses. The results

also highlight the critical role of the arterial environment

(blood vs. matrix contact) in directing the corrosion behavior

of biodegradable metals. VC 2011 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 100B: 58–67, 2012.
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INTRODUCTION

Vascular stents are metal scaffolds used to prop open athe-

rosclerotic blood vessels and improve blood flow. Nonab-

sorbable stents are permanent implants.1–3 Unfortunately,

the biological and mechanical environment of the vessel

may challenge the long-term integrity of permanent stents.

However, it has been hypothesized that stents placed in

many atherosclerotic arteries may require only about 3–6

months of mechanical integrity for scaffolding. Bioabsorb-

able or biodegradable stents that provide mechanical sup-

port during vascular wall repair and then harmlessly erode

after the vascular wall has stabilized may eliminate some of

the potential chronic risks of permanent stents and may

mitigate the complexity of repeat stenting at the same site

in the event of restenosis.4–8

Current efforts to develop a bioabsorbable or biodegrad-

able stent have focused on magnesium based alloys,9–12

poly-L-lactic acid (PLLA) polymers,13–15 and high-weight

percent iron.16–19 Magnesium and iron stents degrade into

physiological products, are immunologically inert, and pos-

sess physical properties that are more similar to commercial

stainless steel stents and cobalt chromium alloys than poly-

mer bioabsorbable stent candidate materials.7,20,21 In con-

trast to iron, which experiences a relatively slow rate of
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degradation, magnesium and PLLA stents experience a

higher rate of degradation following deployment that can

result in premature loss of mechanical integrity and early-

vascular recoil.21 Furthermore, whereas iron stents are

radio-opaque, magnesium and polymer stents are not visible

on an angiogram, which may hinder stent implantation.7,21

Polymer stents have further limitations including a greater

potential for tissue incompatibility14 and the inability to

fully expand with the use of balloon dilatation. Due to their

lower radial force compared with their stainless steel coun-

terparts, a greater thickness is required for polymer

stents.10 Although iron possesses more ideal properties

compared with magnesium and polymer materials, the slow

degradation rate of iron may result in an extended presence

of iron stents in the artery.22 Thus, iron materials may need

to be modified to produce a more suitable degradation rate.

Presently, there is no simple, low-cost method of intro-

ducing candidate stent materials into the arterial environ-

ment, necessitating reliance on unrealistic in vitro models

or costly and time-consuming large animal stent implanta-

tion studies. Here, we have developed a novel in vivo model

for the early-in vivo evaluation of candidate stent materials.

In this model, candidate stent materials are drawn into a

wire and implanted into the rat abdominal aorta wall or

lumen to simulate a stent implantation. We demonstrate the

capability of this model by providing insight into the mecha-

nism of iron degradation in vivo.

MATERIALS AND METHODS

Male Sprague Dawley rats from Harlan Labs were used in

the animal experiments. All animal experiments were

approved by the animal care and use committee of Michigan

Technological University. NIH guidelines for the care and

use of laboratory animals (NIH Publication #85-23 Rev.

1985) have been observed.

Wire sterilization

Before implantation, iron wires were cleaned in a Pro-

CleanerTM cleaning device (BioForce Nanosciences; Ames,

IA) for 30 min. ProCleanerTM device is equipped with a

high-intensity mercury vapor lamp generating UV illumina-

tion that converts oxygen into ozone, which attacks and

removes molecular levels of organic contamination from

small samples.

Aortic implantation

Sprague Dawley rats (Harlan Labs) anesthetized with iso-

flurane in oxygen gas were surgically implanted with

annealed iron wire of 99.99þ wt % and 0.25 mm diameter

or magnesium wire of 99.9þ wt % and 0.25 mm diameter

(Goodfellow Corporation). Two different wire implantation

models were used, a wall implant and a luminal implant. In

both models, a 2-cm long sterilized metal wire was punc-

tured into the abdominal aorta. For the aortic wall implants,

the arterial adventitia was punctured with the metal wire,

which was then led a distance of 15 mm within the adventi-

tia. This wire was firmly embedded in the extracellular

matrix of the adventitia and did not become dislocated. For

the luminal implants, the artery was punctured with the

wire, which was then led into the lumen for a distance of

approximately 15 mm before puncturing the wall a second

time to exteriorize the wire from the artery. Because the

luminal wire implant became encapsulated in neointimal-

like tissue at late time points, we also implanted wires into

the lumen with the wire bowed away from the endothelium.

Thus, when luminally implanted, the wire was placed in

gentle contact with the vessel wall, and in some cases, it

was bowed away from the vessel wall. The wires that were

bowed away from the vessel wall remained free from encap-

sulation in neointimal-like tissue. This approach allowed us

to inspect luminal wires in the presence and absence of

neointimal-like tissue encapsulation. Following implantation,

the portion of the wire remaining outside the artery at both

ends was slightly bent to prevent dislocation. After 22 days,

1.5, 3, 4.5, or 9 months, the rats were euthanized using

carbon dioxide asphyxiation, and the wires or aortas con-

taining the implanted wires were harvested for analysis.

Histology

Rat aortas containing the iron wire implants were snap-fro-

zen in liquid nitrogen and cryo-sectioned for histological

analysis. Samples were preserved in a �80�C freezer before

staining. The samples were stained with hematoxylin and

eosin, mounted in Permount solution, and imaged using an

Olympus BX51, DP70 brightfield microscope.

Raman spectroscopy

A Jobin-Yvon Lab RAM HR800 Raman Spectrometer was

used to analyze the corrosion products. The laser beam

(wavelength 632 nm) was focused onto the sample to ana-

lyze the resulting energy level of light reflected back to the

detector. The amount of energy absorption by the bonds

present within the sample creates the position and intensity

of the characteristic peaks from the sample. Scans were per-

formed from a minimum value of 100 cm�1 to a maximum

value that varied between 1000 and 1500 cm�1. The result-

ing peaks were compared with standard peaks of known

minerals for identification.

Scanning electron microscopy/energy

dispersive X-ray spectroscopy

The surface morphology and elemental analysis of iron sam-

ples were carried out using the JEOL JSM 6400 Scanning

electron microscopy (SEM) equipped with energy dispersive

spectrometer (EDS). The accelerating voltage used for all

samples was 20 kV and 39 mm working distance. Samples

requiring images of the wires in cross section were

mounted in epoxy [AeroMarine Epoxy Resin #300 and Aero-

Marine ‘Non-Blushing’ Cycloaliphatic Epoxy Hardener #21

at a 2:1 weight ratio (AeroMarine Products; San Diego, CA)].

Wires with corrosion product on the surface were held ver-

tically using super glue to prevent damage to the corrosion

product. The wires were glued to a small piece of heavy

paper using Loctite superglue. Fine tip tweezers were used

to hold the wires in place until the superglue cured. Once

cured the small piece of paper was then placed in a
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mounting cup, and the AeroMarine epoxy and hardener

were then added and allowed to cure overnight. The sam-

ples were then cross sectioned and polished using 60, 120,

240, 400, and 600 grit sandpapers in series. The fine polish-

ing was carried out using a 6 lm diamond cloth and 0.5 lm

alumina particles, in sequence.

RESULTS

Tissue discoloration from the iron wire implanted

within the arterial wall

Brightfield images of the implanted iron wires were col-

lected immediately following implantation [Figure 1(A,B)]

and before explanation at 22 days [Figure 1(C,D)]. The ar-

tery wall wire implant produced a brown-colored product

in the tissue surrounding the wire [Figure 1(C)]. The lumi-

nal wire did not produce visible corrosion product, although

the same brown corrosion product was present around the

exteriorized portion of the wire [Figure 1(D)]. Thus, in both

models, corrosion product was observed on iron wire sur-

rounded by biological tissue, but not on wire surrounded by

flowing arterial blood.

Pitting and corrosion product dispersion on the iron

wire implanted into the arterial wall

Surface morphology of the 22-day explanted iron was inves-

tigated using SEM. The extracted samples were placed in a

sonicator to remove attached biological tissue to produce an

accurate projection of the material surface. SEM images of

the clean wire before implantation and of wires obtained

following explanation from the two in vivo models were col-

lected. These images showed a similar surface appearance

between the clean wire and the wire harvested from the ar-

terial lumen [Figure 2(A,B)].

A comparison of the clean wire [Figure 2(A)] with the

artery wall wire implant [Figure 2(C)] demonstrated a

marked difference in the surface topography. Portions of the

wire in Figure 2(C) covered in tissue appear darker. The

lighter areas of the image are portions of the wire where

the tissue was removed as a result of sonification. These

areas show a heavy amount of pitting on the surface of the

sample. The SEM image at 10,000� [Figure 2(D)] shows a

nonuniform attack producing a maximum pit depth of 1–2

lm. Thus, the luminal wire resisted corrosion, whereas the

wall wire experienced substantial corrosion.

Cross sections of the implanted wires along with host

artery were hemotoxylin and eosin stained and inspected to

compare degradation product distribution throughout the

tissue that surrounded the wire implants. Figure 3(A,B)

depicts an iron wire implanted into the arterial wall for 22

days. The corrosion product was present in clusters that

dispersed a maximum distance of 450 lm away from the

original wire location [as indicated by the red circles in Fig-

ure 3(B)]. In contrast, the corrosion product produced from

the 22-day luminal wire implants traveled much shorter dis-

tances [Figure 3(C)] and were observed to disperse a maxi-

mum of 75 lm away from the wire. A thin film visible

around the luminal wire implants had a highly concentrated

rust discoloration [Figure 3(C)—green arrows], suggesting

that a passive layer may have formed around the wires

placed in contact with flowing blood.

Increased corrosion from the iron wires placed in long-

term contact with the arterial wall matrix. Wires were

also implanted into the artery for 9 months to evaluate

long-term iron biodegradation. Explanted wires and artery

were cross sectioned for histological analysis. It was found

that iron wires implanted into the arterial lumen against

the endothelium experienced minimal biocorrosion despite

substantial encapsulation in neointimal-like tissue [Figure

4(A)]. In contrast, iron wires implanted into the arterial

wall for 9 months experienced extensive biodegradation

[Figure 4(B)], with the original wire structure substantially

disintegrated into voluminous flakes that appeared to have

compromised the integrity of the arterial wall. Although

cross sections of iron wires implanted into the arterial

lumen against the endothelium revealed a well preserved

iron wire [Figure 4(A)], cross sections of the same wires at

the artery wall puncture sites contained similar voluminous

degradation product as was seen on wires implanted for the

same amount of time in the arterial wall (data not shown).

Wires that were bowed out away from the endothelium in

the arterial lumen for 9 months were intact on opening the

artery and exposing the interior contents. Yellow arrow in

Figure 4(C) identifies tissue encapsulation-free wire region

FIGURE 1. Implantation of iron wire into rat aortic wall (A) and lumen

(B—visible exterior wire is circled). Explanation of the iron wire after

22 days demonstrates a prominent rust cloud surrounding the artery

wall wire implant (C) and around the visible portion of the luminally

implanted wire (D). The majority of the luminally implanted wire was

present within the arterial lumen. n ¼ 2 per condition. Scale bar in

each image ¼ 1 mm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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that was bowed out into the lumen, away from the arterial

wall. In contrast, the arterial wall penetration sites had sub-

stantially degraded. Green arrows in Figure 4(C) identify

tapered corrosion product near sites where the wire was

punctured through the arterial wall. Wires implanted for 9

months into the arterial wall or in the lumen against the en-

dothelium could not be withdrawn undamaged from the ar-

tery, due to the extensive disintegration of the wire that had

occurred at the matrix-contacting surfaces. In summary,

wire surfaces placed in initial contact with arterial blood

flow were well preserved over 9 months irrespective of

whether the wire became encapsulated in neointimal-like

tissue or remained free of neointimal growth, whereas wire

surfaces placed in contact with the arterial wall matrix were

substantially degraded.

Progressive biocorrosion by arterial wall matrix con-

tact. Iron wires placed in the arterial wall were explanted

at 1.5 and 3 months and inspected with a high-magnifica-

tion stereomicroscope to compare the degree of discolora-

tion and biocorrosion with wires placed in the arterial

lumen and bowed away from the wall to prevent neointi-

mal-like tissue encapsulation for 9 months. Discoloration

was evident on the wall wire implant as early as 1.5 months

[Figure 5(B)] relative to a nonimplanted iron wire [Figure

5(A)]. Diameter expansion and irregular surface contours on

the wire were visible on 3-month wall wire explants [Figure

5(C)]. In contrast to the corrosion behavior of the wall wire

implants, blood-contacting surfaces of the luminal wire

implants were resistant to corrosion, whereas matrix-con-

tacting surfaces of the luminal wires (i.e., surfaces present

at the artery wall puncture sites) were highly corroded [Fig-

ure 5(D,E), respectively]. Wires implanted for 4.5 or 9

months into the artery wall or for 9 months against the en-

dothelium of the lumen could not be withdrawn from the

artery without damaging the wire (due to matrix encapsula-

tion and extensive iron degradation) and were not suitable

for comparison with the wires shown in Figure 5. The

results from inspecting the intact wires are consistent with

the histological data.

Confirmation of divergent corrosion behavior of bio-

degradable metals placed in the lumen and arterial

wall. To determine whether the distinct corrosion processes

we observed in the arterial lumen and wall were specific to

iron or were specific to the arterial environments, we

implanted magnesium wires into the same arterial environ-

ments as was done for the iron wires. We found that arte-

rial wall contact caused extensive biocorrosion of the mag-

nesium wire, with extensive and nonuniform local reactions

occurring on the wire surface as early as 3 weeks [Figure

5(G,H)] relative to clean magnesium wires [Figure 5(F)].

FIGURE 2. SEM images of clean iron wire (A) and implanted wire after 22 days within the arterial lumen (B) and wall (C). The clean wire before

implantation (A) is visibly indistinguishable from the arterial lumen wire implant (B). In contrast, moderate pitting is evident on the arterial wall

wire implant (C—circled region). High magnification of the circled region from image C is shown (D). Scale bar in images (A)–(C) ¼ 30 lm and

in image (D) ¼ 3 lm.
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The in situ image of the magnesium wire [Figure 5(G)]

depicts a lack of visible corrosion product within the arte-

rial matrix. There is evidence of nonuniform erosion [pits

on the wire surface are identified by green arrows in Figure

5(H)], with at least one fragmentation point present in 2

out of 3 wires evaluated at 3 weeks [typical fragmentation

shown by the yellow arrow in Figure 5(G)]. The fragmenta-

tion of the magnesium wires may have been a consequence

of extensive pitting corrosion. In contrast to magnesium

wires, none of the iron wires had experienced a fragmenta-

tion event, even at 9 months. In contrast to iron, there was

no retention of corrosion product in the biological tissue

surrounding the magnesium wires. Similar to what was

found with luminal iron wires, luminal magnesium wires

FIGURE 4. Histological analysis of the 9-month wire implants. Hematoxylin/eosin stained tissue sections depict the location of the iron wire and

corrosion product within the arterial lumen (A) and wall (B). The black circular structure in (A) is the iron wire cross section (identified by the

green arrow). Note that the iron wire became dislocated during sectioning and the yellow arrow in (A) identifies the original wire location, which

was placed gently against the vessel wall. The 9-month luminal wire is well preserved from biodegradation (A). In contrast, the 9-month wall

wire implant is substantially biodegraded (B). When the luminal wire was bowed out away from the vessel wall, the central portion of the wire

(yellow arrow in C) remained free of encapsulating tissue and experienced minimal biodegradation. In contrast, the wall puncture sites (green

arrows in C) experienced substantial degradation. Red layer in (C) background is the luminal surface of the exposed artery. Scale bar in (B) is

100 lm and (C) is 1 mm. n ¼ 2 per condition. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 3. Histological analysis of the 22-day wire implants. Hematoxylin/eosin stained tissue sections depict the location of the iron wire and

corrosion product within the arterial wall (A and B) and lumen (C). The black circular structure is the iron wire cross section. Note that the iron

wire became dislocated during sectioning and the black arrow in (A) and (B) identifies the original wire location. The circled areas in image (B)

identify corrosion product clusters. A thin rust-colored film surrounds the luminal wire cross section (C—green arrows). n ¼ 2 per condition.

Scale bar in (A) and (C) ¼ 200 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5. Extent of corrosion compared between intact wires. Clean iron wire (A) and wires explanted from the arterial wall at 1.5 (B) and 3 (C)

months were compared with wires explanted from the lumen at 9 months, at central (D) or wall locations (E), to assess differences in the degree

of biocorrosion. Clean magnesium wire (F), magnesium wires placed in the arterial wall for 3 weeks before and subsequent to explanation (G

and H, respectively), and magnesium wires placed in blood contact for 3 weeks (I). Scale bar in (I) is 1 mm. For the iron, n ¼ 4 for 1.5 and 3-

month wall specimens and n ¼ 2 for 9-month specimens. For the magnesium, n ¼ 3 for both 3-week wall and lumen specimens. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 6. X-ray maps of a cross-sectioned 9-month iron wire explanted from the arterial wall. A secondary electron image of the area examined

is shown (A) as well as X-ray maps of iron (B), phosphorus (C), carbon (D), calcium (E), and oxygen (F). Scale bar shown in each image is 100

lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ORIGINAL RESEARCH REPORT

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | JAN 2012 VOL 100B, ISSUE 1 63



appeared to have resisted corrosion [Figure 5(I)]. This

appeared to be the case because no pits and a relatively

uniform surface coloration were evident on the magnesium

wire surface placed in contact with blood.

Elemental analysis of the 9-month iron wire at the arte-

rial wall. Corroded iron wires were characterized using

EDS with the goal of identifying the elemental constituents

of the corrosion products. After being cross sectioned and

polished, elemental mapping was performed on the 9-month

iron sample from the arterial wall location (Figure 6). The

layer surrounding the metallic surface apparent as a light

gray band on the secondary electron image (SEI) in [Figure

6(A)]—is composed of an unknown matrix component, an

iron oxide component, and a calcium- and phosphorus-bear-

ing phase. Evidence for the matrix component comes from

the carbon and oxygen compositional maps. The above-

background amount of carbon and oxygen shown in the car-

bon and oxygen maps [Figure 6(D,F), respectively] indicate

the presence of a tissue layer. Note that the iron wire may

be used as a reference for the carbon background signal,

due to the carbon coating. The iron distribution map [Figure

6(B)] demonstrates that the oxide phase is voluminous, as it

extends nearly all the way around the sample in a diffuse

ring approximately 100 lm in thickness. It appears that the

pieces of the passive layer [Figure 6(C,E)] are at the migra-

tion front of an expanding layer of iron oxide, which is

encapsulated in some type of binding matrix. There appears

to be no passive layer left intact on the surface of the wire,

which would lead to further corrosion.

Identification of hematite as the corrosion product

with Raman Spectroscopy and EDS

Corroded iron wires from both experimental models were

characterized using micro-Raman Spectroscopy and EDS.

The micro-Raman analysis method has an advantage of sim-

ple sample preparation and the ability to acquire a confirm-

ing scan with minute quantities of corrosion product. The

laser spot size is about 5 lm under an �50 objective lens.

In certain samples, although spectroscopic spectra were

noisy with weak characteristic peaks, presence and location

of these peaks were still recognizable and reproducible. The

weak signals were mainly due to too small quantities of

iron oxides dispersed in an irregular biological tissue.

FIGURE 7. Raman spectrum for aortic rat model wire explants. The spectrum from all wire implants, within the artery wall (A) and inside the

lumen (B and C—same specimen), identified hematite as the corrosion product. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Several locations on each of the samples were scanned

using both types of analysis to obtain more consistent

results. The EDS analysis detected the presence of iron, oxy-

gen, phosphorous, calcium, and potassium (Supporting In-

formation Figure S1). The phosphorous and calcium may

have been detected due to the presence of tissue or as a

mineralized passive layer present on the surface of the sam-

ple. Phosphorous, calcium, and potassium may also have

been incorporated into the corrosion product(s). The low-

atomic percent of iron in the spectrum was most likely

caused by interference from the tissue on the surface.

The Raman spectrum for the wire implants from within

the artery wall showed peaks at �213 cm�1 and �277

cm�1 [Figure 7(A)]. Similarly, the luminal implanted wires

revealed characteristic peaks at �215 cm�1 and �278 cm�1

[Figure 7(B)]. The characteristic peaks for both samples

were compared with the Raman spectrum of hematite (Sup-

porting Information Figure S2).23 The peaks from the test

samples resemble the two largest characteristic peaks of

hematite located at 225 cm�1 and 291 cm�1. It is apparent

that a shift in the spectrum occurred, a possible result of in-

terference from retained biological material on the surface

of the sample or, most likely, an artifact of the laser power

used to generate the spectrum (see Appendix). The shift to

lower wavenumber is accounted for the anharmonic vibra-

tion of the crystal lattice by higher laser power.

As presented in Figure 7(C), magnetite signal at

663cm�1 could also be found in some areas of the lumi-

nal implanted specimens. Magnetite has a prominent

characteristic peak at �661 cm�1 (Supporting Information

Figure S3).24

Overall, Raman spectroscopy has proven to be a viable

method for determining in vivo corrosion products. The

capabilities of Raman spectroscopy supersede the limitation

of most other analysis methods that require large quantities

of product to obtain a confirming spectrum. However, the

presence of tissue or biomaterials on the sample or a high-

laser power may cause complications because residual bio-

material may absorb energy from the signal and the laser

may cause sample degradation, which can shift the peak

locations on the spectrum. Furthermore, subsequent studies

may utilize mass spectrophotometry to help identify the

corrosion products that migrate into the tissue.

DISCUSSION

We have demonstrated the feasibility of a biodegradable

metallic wire implanted into a rat artery to serve as an ex-

perimental model to investigate the corrosion behavior of

biodegradable stent materials. Although the geometry of a

wire is not the same as a stent, this model allows for

detailed investigations at the interface between the candi-

date metal and the arterial blood or wall matrix. This

experimental model may serve as a prescreening assay for

candidate stent materials before stent manufacturing and

large animal studies. Although the iron wire used in the

experiments was only 20 mm long and 0.25 mm in dia-

meter, we were able to assess surface topography, identify

corrosion products, and characterize corrosion product

diffusion with conventional approaches. We identified the

corrosion product formed around the near pure iron mate-

rial as the iron oxide hematite and found that the hematite

particles spread from the wire in a manner that depended

on the characteristics of the contacting biological material.

We showed that immediate encapsulation of iron or magne-

sium wires within the arterial wall was conducive to corro-

sion, whereas wires implanted into the arterial lumen in

contact with flowing arterial blood experienced minimal

corrosion. Corrosion products from the iron wire accumu-

lated over 9 months and were retained in the arterial wall

as voluminous flakes that threatened the integrity of the ar-

terial wall. Although magnesium corroded more rapidly

than the iron, there was no visible retention of corrosion

products within the vessel wall. The similar regulation of

iron and magnesium corrosion by the host environment

suggests that corrosion resistance may be a general prop-

erty of biodegradable metals placed in contact with flowing

arterial blood and corrosion in the arterial wall may be

caused by arterial wall constituents, such as vascular matrix,

vascular cells, or due to the absence of contacting arterial

blood. In contrast to magnesium and iron, conventional

stents are constructed from corrosion resistant alloys.1–3,25

We selected iron as the initial material to demonstrate

the capability of the novel experimental model because iron

material has been used previously to construct experimental

stents, and there have been several reports on the corrosion

process of pure iron in the arterial environment,16,21 allow-

ing us to focus on developing the new animal model and

associated methodology for biomaterial microanalysis. The

present model does not simulate all aspects of stent/artery

interaction, such as forces between the artery/implant and

mechanical stretch-related injury to the arterial wall. A fur-

ther limitation is that the wire implantation requires pierc-

ing the aorta and producing injury/inflammation, which

may influence the ensuing corrosion process. The animal

model also lacks atherosclerotic lesions, which may contain

considerable calcium, phenotypically modulated smooth

muscle cells, and dysfunctional endothelial cells. However,

the benefit of the rodent wire implantation approach rela-

tive to a large animal stent implantation is that it can be

used to quickly and with low-cost evaluate the corrosion

behavior of novel stent materials for prescreening before

materials processing, stent manufacturing development, and

large animal implantation studies. This provides an opportu-

nity to gather initial observations into material degradation

behavior that can be used to assess the technical feasibility

to warrant continued investment in more thorough experi-

mentation. Thus, we have developed a novel model for rapid

prescreening of candidate stent materials and demonstrated

the capability of the model to assess biocorrosion in the ar-

terial environment.

We found that arterial matrix-contacting iron or magne-

sium wires experienced substantial biocorrosion relative to

iron or magnesium wires that contacted flowing arterial

blood. The mechanism for corrosion in the arterial wall is

not clear. Corrosion may be due to differences in the ionic,

cellular, or material environments of the arterial wall
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relative to arterial blood. The ion-rich blood may act to pas-

sivate the metallic surface and protect the wire from corro-

sion, whereas wires in the wall may passivate to a lesser

extent or may not be protected by the passive layer. If more

phosphate is present in one environment relative to another,

for example, the potential for phosphate surface mineraliza-

tion is greater. In fact, a calcium and phosphate-rich layer

was recorded on the implanted iron wire. Alternatively,

there may be greater exposure to ionic iron or magne-

sium (in the blood) than in the tissue, and thus less of

an electrochemical potential for corrosion. Unfortunately,

the corrosion mechanism can be difficult to clarify

in vivo due to the complex cellular and material compo-

sition of the arterial wall and the ionic composition of

arterial blood. The arterial wall contains a complex, elec-

trically charged matrix material, along with vascular cells

within the layers of the wall, both of which may regulate

ionic concentrations on the surface of the implanted

metal. Negatively charged proteoglycans present in the

arterial matrix for example may repel phosphate ions

and thereby impede the formation of a protective phos-

phate layer. The extracellular matrix may regulate the dif-

fusion/retention of corrosion reactants and products

based on the charge and pore size of the matrix. Vascu-

lar smooth muscle cells are able to regulate their local

ionic environment.26–28 It may therefore be necessary to

conduct in vitro studies to resolve the roles of the arte-

rial blood, fibrous matrix, proteoglycans, and vascular

cells in the corrosion process.

CONCLUSIONS

We have demonstrated the feasibility of an arterial wire

implantation model by comparing the short and long-term

corrosion behavior of iron, by comparing the corrosion

behavior of iron and magnesium, and demonstrating the

importance of the arterial environment for directing the cor-

rosion process. We have also used this model to demon-

strate that the degradation products of an iron arterial

implant are retained in an expanded form that may chal-

lenge the long-term integrity of the artery, whereas magne-

sium degradation products are not retained in the wall. On

the basis of our novel findings, we speculate that blood-con-

tacting surfaces of a deployed iron or magnesium stent may

experience reduced corrosion, whereas surfaces of the stent

that are pressed against the endothelium and shielded from

the blood may undergo biocorrosion. In the case of iron, the

biocorrosion product may be retained within the encapsu-

lating neointima in an expanded form that may complicate

normal arterial function.

Because the chemical composition of biodegradable

materials may need to be modified to improve the perform-

ance of biodegradable stents and candidate materials can

be more readily assessed when formed into a wire rather

than a deployable stent, the present arterial wire implanta-

tion model may be useful for developing materials with

degradation properties more suitable for vascular stenting

applications.
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APPENDIX

Raman Spectroscopy of Iron Oxides

Raman spectroscopy is useful to distinguish different iron

oxides and oxyhydroxides compounds in rust composi-

tion.29,30 Various iron oxides and hydroxides have received a

lot of interest as corrosion products of steels, and the Raman

spectra are used as fingerprints to detect particular species.31

The most common iron oxides and hydroxides are hematite

(a-Fe2O3), maghemite (b-Fe2O3), magnetite (Fe3O4), and goe-

thite (a-FeOOH). Although it was claimed that iron oxides and

hydroxides were poor light scatters,29,32 it was possible to

characterize and distinguish these powders reliably at low-

laser powers. In fact, low-laser power should be used to avoid

sample degradation, which usually occurs under intense laser

illumination and may lead to misinterpretation of the spectra.

Due to the small size of our wire sample, micro-Raman spec-

troscopy was used in this study to characterize the corroded

implant materials.

As reported in the literature,29,32,33 iron oxides were usu-

ally studied using low-laser power (1–2 mW) to avoid sam-

ple degradation. We therefore use a commercial available

Fe2O3 powder (purchased from Alfa Aesar CAS# 1309-37-1)

as our reference to identify the effect of laser power to the

sample. As shown in Figure 8(a), raising the laser power

from 0.17 mW to 8.5 mW broadens the Raman bands and

shifts them to lower wavenumbers. Figure 8(b) presents the

correlation between laser power and position of two charac-

teristic peaks to reveal the trend.

From our investigation, we note that low-laser power is

necessary to characterize iron oxides properly. We confirmed

that high-laser power could cause localized heating to the

sample and therefore induce anharmonic vibration to the

crystal lattice. In our Raman system, a full power of 17 mW

can even damage the sample and give rise to a strong back-

ground signal with no characteristic Raman peaks. Reduced

laser power, typically 4–8 mW, was used to minimize the risks

of spectral misinterpretation due to sample degradation. We

also suggest that cooling the sample to lower temperature

may be helpful.

FIGURE 8. (a) Raman spectrum of hematite with different laser power. (b) Correlation between the laser power and the peaks position. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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