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a b s t r a c t

To solve the main problems of existing coarse grained copper (CG Cu) intrauterine devices (IUD)—namely
burst release and a low transfer efficiency of the cupric ions during usage—ultra-fine grained copper (UFG
Cu) and single crystal copper (SC Cu) have been investigated as potential substitutes. Their corrosion
properties with CG Cu as a control have been studied in simulated uterine fluid (SUF) under different con-
ditions using electrochemical measurement methods. Long-term immersion of UFG Cu, SC Cu and CG Cu
samples in SUF at 37 �C have been studied for 300 days. A lower copper ion burst release and a higher
efficiency release of cupric ions were observed for UFG Cu and SC Cu compared with CG Cu in the first
month of immersion and 2 months later. The respective corrosion mechanisms for UFG Cu, SC Cu and
CG Cu in SUF are proposed. In vitro biocompatibility tests show a better cellular response to UFG Cu
and SC Cu than CG Cu. In terms of instantaneous corrosion behavior, long-term corrosion performance
and in vitro biocompatibility, the three pure copper materials follow the order: UFG Cu > SC Cu > CG
Cu, which indicates that UFG Cu could be the most suitable candidate material for intrauterine devices.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Commercially pure copper has been widely used in copper-
based intrauterine devices (IUD) since 1969 [1]. However, there
are still two major unsolved problems with Cu-IUD applications:
burst release of cupric ions in the first few months of usage with
induced side-effects [2–4] and the low transfer efficiency of cupric
ions from the copper element [5]. Both of the problems are be-
lieved to relate to the corrosion behavior of Cu materials due to
the following reactions [6]:

8Cu + 2H2O + O2 ! 4H2O + 4Hþ + 4e�

Cu2O + 2H2O! 2Cu2þ + H2O + 2e�

Significant efforts to solve such problems by altering the shape
and size of the copper component [7,8] or adding non-steroidal
anti-inflammatory drugs [4] have produced little improvement.
Recently new types of Cu/polymer composite IUD have been devel-
oped. For instance, Xie’s group [9–14] designed a novel copper
nanoparticles/low density polyethylene (Cu/LDPE) composite for

application as an IUD. Burst release still hinders the practical appli-
cation of Cu/LDPE [12] and new concerns have been raised about
the effect of the polymer matrix on sterilization [14]. Furthermore,
finding a suitable mass fraction of Cu nanoparticles in the Cu/LDPE
composite combining good mechanical properties [9] and appro-
priate release of cupric ions [10] seems difficult, which has an im-
pact on the service life (expulsion ratio) and contraceptive
effectiveness [15]. Additionally, Li et al. [16–18] synthesized a no-
vel cross-linked composite film of CuCl2/SiO2/poly(vinyl alcohol)
(PVA) containing 4 wt.% cupric ions. The burst release of copper
ion was significantly reduced, but new questions emerged, such
as poor mechanical properties of the film, the introduction of other
elements (Cl and Si) and the complicated fabrication process.

Ultra-fine grained (UFG) metallic bulk materials produced via
severe plastic deformation (SPD) have been studied for biomedical
applications due to their outstanding properties compared with
coarse grained metals, such as pure UFG Ti, which has much great-
er strength [19], and UFG Zr [20] and NG/UFG steels [21], with
superior cellular responses as well as improved mechanical prop-
erties. UFG Cu bulk materials fabricated by SPD possesses excellent
mechanical properties [22–25] and macroscopically uniform corro-
sion damage is achieved in most solutions for industrial applica-
tions [26–29]. However, little research work has been conducted
on UFG Cu for biomedical applications. The present authors carried
out a preliminary study on UFG Cu in simulated body fluid for

1742-7061/$ - see front matter � 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.actbio.2011.10.018

⇑ Corresponding author at: Department of Materials Science and Engineering,
College of Engineering, Peking University, Beijing 100871, People’s Republic of
China. Tel./fax: +86 10 6276 7411.

E-mail address: yfzheng@pku.edu.cn (Y.F. Zheng).

Acta Biomaterialia 8 (2012) 886–896

Contents lists available at SciVerse ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /ac tabiomat



Author's personal copy

1 month, which displayed burst release only during the first 3 days
and indicated the high potential of UFG Cu for IUD application [30].
Hence, UFG Cu has the potential to be employed in the biomedical
field for contraception and thus warrants further studies.

In addition, we believe that single crystal Cu (SC Cu) bulk with-
out grain boundaries is another possible substitute for coarse
grained Cu (CG Cu) as it shows unique anti-corrosion behavior
[31]. In this work UFG Cu, SC Cu and CG Cu were comparatively
and systemically studied using simulated uterine fluid (SUF) as
the corrosion medium for instantaneous corrosion resistance. The
effects of dissolved oxygen concentration and the protein content
in SUF were considered. The long-term, up to 300 days, corrosion
behaviors of the three copper materials in SUF were also studied.
In addition, the in vitro biocompatibility of UFG Cu, SC Cu and
CG Cu were tested to better understand them from a biomaterial
perspective.

2. Materials and methods

2.1. Sample preparation and microstructure characterization

Commercial pure copper (99.97%) rods of 7.9 mm in diameter
and 45 mm in length were pressed through a 90� ECAP die for up
to eight passes by route Bc [32], at the Central Iron and Steel Re-
search Institute, China. CG Cu was the raw copper material without
ECAP processing. The SC Cu rod (diameter 8 mm) fabricated via
Ohno continuous casting was provided by Xian University of Tech-
nology, China. All experimental samples were cut into disks of
7.9 mm in diameter and 0.5 mm in thickness and mechanically
polished with silicon carbide paper down to 2000 grade and ultra-
sonically washed in acetone and ethanol. The microstructures were
observed with an Olympus PMG311U optical microscope and in a
Hitachi-H8100 transmission electron microscope at an accelera-
tion voltage of 120 keV.

2.2. Electrochemical tests

The electrochemical measurements were conducted in a tradi-
tional three electrode cell using a Solartron 1287 potentiostat com-
bined with a Solartron 1260 frequency response analyzer. The
electrolytes were normal SUF with 9.17 lg l�1 dissolved O2

(4.97 g l�1 NaCl, 0.224 g l�1 KCl, 0.167 g l�1 CaCl2, 0.25 g l�1 NaH-
CO3, 0.5 g l�1 glucose and 0.072 g l�1 NaH2PO4�2H2O) or oxygen-
poor and oxygen-rich SUF (1.62 and 19.24 lg l�1 dissolved O2 by
introducing commercial high purity nitrogen and oxygen, respec-
tively, into SUF) and SUF the with addition of bovine serum albu-
min (BSA) (0.5 g l�1). The exposed area of the working electrode
to the solution was 0.1256 cm2 and all experiments were carried
out at 37 �C. The corrosion morphology and corrosion products
were characterized using a Qumnta 200 scanning electron micro-
scope, X-ray energy dispersive spectroscopy (EDS) and X-ray pho-
toelectron spectroscopy (XPS) using an ESCA PHI500.

2.3. Long-term immersion experiment

The UFG Cu, SC Cu and CG Cu samples were incubated in 50 ml
of SUF solution at 37 �C for 300 days. The SUF solution was re-
freshed every week and the absorbance measured (Shimadzu
UV-2550 spectrophotometer), with the cupric ion release rate ex-
pressed as lg day�1. The results refer to a copper surface area of
200 mm2 and permit direct comparison with data reported in the
literature for a typical Cu-IUD of 200 mm2 surface area [5,33]. A
Zeiss VP field emission scanning electron microscope, a Philip
X’Pert Pro diffractometer and an ESCA PHI500 spectroscope were

used to observe the corrosion surface morphology and to identify
the corrosion products and the surface composition.

2.4. Protein adsorption

The protein adsorption study was performed by soaking Cu
samples with the same pre-treatment in 50 ml of SUF with added
BSA (0.5 g l�1) at 37 �C for different periods (1, 3, 6 and 10 h and 1
and 3 days). The surface contact angle of each Cu plate sample was
measured after immersion for a certain time in SUF with added
BSA using a Dataphysics OCA200 video-based contact angle mea-
suring device. The surface chemical composition was determined
by XPS (ESCA PHI500) using mono AlKa (1486.6 eV) radiation at
a vacuum pressure of 10�9 Pa, 15 kV and 15 mA. The adsorbed pro-
tein on the Cu plate surface was calculated by measuring the BSA
left in SUF after a certain immersion time using UV–vis absorbance
measurements.

2.5. Cellular response of fibroblast cells

Murine fibroblast cells (L-929) were used to evaluate the cyto-
toxicity and responses of UFG Cu, SC Cu and CG Cu by way of indi-
rect assay according to the standard procedure ISO 10993-5 [34].
L929 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), which is a serum-free medium, with the surface area/
extraction medium ratio 3 cm2 ml�1 in a humidified atmosphere
with 5% CO2 at 37 �C for 72 h. Ten per cent of fetal bovine serum
(FBS), 100 U ml�1 penicillin and 100 lg ml�1 streptomycin. 100%
UFG Cu, SC Cu and CG Cu extracts and extracts diluted to 10% were
used in the tests. Negative controls of cell cultured in DMEM and
positive controls of cell with added DMSOwere used. The optical
density (OD) values from MTT assays were determined using a
microplate reader (Bio-Rad 680) at 570 nm, with a reference wave-
length of 630 nm.

2.6. In vitro hemocompatibility

The hemocompatibility was evaluated by hemolysis ratio and
platelet adhesion tests [35]. Diluted blood was prepared with nor-
mal saline (4:5 by volume) from healthy human blood containing
sodium citrate (3.8 wt.%) in the ratio 9:1. Various pure Cu samples
were placed in standard tubes containing 10 ml of saline pre-
incubated at 37 �C for 30 min. The samples were incubated for
60 min with the addition of 0.2 ml of diluted blood to the tube.
The saline solution was used as a negative control and deionized
water as a positive control. Then the tubes were centrifuged for
5 min at 3000 r.p.m. and the supernatant placed in a cuvette for
spectroscopic analysis at 545 nm. Hemolysis was calculated based
on the average of three replicates.

Hemolysis¼ ODðtestÞ�ODðnegative controlÞ
ODðpositive controlÞ�ODðnegative controlÞ�100%

Platelet-rich plasma (PRP) was prepared by centrifuging whole
blood for 10 min at 1000 r.p.m., which was then dripped onto the
sample plates and incubated at 37 �C for 1 h. PBS was used to re-
move non-adherent platelets. The adherent platelets were fixed
in 2.5% glutaraldehyde solution for 1 h at room temperature, fol-
lowed by dehydration in a graded series of ethanol/distilled water
(50%, 60%, 70%, 80%, 90% and 100% by volume percentage) for
10 min each and dried in hexamethyldisilazane (HMDS) solution.
The morphologies of platelets attached to pure Cu sheets were ob-
served by environmental scanning electron microscopy (ESEM)
(AMRAY-1910 FEI).

X.X. Xu et al. / Acta Biomaterialia 8 (2012) 886–896 887



Author's personal copy

3. Results and discussion

3.1. Microstructural characterization

Fig. 1a and b are an optical micrograph and a bright field trans-
mission electron microscopy (TEM) image showing the microstruc-
tures of raw CG Cu and ECAPed UFG Cu after eight passes. It can be
calculated using the Image J software that the average grain size of
CG Cu is 40 ± 5 lm, while the average grain size of UFG Cu is
260 ± 10 nm, with equiaxed grains. After eight passes of ECAP
treatment the grain size of Cu decreases to the nanoscale. The se-
lected area electron diffraction of UFG Cu (the inset in Fig. 1b) also
shows the polycrystalline feature. Fig. 1c shows the XRD result for
SC Cu disc cut from the SC Cu rod. There was a single diffraction
peak, (200), shown in the XRD spectrum, suggesting the single
crystal structure of the Cu rod. The inset shows a selected area
electron diffraction (SAED) pattern taken in the normal direction
of the Cu disc. The pattern is indexed to the [100] zone axis of
the fcc Cu. This is consistent with the XRD results, thus confirming
the single crystal Cu structure.

3.2. Electrochemical corrosion properties

Fig. 2a, c and e shows the potentio-dynamic polarization curves
for UFG Cu and SC Cu in comparison with CG Cu. The general
shapes of all the polarization curves are similar, reflecting similar
passive-like dissolution behaviors [36] of the three Cu samples in
various SUF. The results for corrosion current density (icorr) and
corrosion potential (Ecorr), summarized in Fig. 2b, d and f, show

the same trend of corrosion rate for all three Cu samples in various
SUF compared with normal SUF. The corrosion current densities of
UFG Cu, SC Cu and CG Cu in oxygen-poor and oxygen-rich SUF and
SUF with added BSA were lower than that in normal SUF. Cu sam-
ples in the oxygen-poor conditioned SUF exhibited the lowest cor-
rosion current density among all SUF conditions. It can also be seen
by comparing Fig. 2b, d and f that UFG Cu had the best corrosion
resistance. Of all the given SUF the corrosion resistance of SC Cu
was slightly lower but close to UFG Cu, whereas CG Cu had the
lowest corrosion resistance in each corresponding SUF. The similar
potentio-dynamic polarization curves for the Cu samples indicate
that there are no intrinsic changes in the corrosion behaviors of
CG Cu, UFG Cu and SC Cu in all given SUF. The dramatic changes
in corrosion rate are related to the structures of the three Cu mate-
rials and their reactions with the corrosion media, which will be
discussed below.

Fig. 3a shows typical XPS survey spectra of UFG Cu, SC Cu and
CG Cu after potentio-dynamic polarization in SUF containing dif-
ferent dissolved oxygen concentrations. It can be seen that the ele-
ments Cu, O and Cl were present after electrochemical tests.
Fig. 3b–d is the Cu 2p region spectra collected from the surface
of UFG Cu, SC Cu and CG Cu after electrochemical corrosion. The in-
sets in Fig. 3b–d are SEM images of UFG Cu, SC Cu and CG Cu after
potentio-dynimic polarization in different SUF. It can be seen from
Fig. 3b that the UFG Cu surface exhibited both Cu2O and CuO cor-
rosion products in oxygen-rich SUF and normal SUF, whereas only
Cu2O was detected in oxygen-poor SUF, indicating that Cu2O is the
main corrosion product of Cu in SUF [37]. The surface corrosion
morphology of UFG in different SUF (insets in Fig. 3a–c) shows con-

Fig. 1. (a) Optical micrograph of CG Cu, (b) bright field TEM image of UFG Cu and (inset) SAD pattern of UFG Cu and (c) XRD patterns and (inset) SAD pattern of SC Cu.
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sistent results. In oxygen-rich SUF the UFG Cu surface was covered
with numerous CuO nanoplates with a discrete Cu2O layer under-
neath. A porous and uniform Cu2O layer was the dominant corro-
sion product on UFG Cu in normal SUF with occasional CuO. In
oxygen-poor SUF there was no CuO found on the UFG Cu surface,
only a discrete Cu2O corrosion product layer. Fig. 3c shows that
the main corrosion product on the SC Cu surface was Cu2O in all
SUF, but differences in corrosion morphologies of SC Cu are appar-

ent in the inset SEM images. CuO nanoplates, an uniform and por-
ous Cu2O layer and a discrete Cu2O layer were found on the SC Cu
surface in oxygen-rich SUF, normal SUF and oxygen-poor SUF,
respectively. Fig. 3d shows obvious differences in both the compo-
sition and morphology of the corrosion product on the CG Cu sur-
face after polarization in different SUF. In oxygen-rich SUF only
CuO can be detected on the surface and a very thick CuO nano-
plates layer covering the whole corrosion surface is observed in

Fig. 2. Potentio-dynamic polarization curves and the corrosion current density (icorr) and corrosion potential (Ecorr) of (a, b) UFG Cu, (c, d) SC Cu and (e, f) CG Cu in oxygen-
poor, normal and oxygen-rich SUF and SUF with added BSA.

Fig. 3. (a) XPS survey spectrum of UFG Cu, SC Cu and CG Cu after potentio-dynamic polarization in SUF with different dissolved oxygen concentrations and XPS Cu 2p region
spectra and SEM observation of (b) UFG Cu, (c) SC Cu and (d) CG Cu.

X.X. Xu et al. / Acta Biomaterialia 8 (2012) 886–896 889
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the SEM image. In oxygen-poor SUF only Cu2O can be detected and
the SEM image shows a continuous distribution of Cu2O nanopar-
ticles on the CG Cu surface. In normal SUF both CuO and Cu2O were
found from the XPS spectrum and by SEM observation. The Cl 2p
region XPS spectra and EDS results (not shown here) also show
the formation of a small fraction of CuCl as a corrosion product.

3.3. Cupric ion release behavior

Fig. 4a shows the release rate of cupric ions from UFG Cu, SC Cu
and CG Cu in SUF for 300 days at 37 �C. All curves exhibit burst re-
lease of cupric ions during the first month, becoming relatively sta-
ble after a small reduction at about 50 days (inset). However, the
burst release of cupric ions from UFG Cu was much less than that
from SC Cu and CG Cu. The cupric ion release from UFG Cu started
at a lower initial rate of 146.21 lg day�1, compared with 241.02
and 340.08 lg day�1 for SC Cu and CG Cu, and ended with a higher
stable release rate of 2.77 lg day�1, compared with 0.53 and
2.08 lg day�1 for SC Cu and CG Cu. Therefore, in terms of burst
and long-term release of cupric ions UFG Cu showed the best re-
lease behavior and SC Cu was better than CG Cu. Fig. 4b–d gives
the XRD results showing the corrosion products of UFG Cu, SC Cu
and CG Cu in SUF after different times. Cu2O is the only corrosion
product detected by XRD for all three samples and its peak inten-
sity compared with the Cu peak gradually increased with immer-
sion time.

Evolution of the surface corrosion morphology of UFG Cu, SC Cu
and CG Cu in SUF with immersion time is shown in Fig. 5. The Cu2O
layer completely formed in 30 days, which was consistent with the
burst release during the first 30 days for UFG Cu, SC Cu and CG Cu.
Therefore, it can be concluded that the burst release is due to the
direct dissolution of bare Cu surfaces. After the Cu2O layer had
formed over the entire surface the electrolyte can only diffuse
through the spaces between the Cu2O crystals. As a result, direct

dissolution of Cu was significantly hindered. With increased
immersion time the Cu2O layers became much thicker and the
Cu2O crystals became much bigger (see insets in the SEM images),
which is consistent with the XRD results. After 150 days immersion
of UFG Cu and SC Cu and 60 days immersion of CG Cu, respectively,
another porous and fluffy layer was found on top of the Cu2O layer
and the EDS detection showed appearance of Cu, Ca, Cl, P, O and C.
The absence of other corrosion compounds during this period is a
likely reason for UFG Cu having relatively higher Cu2+ ion release
rate than that of SC Cu and CG Cu from about 40 until 200 days.
At the end of 300 days immersion a stratified corrosion product
layer was found on the Cu surface which played a role in suppress-
ing the conversion of Cu+ to Cu2+ and trapping Cu2+ in the corrosion
products, which caused a further decrease in cupric ion release
from UFG Cu after 200 days. Compared with CG Cu, the corrosion
morphology evolution of UFG Cu and SC Cu seemed slower and
the corrosion surfaces exhibited a more uniform distribution with
denser coverage. It is worth noting that a large piece of the Cu2O
layer on the SC Cu surface peeled off after immersion in SUF for
30 days (Fig. 5), whereas no such phenomenon was observed in
the case of UFG Cu and CG Cu. Additionally, the exposed surface
after the Cu2O layer peeled off was relatively smooth, suggesting
uniform corrosion of SC Cu in SUF.

Fig. 6 gives the XPS results showing the chemical composition
of the surface corrosion products of UFG Cu, SC Cu and CG Cu im-
mersed in SUF for 150 days. It can be seen from the spectra that
there were five other elements, C, P, Cl, Ca and Na, besides Cu
and O in the surface corrosion products of all three Cu, indicating
the existence of other compounds [38] apart from the main corro-
sion product, Cu2O, detected by XRD. The features in the Cu 2p3/2,
Ca 2p3/2 and P 2p3/2 region spectra collected for UFG Cu, SC Cu and
CG Cu were the same (Fig. 6), so the spectra from UFG Cu were ana-
lyzed as an example. The Cu 2p3/2 photo-emission peak in the bind-
ing energy range of 925–950 eV presents two features. The main

Fig. 4. (a) Cupric ion release rate of UFG Cu, SC Cu and CG Cu over a 300 days period in SUF and the detailed burst release of cupric ions in first 50 days (inset) and the XRD
results of corrosion products on surface of UFG Cu (b), SC Cu (c) and CG Cu (d).

890 X.X. Xu et al. / Acta Biomaterialia 8 (2012) 886–896



Author's personal copy

one was located at about 935.0 eV and a wider one was observed
between 939 and 947 eV. These two features of Cu 2p3/2 are char-
acteristics of the Cu2+ state of Cu [39]. The main peak located
around 935.0 eV can be attributed to Cu2+ in CuCO3 (Cu2+ at
934.5 eV) or Cu(OH)2 (Cu2+ at 934.98 eV). From the existence of C
it can be concluded that there are some other copper compounds,
such as CuCO3 or Cu(OH)2 or Cu2CO3(OH)2, in the corrosion prod-
ucts as well as Cu2O. The Ca 2p3/2 region spectrum shows the
Ca2+ state for the Ca element. The peak located at 347.60 eV is clo-
ser to CaHPO4 (347.68 eV) than to CaCO3 (347.0 eV). Furthermore,
the P–O bond was found in the P 2p spectrum and the binding en-
ergy of P was 133.28 eV, consistent with that of P in CaHPO4.
Hence, it can be concluded that CaHPO4 is one component in the
corrosion products of Cu samples immersed in SUF for 150 days.
Na and Cl seen in the spectra were attributed to NaCl crystals from
the SUF. The unfavorable formation of these corrosion by-products
is consistent with previous reports [38,40–43] and the suppressive
effect on Cu2+ release and related medical consequences [43], such
as abdominal pain, inflammatory complications [41] and cervical
damage [42] due to this corrosion incrustation have been analyzed.

3.4. Protein adsorption

Fig. 7a shows typical XPS spectra for UFG Cu after immersion in
SUF with added BSA for 3 days, which are similar to those for SC Cu
and CG Cu. The elements C, N and O were detected along with Cu.
The C 1s and N 1s region spectra (insets) confirmed the adsorption
of BSA on the Cu surface. The N 1s peaks at 399.9 eV indicated the
inorganic state of N, while the C peaks located at 284.80, 286.05
and 288.74 eV correspond to the CH2, C–O/C–N and N–C@O func-
tional groups, all of which are unique to protein molecules. Indirect
quantitative characterization of BSA adsorption on the Cu surface is
shown in Fig. 7b. The amount of BSA adsorbed on the Cu surface
can be calculated by subtracting the residual BSA in the SUF, mea-
sured by UV–vis absorption, from the BSA added. It is evident from
Fig. 7b that the amount of BSA in SUF remained at the initial level
for 3 days when there was no Cu materials in SUF. This suggests
that the BSA did not decompose or degrade during incubation.
However, the amount of BSA in SUF decreased considerably in 3
days when Cu materials were soaked together with it, especially
SC Cu. After 3 days immersion almost all of the BSA was adsorbed

onto the SC Cu surface, more than half of BSA was adsorbed onto
the CG Cu and the least BSA was adsorbed on UFG Cu. The adsorp-
tion of BSA on Cu samples changed the surface properties.

Fig. 7c shows the surface contact angles for UFG Cu, SC Cu and
CG Cu after immersion in SUF with and without BSA for various
times. The surface contact angle of CG Cu varied most between
the different conditions with immersion time (P < 0.05 in all cases).
The surface contact angles of SC Cu after immersion in SUF with
and without BSA were similar (P > 0.05 in most cases), indicating
that the BSA was adsorbed quickly and completely, within 1 day,
which corresponded with the BSA adsorption curve in Fig. 7b.
The UFG Cu surface properties appeared most stable, probably
due to the least adsorption of BSA.

3.5. Cytotoxicity evaluation

Fig. 8 shows the results of MTT assay of the 100% and 10% ex-
tracts of UFG Cu, SC Cu and CG Cu after L929 cell culture for 3 days.
It can be observed from Fig. 8a that 100% extracts of all Cu materi-
als exhibited extremely high cytotoxicity to L929 cells compared
with the negative group (P < 0.05) and cell viability was even lower
than the positive group after culture for only 1 day. The numbers of
L929 cells in the 100% extraction media of UFG Cu, SC Cu and CG Cu
decreased further after 2 and 3 days culture, after which the cell
viability of L929 cells was �10% relative to the negative group,
which can be categorized as level four cytotoxicity [34]. Compared
with CG Cu, the cell viability in the UFG Cu and especially SC Cu ex-
tracts were significantly higher (P < 0.05). This indicates that the
similar high cytotoxicities of UFG Cu, SC Cu and CG Cu resulted
from the high concentrations of cupric ions in solution, corre-
sponding to the burst release of cupric ions from Cu materials dur-
ing the first few days of immersion. To simulate the concentration
of cupric ions in the steady-state stage the cytotoxic effect of 10%
diluted extracts of UFG Cu, SC Cu and CG Cu were tested, as shown
in Fig. 8b. It can be seen that the cytotoxicity of all three Cu mate-
rials decreased significantly at low concentrations of cupric ions.
The average cell viability of the control was more than 30%, indi-
cating a cytotoxicity level of all Cu materials of below three. Both
UFG Cu and SC Cu show lower cytotoxicity than CG Cu, which sug-
gests a lower burst release of cupric ions from UFG Cu and SC Cu
than CG Cu.

Fig. 5. SEM images of UFG Cu, SC Cu and CG Cu after immersion in SUF for different times.

X.X. Xu et al. / Acta Biomaterialia 8 (2012) 886–896 891
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3.6. Hemocompatibility

The percentage hemolysis due to UFG Cu, SC Cu and CG Cu were
extremely low: 0.183 ± 0.008%, 0.99 ± 0.006% and 0.147 ± 0.007%,
respectively. The numbers are well below 5% and the samples
can all be categorized as hemocompatible biomaterials. There
was only a slight difference in percentage hemolysis between
UFG Cu and CG Cu, whilst SC Cu shows a relatively high value.

SEM images of human blood platelet adhesion to UFG Cu, SC Cu
and CG Cu are shown in Fig. 9. According to Goodman et al. [44] the
platelet patterns can be classified into five classes from inactivated

to completely activated: (a) discoid or round, (b) dendritic, (c) early
pseudopodial, spread dendritic, (d) intermediate pseudopodial,
spreading, and (e) fully spread. It can be seen from the general
view that many platelets attached to the UFG Cu, SC Cu and CG
Cu surfaces. Most of the platelets on the UFG Cu surface are round
and only a few of them have pseudopodia-like structures, as shown
in the high magnification view in Fig. 9, suggesting good surviv-
ability of platelets on the UFG Cu surface. For SC Cu some blood
platelets are round in shape, but some also show long pseudopods
and a tendency to aggregate as flattened structures. However, most
platelets attached to the CG Cu surface appear as pseudopodia-like

Fig. 6. Typical XPS survey spectra of UFG Cu, SC Cu and CG Cu after immersion in SUF for 150 days and Cu 2p3/2 region, Ca 2p3/2 region and P 2p3/2 region spectra of UFG Cu, SC
Cu and CG Cu.
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shapes which were almost flattened and distributed over the sur-
face, indicating poorer survivability of blood platelets on the CG
Cu surface. The configuration of human blood platelets adherent
on the surface of UFG Cu, SC Cu and CG Cu indicated a high possi-
bility of satisfactory blood compatibility of all samples. However,
UFG Cu seemed to show better hemocompatibility compared with
SC Cu and CG Cu.

4. Discussion

The properties comparison (see Supplementary Table S1) shows
that UFG Cu and SC Cu exhibit better instantaneous and long-term
corrosion properties than CG Cu, derived from the different grain
sized structures, and could be possible substitutes for the current
commercialized Cu-IUD material.

4.1. Corrosion mechanism

The different corrosion properties of UFG Cu, SC Cu and CG Cu
are dictated by their microstructures. The main microstructural
difference among the Cu materials is grain size, i.e. the fraction
of grain boundaries. UFG Cu with a high fraction of grain bound-
aries shows a considerable improvement in corrosion performance
under a wide range of SUF conditions and SC Cu without grain
boundaries exhibits better corrosion resistance than the CG Cu
bulk material as well. Enhancement of the corrosion behavior of ul-
tra-fine grained or nanocrystalline structures of various metals or
alloys have been studied in many different solutions [27,45–53].
Three possible mechanisms have been proposed [54]: (i) the solute
dilution effect due to grain size refinement [48]; (ii) crystallo-
graphic texture changes with decreasing grain size; (iii) grain
size-dependent passive layer formation [45–47,49–52]. For the

Fig. 7. (a) Typical XPS spectra for UFG Cu after immersion in SUF with added BSA for 3 days. (b) Residual amount of BSA in SUF with and without Cu materials for 3 days. (c)
Surface contact angle measurement of UFU Cu, SC Cu and CG Cu immersed in SUF with and without BSA for different times. ⁄P < 0.05 when compared with UFG Cu in SUF for
1 day; +P < 0.05 when compared with SC Cu in SUF for 1 day; ^P < 0.05 when compared with CG Cu in SUF for 1 day.

Fig. 8. Viability of L-929 cells after 1, 2 and 3 days incubation in (a) 100% UFG Cu, SC Cu and CG Cu extraction media and (b) extraction media diluted to 10%. ⁄P < 0.05 when
compared with the negative group; +P 6 0.05 when compared with the CG Cu group.
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highly pure UFG Cu in our study the solute and crystallographic
texture changes would not apply [55]. As a result, the improve-
ment in corrosion performance in SUF can be attributed to the high
fraction of grain boundaries in UFG Cu. Grain boundaries, as a pla-
nar defect, have a higher free energy and lower electrode potential
compared with grain interiors, therefore, the grain boundaries
have an intrinsic susceptibility to local attack resulting in a greater
tendency for electrochemical dissolution. The corrosion behavior
of UFG Cu in SUF is an exception. Firstly, the uniform distribution
of a high fraction of grain boundaries in the UFG Cu surface reduces
the free energy and potential difference between anodic sites
(grain boundaries) and cathodic sites (grain interiors), which will
decrease both local corrosion and the cathodic current [27]. Fur-
thermore, the corrosion of UFG Cu in SUF involves passive reac-
tions and the formation of a protective layer [46,56]. The high
fraction of grain boundaries in UFG Cu also plays a role in facilitat-
ing the formation of a homogeneous and dense Cu2O layer over the
entire corrosion surface. The electrons at grain boundaries partici-
pate more actively in electrochemical reactions [50] and so a pas-
sive layer of Cu2O will form rapidly and evenly due to the high
density of grain boundaries with a larger number of electrons.
The Cu2O layer formed can protect UFG Cu from further dissolution
to a great extent, since Cu2O is a p-type semiconductor [57]. As a
result, macroscopic corrosion occurs on Cu in SUF and an efficient
protective Cu2O layer forms to enhance the corrosion resistance of
UFG Cu in SUF. On the other hand, there are no grain boundaries in
SC Cu, no active electrons at grain boundaries and no potential dif-
ference between grain interiors and grain boundaries, and so uni-
form corrosion of SC Cu in SUF is relatively slow. For CG Cu the
Cu2O layer formed on the corrosion surface is generally discrete
and loose, owing to its unequal surface reactivity, and hence would
not be as protective as that on UFG Cu. Moreover, the high density
of grain boundaries could also increase interfacial adhesion be-
tween the Cu2O layer and the Cu surface, which should be more
protective [45,46]. SC Cu without grain boundaries easily loses
the Cu2O layer (Fig. 5). Schematic illustrations of the corrosion
mechanisms for the three Cu materials in SUF are shown in Fig. 10.

The high corrosion resistance of UFG Cu, SC Cu and CG Cu in
both oxygen-poor and oxygen-rich SUF can be attributed to two
different reasons. In a corrosion medium with Cl�, the electro-
chemical reactions are [58,59]:

Cu! Cuþ + e� ð1Þ

Cuþ + Cl� ! CuCl ð2Þ

2CuCl + 2OH� ! Cu2O + H2O + 2Cl� ð3Þ

Cu2O + Cl� + 2H2O! Cu2(OH)3Cl + Hþ + 2e� ð4Þ

In oxygen-poor SUF (1.62 lg l�1), through the introduction of
nitrogen gas, CuCl reacts with OH� in solution and forms unstable
and soluble Cu2(OH)3Cl, which will dissolve in solution as Cu2+ and
complete the electrochemical dissolution of Cu. The corrosion rate
of Cu ? Cu2+ is low. In normal SUF the dissolved oxygen concentra-
tion of which is 9.17 lg l�1, the corrosion rate of Cu increases be-
cause the extra oxygen assists the conversion of Cu to Cu+ to
Cu2+ as depicted by the reactions [60]:

Cu2O + O2 + H2O! 2Cu O + H2O2 ð5Þ

Cu2O + H2O2 ! 2CuO + H2O ð6Þ

In oxygen-rich SUF excess oxygen [55,61] accelerates reactions
(5) and (6) to form a protective CuO layer on top of the Cu2O layer
(Fig. 3 insets) and further suppresses the corrosion of Cu. The cor-
rosion resistance of each Cu sample increased in SUF with added
BSA due to physical adsorption of BSA on the surface acting as an
inhibitor (Fig. 7).

The in vitro biocompatibility varied among UFG Cu, SC Cu and
CG Cu, although the differences were not that obvious. They can
be attributed to differences in the surface free energies of the Cu
materials. UFG Cu has an even surface free energy because the high
fraction of grain boundaries are evenly and densely distributed and
the free energy difference between the grain interior and grain
boundary was less. SC Cu has a uniform surface free energy be-
cause there are no grain boundaries or similar defects. On the other
hand, CG Cu has less and unevenly distributed grain boundaries
resulting in free energy variation on the surface. Blood platelet
adhesion occurs readily on surfaces with larger surface free energy
variations and the blood platelets are more activated.

Fig. 9. SEM images of blood platelet adhesion to UFG Cu, SC Cu and CG Cu.
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4.2. Summary of the in vitro studies of cupric ion release from Cu-IUD
and Cu materials

Cupric ion release and the corrosion behavior have been inves-
tigated extensively in utero [8,15,62,63] and in vitro [1,3–5,9,11–
17]. The reported in vitro studies on the cupric ion release behavior
of Cu-IUD and copper bulk materials in SUF have been summarized
(Supplementary Table S2), analyzed and compared with our re-
sults. In summary, burst release appeared for every Cu-IUD and
Cu material and varied under different SUF conditions. The cupric
ion release behavior of UFG Cu among all the Cu materials is appro-
priate for application as a Cu-IUD material. On the other hand,
although it has been claimed that the cupric ion burst release from
novel nanocomposite materials (Cu/LDPE and CuCl2/SiO2/PVA) [9–
18] designed for IUD use has been reduced, complete elimination
of the burst release has not been yet achieved and new concerns
have emerged concerning the novel materials, such as degradation
of the polymers, the anchorage force of the nanocomposite with
dissolution of the additives, safety issues with the newly intro-
duced elements, and so on. The cupric ion release behavior from
UFG Cu in our study among all the Cu materials is appropriate to
its application as a Cu-IUD material and the biocompatibility
requirements are completely met without introducing any new
concerns.

5. Conclusions

Both the instantaneous and long-term corrosion properties of
bulk UFG Cu and SC Cu have been studied in SUF in comparison
with CG Cu. The electrochemical results show that UFG Cu has
the highest corrosion resistance under all given SUF conditions
(oxygen-poor, normal, oxygen-rich and SUF with added BSA) and
its corrosion rate is the least affected by the concentration of dis-
solved oxygen in SUF. The results also show that the corrosion
resistance of SC Cu is lower than that of UFG Cu but higher than
that of CG Cu. Both SC Cu and CG Cu are significantly affected by
the concentration of dissolved oxygen. Long-term immersion in
SUF showed that UFG Cu possesses greatly improved cupric ion re-
lease behavior with the lowest burst release during the first
10 days and the highest release of cupric ions after 60 days immer-
sion. SC Cu also exhibits improved cupric ion release behavior in
SUF during long-term immersion. However, the Cu2O corrosion
product layer easily peeled off the surface, exposing the bare Cu
surface to the corrosion medium, which would cause a new burst
release of cupric ions. Similarly, both UFG Cu and SC Cu exhibit bet-
ter in vitro biocompatibility, including cytotoxicity and hemocom-
patibility, than CG Cu. It is postulated that the improved

performance of UFG Cu in terms of corrosion properties and
in vitro biocompatibility can be attributed to the high density of
grain boundaries which facilitates the formation of an uniform
and dense protective layer on the corrosion surface and also in-
duces an uniform surface free energy distribution. All the results
and analysis suggest that UFG Cu, with its high density of grain
boundaries, is a promising biomaterial for copper-based IUD.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figures 1–10, are dif-
ficult to interpret in black and white. The full color images can be
found in the on-line version, at doi:10.1016/j.actbio.2011.10.018.
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