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a  b  s  t  r  a  c  t

Fe-based  biodegradable  metallic  materials  (Fe-BMMs)  have  been  proposed  for cardiovascular  applica-
tions  and  are  expected  to disappear  via  corrosion  after  an  appropriate  period.  However,  in vivo  studies
showed  that  Fe ions  release  leads  to accumulation  of  orange  and brownish  insoluble  products  at  the
biomaterial/cell  interface.  As  an  additional  consequence,  sharp  changes  in pH may  affect  the  biocompat-
ibility  of these  materials.  In the present  work,  the  experimental  protocols  were  designed  with  the  aim of
evaluating  the relative  importance  that  these  factors  have  on  biocompatibility  evaluation  of  BMMs.  Mito-
chondrial  activity  (MTT  assay)  and  thiobarbituric  acid reactive  substances  (TBARS)  assay  on mammalian
cells,  exposed  to  1–5 mM  of  added Fe3+ salt,  were  assessed  and  compared  with  results  linked  exclusively
to  pH  effects.  Soluble  Fe  concentration  in  culture  medium  and  intracellular  Fe  content  were  also  deter-
mined.  The  results  showed  that:  (i)  mitochondrial  activity  was  affected  by pH changes  over the  entire
range  of  concentrations  of added  Fe3+ assayed,  (ii)  at the  highest  added  Fe3+ concentrations  (≥3  mM),
precipitation  was  detected  and the  cells  were  able  to  incorporate  the  precipitate,  that  seems  to be  linked
to  cell  damage,  (iii)  the extent  of precipitation  depends  on  the  Fe/protein  concentration  ratio;  and  (iv)

3+
lipid  peroxidation  products  were  detected  over the entire  range  of concentrations  of  added  Fe .  Hence,  a
new approach  opens  in  the  biocompatibility  evaluation  of  Fe-based  BMMs,  since  the cytotoxicity  would
not  be  solely  a function  of  released  (and soluble)  ions  but of  the  insoluble  degradation  product  amount
and  the  pH  falling  at the  biomaterial/cell  interface.  The  concentration  of Fe-containing  products  at  the
interface  depends  on  diffusional  conditions  in a very  complex  way  that  should  be  carefully  analyzed  in
the future.
. Introduction

.1. Degradation of Fe-based stents
In the last decades, the paradigm establishing that implants
ust be inert and corrosion resistant has been displaced by the

dvent of a new class of metallic biomaterials: biodegradable
etallic materials (BMMs). BMMs  have been proposed for cer-

ain specific objectives such as cardiovascular and orthopedic
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al Chemistry (INIFTA), CONICET, Department of Chemistry, Faculty of Pure Sciences,
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ttp://dx.doi.org/10.1016/j.colsurfb.2015.02.047
927-7765/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

applications. BMMs  are expected to disappear via corrosion after
providing structural support for a certain period to complete both
the regeneration and the healing process. Metals are interesting due
to their mechanical properties and they are intended to manufac-
ture bone fixation screws and plates and coronary stents [1]. Two
types of metals have been proposed to produce degradable devices:
magnesium (Mg)- and iron (Fe)-based alloys. Previous reports eval-
uated the Mg  [2,3] and Fe [4–10] performance in cardiovascular
devices with promising results.

As BMMs  are expected to disappear via corrosion processes,

degradation products are supposed to be present in the sur-
rounding tissue as well as systemic tissues. Once in contact with
the biological environment, these products have the potential
to generate reactions, the mechanisms of which are new, per-
haps unexpected, and probably unknown. Thus, it is necessary to
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nvestigate the potential toxicity, and inflammatory response on
urrounding tissues, based on the amount of released elements or
imply physical contact between the cells and metals [1]. The rate
f the ions release and the probably high local concentrations of
egradation products in the biomaterial surroundings, as well as
ossible changes in pH, should be taken into account when bio-
ompatibility of these devices is evaluated.

.2. Fe degradation reactions

According to the following reactions [11], Fe corrosion is accom-
anied by pH changes, and consequently, these changes should be
ound at the biomaterial/tissue interface.

nodicprocess : Fe → Fe2+ + 2e− (1)

athodicprocess : 1/2O2 + H2O + 2e− → 2HO− (2)

The corrosion includes a complex mechanism, which involves
nsoluble compounds formation (reactions (3) and (4)):

The released Fe2+ ions react with HO− ions producing hydrous
errous oxides (FeO·nH2O) or ferrous hydroxides (Fe(HO)2) (reac-
ion (3)).

e2+ + 2HO− → Fe(HO)2(s) (3)

ince the corrosion is an interfacial process, the nearest layer to
he material interface is formed by FeO·nH2O or Fe(HO)2. In the
utermost layer, the dissolved O2 produces the transformation of
errous oxohydroxide into Fe(HO)3 as in reaction (4).

Fe(HO)2(s) + H2O + 1/2O2 → 2Fe(HO)3(s) (4)

The Fe(HO)3 is normally a brownish colored and the most com-
on  corrosion product present in Fe implant/tissue interface in vivo

8,9], but also many Fe-complexes, hydroxopolymers and oxohy-
roxides are formed. The prevalence of Fe-complex type depends
n pH [12]. Moreover, a high concentration of Cl− ions was found in
he vicinity of the metal surface, indicating that they play an active
ole in the degradation mechanisms [5]. Some metal ions are able
o react with Cl− to form FeCl2 according to reaction (5).

e2+ + 2Cl− → FeCl2 (5)

The metal chloride formed is subsequently hydrolyzed by water,
enerating free acid (reaction (6)) and causing localized corrosion
ttacks. The Fe2+ and Fe3+ salts produce acid solutions by hydrolysis
ith formation of corresponding hydroxides.

eCl2 + 2H2O → Fe(HO)2 + 2H+ + Cl− (6)

Otherwise, the presence of carbonates in medium may  conduce
o other insoluble products (reaction (7)).

e2+ + CO3
2−→ FeCO3(s) (7)

In the present work, the assays were designed to simulate in vitro
he changes that would occur at the biomaterial/cells interface with
he aim of predicting their cytotoxic effects during Fe-based device
egradation. To understand the relative importance of the different
actors that may  affect biocompatibility, the effects of pH changes
nd Fe ions added were evaluated using MTT  and TBARS assays.
he intracellular Fe content was measured as well as the soluble Fe
oncentration in culture medium with and without serum, in order
o evaluate the influence of serum on Fe solubility.

. Materials and methods
.1. Cell culture

Chinese hamster ovary cells (CHO-K1 line) were used. They
re commonly used as in vitro model for cyto-genotoxicity,
 Biointerfaces 128 (2015) 480–488 481

radiosensibility and macromolecule metabolism studies [13].
Besides, it is a useful model to evaluate in vitro cellular toxicity
and DNA damage of metals [14–18] and nanoparticles [19,20]. The
cells were originally obtained from the American Type Culture Col-
lection (ATCC, CRL 1661, Rockville, MD,  USA). CHO-K1 cells were
grown as monolayers in Falcon T-25 flasks with Ham F12 culture
medium (GIBCO-BRL, Los Angeles, USA) supplemented with 10%
inactivated fetal calf serum (FCS) (Natocor, Carlos Paz, Córdoba,
Argentina), 50 IU/mL penicillin and 50 �g/mL streptomycin sulfate
(complete culture medium: CM + FCS) in a humidified incubator at
37 ◦C and 5% CO2 atmosphere. Cells were counted in a Neubauer
haemocytometer by the exclusion Trypan Blue (Sigma, St. Louis,
MO,  USA) method.

2.2. Culture medium with Fe3+ added

In order to determine Fe3+ effect, the cells were exposed to
different concentrations of FeCl3·6H2O (Sigma–Aldrich, St. Louis,
MO,  USA). To obtain the maximum concentration (5 mM), the
appropriated amount of salt was added to a CM + FCS, pH 8.4,
and suitable dilutions were employed as required (1–4 mM).  The
CM + FCS medium without the addition of Fe3+ salt, was used as
control. The concentration range was selected based on previ-
ous studies on stent dissolution rate and mass transfer processes
[11,21]. At least three independent experiments were performed
for each experimental condition.

2.3. Culture medium with adjusted pH

The pH of the CM + FCS medium was  measured after adding Fe3+

salt upon the whole range of concentrations (1–5 mM)  tested in the
control medium. To determine the pH effect, the cells were exposed
to CM + FCS with pH adjusted by using H2SO4 0.5 M to reach the
pHs values equivalent to those obtained after Fe3+ salt addition.
At least three independent experiments were performed for each
experimental condition.

2.4. Soluble Fe in culture medium

The CM + FCS media with added Fe3+ salt (1–5 mM)  and control
medium, were filtered using Whatman No. 1 paper and colorimetric
measurements were done on aliquots of filtrated media. Aliquots
were incubated with the same volume of HCl 0.2 N to release Fe3+

ions from transferrin (the main Fe transport protein present in FCS
that is usually added to CM formulation). Then, desferal solution
and buffer Tris–HCl pH 7.4 were added. Samples were incubated
during 15 min  at room temperature and absorbance was measured
at � = 430 nm.  The same procedure was applied to measure solu-
ble Fe in other aqueous media (water, FCS and CM without FCS).
At least three independent experiments were performed for each
experimental condition.

2.5. Corrosion of pure Fe in culture media

In order to observe the influence of serum compounds on pure Fe
corrosion, Fe-rings made from pure Fe wire (Specpure, diameter:
0.5 mm,  99.99% Fe) were immersed in CM + FCS and CM without
FCS. They were cultured at room temperature and observed for 7
days.

2.6. Mitochondrial activity (methyl tetrazolium assay, MTT)
The effect or Fe3+ salt or pH on the mitochondrial activity of
CHO-K1 cells was estimated by the MTT  assay. It was carried
out following the protocol previously described [22,23]. Briefly,
1.5 × 103 cells/well were seeded in a 96-multiwell dish, allowed
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≥2 mM),  pH values after 3 h would be usually lower than 7.4, and
cells would be exposed to unfavorable conditions for longer periods
than those considered by the standard protocol.
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o attach for 24 h, and treated with different Fe3+ salt concen-
rations (1–5 mM)  or media with adjusted pH (5.6–8.4), for 24 h.
fter these treatments, the media were changed and cells were

ncubated with 0.5 mg/mL  MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyl-tetrazolium-bromide, Sigma–Aldrich, St. Louis, MO,  USA)
nder standard culture conditions for 3 h. Cell viability was  fol-

owed by the conversion of MTT  to the colored formazan product by
itochondrial dehydrogenase activity. Colored product was  mea-

ured in a Microplate Reader (�Quant BioTek, USA) at � = 540 nm
fter cell lyses in DMSO (100 �L/well). Mitochondrial activity was
hown graphically as percent of the corresponding control values
cells growing in CM + FCS without Fe3+ salt or CM + FCS pH 8.4). At
east three independent experiments were performed with eight
epetitions each.

.7. Thiobarbituric acid-reactive substances content (TBARS)

Lipid peroxidation products were measured according to Buege
nd Aust [24]. This method is based on the formation of TBARS.
or this assay 4 × 106 cells/Petri dish (diameter = 100 mm)  were
rown at 37 ◦C in 5% CO2 humid atmosphere in CM + FCS media
or 24 h. This medium was  then replaced by different Fe3+ salt-
ontaining CM + FCS media or CM + FCS with modified pH. Next,
he medium was removed and cells were washed with phosphate
uffer solution (PBS) and detached with trypsin (0.25%). The cel-

ular suspension was centrifuged and 10% Triton was added. In
rder to ensure the complete lysis, the samples were sonicated
t low potency. Lysed cells were stored at −20 ◦C for the subse-
uent total protein measurement. An aliquot of this homogenate
as incubated (80 ◦C, water bath for 1 h) in the presence of 0.67%

BA, 0.01% butylated hydroxytoluene (to stop the reaction) and
5% trichloroacetic acid (to precipitate proteins). After cooling, 1-
utanol was added, and the mixture was shaken vigorously for 30 s.
hen, the samples were centrifuged; and the absorbance was mea-
ured in butanol phase at � = 532 nm using a Microplate Reader.
he value of TBARS content was expressed as nmol MDA/mg
rotein and it was calculated by comparing with standards pre-
ared from tetramethoxypropane solution. All the chemicals were
rom Sigma–Aldrich, St. Louis, MO,  USA. At least three inde-
endent experiments were performed for each experimental
ondition.

.8. Intracellular Fe content

Aliquots of each homogenate were dried at 60 ◦C until invariable
eight and a mixture of HClO4/HNO3 1:1 was added to disintegrate

rganic matter. Aliquots of these solutions were incubated with 8%
hioglycolic acid, acetate buffer pH 6.0 and 4 mM bathophenan-
hroline [25]. All the chemicals were from Sigma–Aldrich, St. Louis,

O,  USA. The absorbance at � = 535 nm were measured using a
icroplate Reader and the Fe concentration was  calculated by

omparing with standards prepared from Fe3+ in HNO3 solutions.
t least three independent experiments were performed for each
xperimental condition.

.9. Determination of proteins (Bradford technique)
Aliquots of each homogenate were used for total protein mea-
urement following Bradford method [26]. The absorbance of the
oomassie Brilliant Blue G-250–protein complex solution was
easured in a Microplate Reader at � = 595 nm.  Bovine serum albu-
in  (BSA) was used as the standard. The chemicals were from

igma–Aldrich, St. Louis, MO,  USA. At least three independent
xperiments were performed for each experimental condition.
 Biointerfaces 128 (2015) 480–488

2.10. TEM observations

For this assay 4 × 106 cells/Petri dish (diameter = 100 mm)  were
grown at 37 ◦C in 5% CO2 humid atmosphere in CM + FCS media
for 24 h. This medium was then replaced by different Fe3+ salt-
containing media for 24 h. Next, the medium was removed and
cells were washed with PBS and monolayers were fixed with 2%
glutaraldehyde in phosphate buffer 0.2 M for 2 h at 4 ◦C. After fix-
ation in 1% OsO4, samples were embedded in epoxy resin (LX 112,
Ladd) and ultrathin sections (60 nm)  were obtained by Ultrami-
crotomy (Leica EM UC7). To enhance contrast, these sections were
stained with uranyl acetate solution in alcoholic solution and lead
citrate and placed on 150 mesh grids. Morphologic characteris-
tics of the cells and the distribution of particles within the cells
were examined by TEM (JEOL JEM 1200 EX II). The photographs
were obtained with a Erlangshen CCD camera (Model 785 ES1000W
Gatan) (Servicio Central de Microscopía Electrónica, Facultad de
Ciencias Veterinarias, UNLP).

3. Results

3.1. Changes in pH in CM + FCS due to the addition of Fe3+ salt

When different concentrations of Fe3+ salt were added
(1–5 mM)  to the CM + FCS media, significant decrease of pH was
observed. The pH values corresponding to each added Fe3+ concen-
tration are shown in Fig. 1 and correspond to those obtained after
Fe3+ salt dissolution, before the incubation with cells (0 h in the
graph corresponds to initial pH at each added Fe3+ salt concentra-
tion). All media with added Fe3+ were made using CM + FCS pH 8.4.
The CO2 atmosphere, necessary to normal cell growth, acidifies the
media. After 3 h, the pH of the control decreased to 7.4, optimum
to cellular growth and it was  maintained for 24 h (data not shown).
It is worth mentioning that the selected initial pH was  8.4 because
if starting pH values were below 7.5 (as in the case of Fe3+ addition
Fig. 1. pH values of CM + FCS media as a function of added Fe3+ salt concentration,
immediately after the Fe3+ salt dissolution (0 h) and 3 h after this addition. Data are
expressed as mean (x̄) ± standard error of the mean (SEM). Statistical differences
were analyzed using multiple comparison of Bonferroni with 99.9% of confidence.
There are not statistically significant differences between data sharing identical
letters in the graph.
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.2. Soluble Fe in CM and different aqueous media. Influence of
resence of serum

To investigate the role of components of CM + FCS on the solubil-
ty of Fe, the concentration of soluble Fe was measured in different
queous media. When the CM + FCS media supplemented with Fe3+

alts were prepared in the 3–5 mM concentrations range, the for-
ation of precipitates was observed. All the added Fe3+ salt was

oluble in the 1–2 mM concentration range while, surprisingly,
bove this range, lower solubility of Fe3+ salt was  found (Fig. 2). In
rder to explain this apparently anomalous behavior, determina-
ion of soluble Fe in different aqueous media was made. Fig. 2 shows
hat solubilities of Fe3+ salt in pure FCS and in water were similar. In
hese media the dependence of solubility on the amount of added
e3+ salt was  linear. Conversely, the added salt was insoluble in
M without FCS and all the added Fe precipitated over the entire
oncentration range. The precipitates could be retained in the filter
aper and the levels of soluble Fe were below the detectable limit.
hus, components of CM (without FCS) forms insoluble compounds
ith Fe3+ such as Fe(HO)3, oxides, carbonates and/or phosphates.
otwithstanding that Fe phosphates show low solubility in water,
e(OH)3 is able to bind phosphates on its surface [27].
Moreover, solubility of Fe3+ in CM + FCS medium, in 1–2 mM
ange, was similar to that measured in water and in pure FCS. So, in
his range, the Fe3+ salt was dissolved due to the presence of FCS in
M formulation. However, once the limit of solubility was  reached,

t may  be expected that the soluble Fe levels remained constant, but

ig. 3. Corrosion of Fe (99.99% pure) in CM with and without FCS. (For interpretation of t
eb  version of this article.)
Fig. 2. Soluble Fe in different aqueous media after Fe3+ salt dissolution.

it was  not the case. When the amount of added Fe3+ salt reached

values in the 3–5 mM range, soluble Fe levels were lower than in
the 1–2 mM range. Thus, the following question arises: Do serum
proteins coagulate dragging soluble Fe? To answer this question the
colorimetric assay was  repeated without the filtering step. The acid-
ification step, without the filtering step of the protocol, allowed the

he references to color in the text citation of this figure, the reader is referred to the
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Fig. 5. Mitochondrial activity as a function of initial pH of the CM + FCS media. Data
are  expressed as x̄  ± SEM.

Fig. 6. Mitochondrial activity of CHO-K1 cells as a function of added Fe3+ salt com-
pared to mitochondrial activity owed to pH of CM + FCS. Three areas were delimited
(A,  B and C) depending on the cell response to Fe3+ and pH. Data are expressed as
ig. 4. Intracellular Fe content as a function of added Fe3+ salt concentration. Data
re  expressed as x̄ ± SEM. Statistical differences with control (0 mM)  were analyzed
sing Bonferroni test with 99.9% (***) and 99.0% (**) of confidence.

otal dissolution of Fe (including the precipitate). Fig. 2 shows that
oluble Fe concentrations for 3–5 mM concentration range were
imilar to those obtained in water and pure FCS, confirming that
erum proteins coagulate dragging soluble Fe.

.3. Corrosion of pure Fe in the presence and in the absence of FCS

Different stages of the corrosion process of pure Fe immersed
n CM with and without FCS are shown in Fig. 3. After 1 and 2
ays of exposure, it can be observed a significant amount of cor-
osion products around the Fe-ring immersed in the CM without
CS, while only minor quantities of precipitates were formed in
ase of the Fe-ring immersed in the CM + FCS. After 7 days, brown-
sh deposits are found around both rings, with higher amounts of
orrosion products in the absence of FCS.

.4. Intracellular Fe content

Data in Fig. 4 showed the intracellular Fe content in CHO-K1
ells exposed to added Fe3+ salt. There is not a significant difference
etween the assay with 1 mM of Fe3+ and that of the control cells.
onversely, in the 2–5 mM concentration range of added Fe3+ salt,
he intracellular Fe was significantly higher than in control cells
2–4 mM p < 0.001; 5 mM p < 0.01). A decrease in the average value
as detected for 5 mM Fe3+, but significant differences with 4 mM
ere not found.

.5. Mitochondrial activity in function of pH and added Fe3+ salt

Since the addition of different amounts of Fe3+ salt was accom-
anied by changes in pH, it was interesting to evaluate the influence
f pH on cellular mitochondrial activity. For this purpose, CM + FCS
edia with pH values that were adjusted to attain those obtained at

ach concentration of added Fe3+ salt (see initial pHs in Fig. 1) were
repared. MTT  assays with cell cultures at different pH, between
.6 and 8.4, were performed. It could be observed (Fig. 5) that via-
ility decreases as the pH does, with a nearly linear dependence of
ell viability on pH in the 6.3–8.4 pH range. However, at pH lower
han 6.3 a sharp drop of viability was detected.
Cytotoxicity evaluation was performed at different added Fe3+

alt concentrations (Fig. 6) in the 1 mM to 5 mM range, and it was
ompared with the change of mitochondrial activity associated
xclusively to pH (Fig. 6). Obtained results showed that in all cases
he mitochondrial activity was lower than the control without the
x̄ ±  SEM. Statistical differences were analyzed using multiple comparison of Bon-
ferroni with 99.9% of confidence. There are not statistically significant differences
between data sharing identical letters in the graph. Asterisks indicate significant
differences between pairs.

Fe3+ salt (pH 8.4). The whole concentration range was divided in
three regions for further analysis in Section 4.

3.6. TEM observations

TEM observations revealed that CHO-K1 cells treated with 1 mM
of Fe3+ salt (Fig. 7) formed intracellular vesicles with dark aggre-
gates (arrows). The architecture of the cell is similar to that of the
control cell. The cells treated with 3 mM of Fe3+ salt showed aggre-
gates that seem to be in vesicles and also, they are free in different
sites of the cell. The ultrastructure showed drastic changes with
signals of severe damage: the nucleus is difficult to identify, the
cytoplasm presents vacuoles and the plasmatic membrane seems to
be disintegrated. It can be observed that all aggregates are present
only in the cytoplasm and it seems that they could not enter into

the nucleus. The highest concentration of Fe3+ salt (5 mM)  triggered
a massive destruction of the cell: Any organelle cannot be recog-
nized, the nucleus and cytoplasm are totally damaged. Outside the
cell, it is possible to distinguish the precipitates as a background
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ig. 7. TEM microphotographs from CHO-K1 cells exposed to 0, 1, 3 and 5 mM of Fe3

:  nucleus. Fe-containing precipitates from culture medium are observed (circles) o

circles) while the dark aggregates cannot be seen between the
isintegrated parts of the cytoplasm.

.7. Lipid peroxidation products as a function of pH and added
e3+ salt
TBARS content in CHO-K1 cells exposed to different pH (8.4–5.6
ange) or different Fe3+ salt concentrations (1–5 mM)  is shown
n Fig. 8. It could be observed that TBARS production was  pH

ig. 8. TBARS production as a function of added Fe3+ salt compared to TBARS pro-
uction owed to pH of the CM + FCS media. Data are expressed as x̄ ± SEM. Statistical
ifferences were analyzed using multiple comparison of Bonferroni with 99.9% of
onfidence. There are not statistically significant differences between data sharing
dentical letters in the graphs.
for 24 h. Intracellular vesicles containing dark aggregates can be observed (arrows).
e the cell.

independent. However, TBARS production in presence of added
Fe3+ salt was significantly higher over the entire concentration
range than that observed when using control cells.

4. Discussion

4.1. Metal ions release, diffusion and precipitation: the problem
of studying the interface.

The analysis of Fe based-stent degradation and its consequences
in biological environment is a complex problem. It should be
considered that in vivo, close to the metal/tissue interface, ions
concentration gradients are formed. In a previous paper [28] the
diffusion of ions in a biological medium was simulated through a
very complex relationship derived from the Fick’s 2nd law equation
(see supplementary information). Accordingly, when we  analyze
the effect of Fe ion concentration on cell viability in vivo we should
have in mind that concentration is a function of the distance from
the stent and the exposure time. Hence, if we consider a particular
concentration it may  have resulted under different conditions, for
example: after a shorter exposure time in a place closer to the metal
source or after longer exposure time and further from the implant.
Moreover, the analysis of problem is even more complex if we con-
sider that the gradients are also influenced both by the presence
of biological molecules and by the solubility of the complexes that
may  be formed.

The amount of Fe released from implanted coronary or femoral
stents is related with their weights (≈41–750 mg). If we assume

0.5 mL  of biological fluid, as a rough estimation of the volume of bio-
logical medium in contact with the stent, concentrations between
4.0 and 73.0 mM could be reached every day due to release of Fe
at the interface, during a degradation period of 1 year. In fact, the
reported corrosion rates of Fe stent in vivo are lower than these
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stimations but, to reach the desirable 1 year degradation period,
he interface under diffusion restrictions, would be in contact with
igher concentration values (as those we mentioned) as well as
ith the corresponding pH changes. The released metal can be

ound as precipitated or soluble form since that pure Fe is corrodible
n fluids with high levels of O2 (see Eqs. (1)–(7) in Section 1).

In the specific case of Fe-based alloys the analysis of the effect
f Fe ions should be made considering relationships between the
elease rate of the alloy components and Fe, which generally do not
t with the relationships between the percent of elements of the
lloy composition. Importantly, the effect of ions as single elements
ay  be different from that of these ions in the mixture; additive or

ynergistic effects may  be found [29,30].

.2. Role of proteins in Fe solubility

Pierson et al. [31] reported that Fe wires in contact with flowing
lood are minimally corroded while in case of those metals placed

n the arterial wall degradation products were accumulated and
hat might challenge the long-term integrity of the artery. Con-
equently, degradation rate in vivo is strongly dependent on the
nvironmental conditions.

Our results revealed that serum compounds, mainly pro-
eins, are closely involved in the solubility/degradation process
Figs. 2 and 3). It has been reported that the Fe surface exposed
o bloodstream is passivated by adsorption of serum proteins [32],
voiding the initial degradation products accumulation. Moreover,
hen the corrosion process starts, the serum compounds help to

olubilize released Fe ions bounding them mainly to transferrin, an
bundant, high-affinity iron-binding protein. Very small amounts
f Fe may  be loosely associated with albumin or small molecules
33]. This in vivo situation is similar to ours in vitro results (pure
e incubated with CM+  FCS medium, Fig. 3). Moreover, Fe exposed
o CM without FCS showed voluminous precipitates that resemble
hose found in vivo within the arterial wall [8,9,31]. Thus, the impor-
ant role of proteins in the corrosion process and in the generation
f insoluble products should be taken into account.

.3. Influence of Fe concentration on cell viability

It is known the relevant role of mitochondria in cell survival. To
nalyze if cell viability was affected by the release of Fe-products
n the biological media, mitochondrial activity was evaluated (MTT
ssay) (Fig. 6) after the addition of different concentrations of Fe3+

alt to the media. A non-linear dose-dependence response with the
oncentration of added Fe3+ salt was observed. In order to facilitate
he analysis of the results, three zones (A, B and C) were delimited
onsidering cellular response to Fe3+ and pH treatments (Fig. 6).
he biological effects in these zones were analyzed as shown in the
ollowing sections.

.3.1. Zone A. Low added Fe3+ salt concentrations range (1–2 mM)
In this concentration range, detrimental effect of Fe per se on

itochondrial activity was not observed; in fact, the decrease in
he activity can only be attributed to the pH falling. For 2 mM,  all
he added Fe3+ salt was soluble and, the intracellular Fe amount
as significantly higher than in the control cells. TEM observations

Fig. 7) confirmed that low concentrations of soluble Fe3+ would
ot be detrimental to the cells.

.3.2. Zone B. Intermediate added Fe3+ salt concentrations range

3–4 mM)

The deleterious effect of added Fe3+ in this zone was  higher
han the effect owed to pH as single factor. In this concentra-
ion range, the formation of precipitates started and the amount
f soluble Fe was lesser than in the zone A. Although soluble Fe
 Biointerfaces 128 (2015) 480–488

diminished, intracellular Fe increased in this concentration range
and TEM observations confirmed that the cells incorporated precip-
itates (Fig. 7). The cells exposed to 3 mM of Fe3+ salt showed severe
signals of damage. Thus, the insoluble products could enter into
the cells, as nanoparticles do, through endocytosis mechanisms. It is
known that, cells are able to internalize small particles from degrad-
able and nondegradable materials, and once within the cytoplasm
they may  coalesce and form larger aggregates [34–36].

Thus, in this concentration range the effects of precipitates accu-
mulation and pH falling are more relevant factors than the effect of
soluble ions.

4.3.3. Zone C. High added Fe3+ salt concentration (5 mM)
In this zone, an important decrease on mitochondrial activity

was measured. However, no significant differences between pH
and added Fe3+ effect were found. So, an extremely low pH (pH
5.6) is very harmful to the cells and it is independent of the Fe3+

presence. Soluble Fe was almost undetectable since it was  dragged
with protein-containing precipitates, as it was  mentioned above.
The intracellular Fe content was  significantly higher than in the
control cells (p < 0.01). Thus, the decrease of mitochondrial activity
appears to be related to the intracellular Fe content but not to the
amount of soluble Fe in the medium.

Schinhammer et al. [5] found an important relationship between
pH and compatibility of biodegradable Fe-based alloys. The authors
evaluated the cytocompatibility of Fe2+ and Fe3+ salts and alloys
with human umbilical vein endothelial cells (HUVEC) and a lower
tolerance to Fe3+ than to Fe2+ was observed, ascribing this effect
to the lower pH found in Fe3+ solutions. They also reported that
acidity of the medium was  required to avoid precipitation, and
red-brownish degradation products were found around the alloy
in agreement with data shown in Fig. 3.

When present results were analyzed the following question
arised: Is it possible that the intracellular Fe rise when the solu-
ble Fe in the medium diminished (Zones B and C)? This apparent
contradiction can be explained taking into account a new player:
the precipitate. Pivokonsky et al. [12] studied the precipitation
of proteins with Fe2(SO4)3 showing that precipitation is strongly
dependent on pH. The highest amount of precipitate was obtained
in the 4–6 pH range, due to electrostatic neutralization between
negative charges in proteins surface and hydrolysis products of
Fe3+ positively charged. This mechanism would also explain the
situation observed at 5 mM of added Fe3+, where the soluble Fe
amount was the lowest. At pH > 6 (3–4 mM of added Fe3+), the high
ratio Fe/proteins favored the adsorption of soluble Fe-protein com-
plexes on Fe-oxohydroxides, diminishing the amount of soluble Fe.
Conversely, when the ratio Fe/protein is low (1–2 mM of added
Fe3+), soluble Fe-complexes are formed and the steric stabilization
hampered the precipitation. This reasoning would justify the trend
observed in the plot corresponding to CM + 10% FCS (Fig. 2).

4.4. Influence of Fe concentration and pH on lipid peroxidation

In the entire range of concentrations added Fe3+ salt (1–5 mM),
significantly higher TBARS production than in the control cells was
detected. However, there were not significant differences among
cells exposed to different pHs and control cells, therefore the
medium acidification would not produce lipid peroxidation in the
analyzed pH range. The average values of TBARS content did not
show significant differences between the cells exposed to different

added Fe3+ concentrations. However, despite the high variability
in TBARS and intracellular Fe results, TBARS production (Fig. 8) fol-
lowed the same profile that intracellular Fe content (Fig. 4) that
is different from the soluble Fe trend. Thus, it could be assumed
that higher intracellular Fe is related to greater oxidative damage
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o lipids, although more specific assays are required to assess oxida-
ive damage of Fe degradation products.

. Conclusions

To achieve total degradation of a biodegradable Fe-based stent
n 1 year period, a high corrosion rate is necessary. This implicates
n important accumulation of particles of fragmented material and
oluble and insoluble degradation products, apart from the pH
alling in adjacent tissues to the implant.

Results reported here demonstrated that mitochondrial activity
was affected by pH changes at the entire Fe3+ concentrations
range assayed.
At the highest added Fe3+ concentrations (≥3 mM),  precipitation
was detected and the cells were able to incorporate the precipi-
tate. This factor may  be linked to cell damage.
The extent of precipitation strongly depends on the Fe/protein
concentration ratio: high Fe/protein ratio favors precipitation
while low Fe/protein ratio promotes Fe3+ solubilization.
Lipid peroxidation products were detected over the entire range
of concentrations of added Fe3+. The TBARS production was pH-
independent and seems to be related to intracellular Fe content.

The concentration of soluble and insoluble corrosion products
s dependent on the exposure time and distance from the degrad-
ble metal following a very complex relationship. Considering that
n vivo there are concentration gradients (Fe3+, degradation prod-
cts, pH, etc.), cytotoxicity evaluation should be focused on the

nterface biomaterial/tissue rather than on the systemic level of sol-
ble Fe. As these processes are difficult to evaluate in vivo, in vitro
tudies, such as that presented in this work, are useful tools to ratio-
alize these problems. Thus, a new approach is proposed here to

nvestigate the biocompatibility of Fe-based BMMs,  since the cyto-
oxicity is not exclusively focused in soluble released ions but on the
rocesses that involve pH changes and insoluble product formation.
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