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Abstract As a novel copper-containing intrauterine
device (IUD), the prospective life-span of the copper/low-
density-polyethylene (Cu/LDPE) nanocomposite IUD is
very important for the future clinical use and should be given
in advance. Here a novel approach, cupric ions accelerated
release in diluted nitric acid solution and cupric ions con-
centration release in various volume of simulated uterine
solution (SUS), is reported to verify the type of cupric ions
release model of the cylindrical matrix-type nanocomposite
IUD, and to obtain the minimal cupric ions release rate that
need to ensure contraceptive efficacy and the thickness of
copper particles exhausted layer of the cylindrical matrix-
type nanocomposite IUD within two difficult immersion
durations in experimental volume of SUS, respectively.
Using these results, the prospective life-span of the cylin-
drical matrix-type nanocomposite IUD can be obtained. For
instance, the prospective life-span of the novel y-shape
nanocomposite IUD with 25 wt% of copper nanoparticles
and 2 mm of diameter and a total weight of 285 mg can be
given in advance and it is about 5 years in the future
clinical use.
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1 Introduction

Copper-containing intrauterine device (Cu-IUD) is one of
the worldwide used forms for birth control. According to
report [1] of the National Population and Family Planning
Commission of China, about 114 millions of Chinese
reproductive females are IUD users in 2006. However,
such side effects as pain, bleeding and spotting that caused
by the existing Cu-IUD has not been overcome in clinical
use [2, 3]. Factors that result in these side effects have been
summarized in one of our previous paper [4], i.e., the
fragmentation of copper wire or copper sleeve after long-
term corrosion in uterine secretions [5], the burst release of
cupric ions within first few months after insertion [6, 7], the
direct contact between copper and endometrium [8], the
more and more rough surface of copper after long-term use
[9, 10] and so on. To eliminate these adverse factors of
the existing Cu-IUD, copper/low-density-polyethylene
(Cu/LDPE) nanocomposite IUD has been developed. As a
novel substitute, the nanocomposite IUD has the same
excellent contraceptive efficacy as that of the existing Cu-
IUD, and it can lessen such side effects as pain, bleeding
and spotting that existed in the existing Cu-IUD remark-
ably [11].

In the future clinical use, prospective life-span of the
nanocomposite IUD, which is one of the most important
properties of Cu-IUD, must be given in advance. However,
Cu-IUD can usually be used effectively for 5-10 years
[12], and serum albumin, which is one of the most
important compositions of simulated uterine solution
(SUS), will begin to decay after 48 h at temperature of
37.0 £ 0.5°C [13]. Therefore, it is not easy to give the
prospective life-span of nanocomposite IUD in advance.
To obtain the prospective life-span of nanocomposite IUD
for the future clinical use, the following problems should
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be resolved firstly: the type of cupric ions release model of
nanocomposite IUD and the minimal cupric ions concen-
tration in experimental volume of SUS that needs to ensure
contraceptive efficacy.

The Cu/LDPE nanocomposite is a hybrid of LDPE
matrix and copper nanoparticles [14]. Its copper nanopar-
ticles, which are dispersed homogeneously in the LDPE
matrix, will convert into cupric ions when they met with
aqueous solutions such as water and SUS [13, 15, 16].
When the cupric ions released and dissolved in uterine
secretions, they can lead the spermatozoa to lose their
activities [17] and enhance the contraceptive efficacy of
Cu-IUD. Out of question, the Cu/LDPE nanocomposite
IUD is a matrix-type drug delivery system. For a cylin-
drical matrix-type drug delivery system, its drug release
model has been established by many researchers [18, 19].
If the novel y-shape nanocomposite IUD is belongs to a
kind of cylindrical matrix-type drug delivery system, its
cupric ions release mathematic model can be obtained.
However, whether the y-shape nanocomposite IUD is
really a kind of cylindrical matrix-type drug delivery sys-
tem or not needs to be verified by experiment.

In addition, the volume of SUS that used usually to immerse
each of the nanocomposite IUD samples in our experiment is
50 ml, but the volume of uterine fluid, which might consist of
cervical mucus plus endometrial secretions, of each potential
nanocomposite IUD users is less than 1.0 ml [20, 21]. The
relationship between cupric ions concentration released by the
nanocomposite [UD in 50 ml of SUS and thatin 1.0 ml of SUS
is not clear, thus the minimal released cupric ions concentration
in 50 ml of SUS that needs to ensure contraceptive efficacy of
the nanocomposite IUD can not be obtained.

To resolve these problems, a novel approach, cupric ions
accelerated release in diluted nitric acid solution and cupric
ions concentration released in various volumes of SUS, is
used in the present study. The aim of cupric ions acceler-
ated release in diluted nitric acid solution is to determine
the type of the cupric ions release model of nanocomposite
IUD as soon as possible, the aim of cupric ions concen-
tration release in various volumes of SUS is to obtain the
minimal cupric ions concentration that needs to ensure

Fig. 1 Dimension of the novel
y-shaped Cu/LDPE
nanocomposite [lUD with 25.0
wt% of copper nanoparticles
(unit after the numeral in the
figure is mm)
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contraceptive efficacy of the nanocomposite IUD in 50 ml
of SUS. Additionally, the thickness of copper particles
exhausted layer of the nanocomposite IUD in SUS within
two difficult immersion durations can also be obtained by
the experiment of cupric ions concentration released in
various volumes of SUS. Using these results, the pro-
spective life-span of nanocomposite IUD can be predicted
in short-term, and it will make an important contribution to
the future clinical application.

2 Materials and methods
2.1 Materials

The LDPE (melt index at 463 K/2.16 kg is 1.8-3.2 g/
10 min) was bought as pellets from Qilu Petrochemical
Corporation of China, and was grinded into micro-sized
powder with an average particles size of 250 pm. The
copper nanoparticles were prepared via our own patent
techniques, i.e. hybrid induction and laser heating (HILH)
evaporation condensation method [22], its mean diameter
is about 50 nm, and the purity is no less than 99.9%.

2.2 Preparation of the Cu/LDPE nanocomposite ITUD

The Cu/LDPE nanocomposite IUD with 25.0 wt% of
copper nanoparticles was prepared by using the following
process: firstly, running the Injection Molding Extruder
(SA600/100, made in Ningbo Haitian Group Co. Ltd.,,
China) and setting parameters of injection; secondly,
mixing mixture of the LDPE powders and the copper
nanoparticles in a tumble mixer for 10 min, and a homo-
geneous mixture was obtained; after the temperature was
heated to 160, 180, 180 and 140°C from die to hopper for
30 min, putting the mixed powders into the hopper of
Injection Molding Extruder and beginning to inject, and the
samples of Cu/LDPE nanocomposite IUD in the shape of 7y
as shown in Fig. 1 are obtained.

The y-shaped Cu/LDPE nanocomposite IUD have a pair
of symmetrical transverse arms with total length of 30 mm
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and a longitudinal stem with total height of 32 mm, both
the transverse arms and the longitudinal stem have a same
diameter of 2.0 mm. In addition, the diameter of the
hemispheroidal end of each transverse arm is 2.5 mm and
that of the longitudinal stem is 2.0 mm. The mean weight
of each y-shaped Cu/LDPE nanocomposite IUD is about
285 mg.

2.3 Cupric ions accelerated release of the Cu/LDPE
nanocomposite ITUD

Fifteen samples of the y-shaped nanocomposite IUD were
taken out and divided into three groups, i.e., each group
consist of five samples. All samples of the first group were
put into a conical flask with 200 ml of diluted nitric acid
solution, which consist of 160 ml of distilled water and
40 ml of nitric acid, then the conical flask was closed with
a polished stopple and put into a water tank with a constant
temperature of 37.0 £ 0.5°C. 120 days later, all samples of
the second group were treated in the same way. After
samples of the second group were immersed into the
diluted nitric acid solution for 120 days, all samples of the
first and the second groups were taken out and washed with
distilled water, then dried with filter paper and denoted as
NC-240 and NC-120, respectively. That is, samples of
NC-240 and NC-120 were immersed into the diluted nitric
acid solution for 240 days and 120 days, respectively. The
five samples of the third group that were not immersed into
the diluted nitric acid solution were denoted as NC-000.
Appearances of these three types of experimental samples
were presented in Fig. 2.

All these experimental samples were prepared for
scanning electron microscopy (SEM) observation and
X-ray energy dispersive spectroscopy (EDS) analysis.

2.4 SEM observation and EDS analysis
of the experimental samples

Two samples were taken at random out of each group of
the experimental Cu/LDPE nanocomposite IUD (include
NC-000, NC-120 and NC-240) and used for the preparation

Fig. 2 Appearances of the
novel y-shaped Cu/LDPE
nanocomposite IUD immersed
in diluted nitric acid solution for
various durations (NC-000 is for
0 day, NC-120 is for 120 day,
NC-240 is for 240 day,
respectively)

NC-000

of specimens for SEM observation and EDS analysis. One
sample of each group was used for the preparation of
specimen for structure observation and copper radial dis-
tribution analysis, this kind of specimen was obtained by
cooling the longitudinal stem of the chosen samples in
liquid nitrogen for about 5 min and then broken into pieces.
Another sample of each group was used for the preparation
of specimen for morphology observation and copper whole
area distribution analysis, this kind of specimen was
obtained by cutting the longitudinal stem of the chosen
samples into pieces. All these specimens were gilded
before they were observed. SEM observation was carried
out on a Quanta 200 scanning electron microscopy (FEI,
USA) at an acceleration voltage of 20 kV, and EDS anal-
ysis was performed with the same equipment.

2.5 Cupric ions release of the nanocomposite ITUD
in various volume of SUS

Eight samples were taken at random out of the prepared
y-shaped nanocomposite IUD, and each of them was put
into a conical flask with SUS with volume of 5, 10, 15, 20,
25, 30, 40 and 50 ml, respectively. The composition (g/l)
of the SUS is used as follows [6, 23, 24]: 4.97 NaCl,
0.224 KCl, 0.167 CaCl,, 0.25 NaHCO;3, 0.50 Glucose,
0.072 NaH,PO4-2H,0 and 0.5 Serum albumin. Experi-
ments were performed at a constant temperature of
37.0 £ 0.5°C. Twenty-four hours later, the cupric ions
concentration in the SUS was measured by using absor-
bance measurements [16, 24] with a UV-2102PC spectro-
photometer (PerkinElmer Instruments (Shanghai) Co.,
LTD). To avoid retarding cupric ions release, the SUS was
replaced by a freshly prepared batch once a week, and the
cupric ions concentration in the SUS was measured again
after 24 h of incubation.

2.6 Prediction of the life-span of nanocomposite TUD
The type of cupric ions release model of the nanocomposite

IUD can be verified from the results of SEM observation
and EDS analysis of the experimental samples that were

I?Nc*24o

NC-120
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immersed into the diluted nitric acid solution for various
duration. Apparently, the various immersion media will
change the cupric ions release rate but will not change the
cupric ions release model of the nanocomposite IUD, thus
the cupric ions release model of the nanocomposite ITUD
immersed into SUS is similar to that immersed into diluted
nitric acid solution. Combining with the thickness of cop-
per particles exhausted layer of the nanocomposite IUD in
SUS within two difficult immersion durations, the cupric
ions release mathematical model of the nanocomposite
TUD in SUS can be established. In addition, the minimal
released cupric ions concentration that need to ensure
contraceptive efficacy of the nanocomposite IUD in 50 ml
of SUS can be obtained from the relationship between the
released cupric ions concentration and the volume of SUS.
Using these results, the prospective life-span of nanocom-
posite IUD can be predicted.

3 Results and discussion

3.1 Appearance of the experimental nanocomposite
IUD

Appearances of the nanocomposite IUD immersed in
diluted nitric acid solution for various durations were
shown in Fig. 2. It can be seen that color of the original
nanocomposite IUD (NC-000 in Fig. 2) is black, colors of
the nanocomposite IUD immersed in diluted nitric acid
solution are light black (NC-120 and NC-240 in Fig. 2),
and the longer the immersion duration is, the lighter the
color of the immersed samples is.

The Cu/LDPE nanocomposite is a hybrid of LDPE
matrix and copper nanoparticles, the copper nanoparticles
is black and the LDPE is white, thus the original Cu/LDPE
nanocomposite IUD is black as that shown in Fig. 1. After
the original nanocomposite IUD was put into diluted nitric
acid solution or SUS, the following process will take out:
firstly, the media enters into the nanocomposite IUD
through the interspaces among the molecular chains and
the pores existed in the nanocomposite IUD; secondly, the
copper particles react with the entered media and convert
into cupric ions, and a cupric ions concentration grads was
formed, the cupric ions concentration grads is the diffusion
motility of the cupric ions; finally, the cupric ions inside
the nanocomposite IUD diffuse into the ambient media
around the nanocomposite IUD. Resulting in the color of
the nanocomposite IUD becomes lighter and lighter with
the increasing of immersion duration as that shown in
Fig. 2.

3.2 Structure and copper distribution
of the experimental nanocomposite [lUD

SEM image of the brittle fracture surface of the novel
y-shaped Cu/LDPE nanocomposite IUD after immersed in
diluted nitric acid solution for 240 days were presented in
Fig. 3. It can be seen that two kind of different area, which
are easy to distinguish by interface as shown by dot line,
was formed in the brittle fracture surface of the nano-
composite IUD after immersed in diluted nitric acid solu-
tion; from the amplification figure of the outer layer as
shown in the upper right corner in Fig. 3, it can be seen that
the copper particles were disappeared already; from the

Fig. 3 SEM image of the brittle fracture surface of the novel y-shaped Cu/LDPE nanocomposite IUD with 25.0 wt% of copper nanoparticles

after immersed in diluted nitric acid solution for 240 days
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amplification figure of the inner layer as shown in the lower
right corner in Fig. 3, it can be seen that the copper par-
ticles were still existed.

EDS radial distribution of copper cross the brittle frac-
ture surface of the novel y-shaped Cu/LDPE nanocom-
posite IUD after immersed in diluted nitric acid solution for
240 days were given in Fig. 4. It can be seen that the
amount of copper particles existed in the inner layer of the
nanocomposite IUD is much larger than that existed in its
outer layer, indicating that this result is in perfect agree-
ment with the result obtained from Fig. 3.

SEM images and EDS whole area copper profiles of the
cross-section of the novel y-shaped Cu/LDPE nanocom-
posite IUD with 25.0 wt% of copper nanoparticles after
immersed in diluted nitric acid solution for various dura-
tions were presented in Fig. 5. It can be seen that thickness
of copper particles exhausted layer of the nanocomposite
IUD, which can be estimated by using the distance from
the outmost layer to the dot line as drawn around the
interface, increase with the increasing of immersion dura-
tion in diluted nitric acid solution, i.e., the longer the
immersion duration is, the thicker the thickness of copper
particles exhausted layer is.

After the original nanocomposite IUD was put into
diluted nitric acid solution or SUS, the copper particles
inside the polymer will convert into cupric ions and the
cupric ions will diffuse into the ambient media around the
nanocomposite [UD, thus a copper particles exhausted
layer was formed as that shown in Fig. 3, and a type of
radial copper distribution was created as what presented in
Fig. 4. Furthermore, with increasing of the immersion
duration, the thickness of copper particles exhausted layers
become larger as those shown in Fig. 5.

SRS

Y

Fig. 4 EDS radial distribution of copper cross the brittle fracture
surface of the novel y-shaped Cu/LDPE nanocomposite IlUD with
25.0 wt% of copper nanoparticles after immersed in diluted nitric acid
solution for 240 days

3.3 Cupric ions release mode of the nanocomposite
IUD

From the results of appearances, structure and copper dis-
tribution of the novel y-shaped nanocomposite IUD
immersed in diluted nitric acid solution for various dura-
tions, it can be seen that the thickness of copper particles
exhausted layer changes with the increasing of immersion
duration and it can be illustrated as these presented in
Fig. 6. Indicating that the novel y-shaped Cu/LDPE nano-
composite TUD is really a cylindrical matrix-type drug
delivery system, and its cupric ions release obeys the
release model of cylindrical matrix-type drug delivery
system.

Mathematical modeling of cupric ions release of the
y-shaped Cu/LDPE nanocomposite TUD is illustrated in
Fig. 7. Here ry is radius of either the transverse arms or the
longitudinal stem, r; is radius of the non-released part of
either the transverse arms or the longitudinal stem, C,, is
cupric ions concentration in r;, and C,,; iS cupric ions
concentration in r.

When cupric ions release was in pseudo-steady state and
under a perfect sink condition, the relationship between r;
and the immersed time ¢ of the nanocomposite IUD in
media can be described by the following equation that is
similar to Eq. (22) in literature [18].

Duhy (5
k(2 2) = !
2Dy 0 1) =g M)

ﬂlnﬂ+l(r(2) — r12) +

Where D,, is diffusion coefficient of the released cupric
ions in matrix, Dy is diffusion coefficient of the released
cupric ions in ambient media, A, is thickness of the diffu-
sion layer, K is distribution coefficient, and A is total
content of the copper particles in nanocomposite TUD.
Apparently, for a given matrix-type solid drugs delivery
system and a given immersed media, such as the nano-
composite I[UD immersed in diluted nitric acid solution or
SUS, all of ry, Dy, Ds, hg, K, Cy, and A are constant, i.e.,
both (D,,hy/2KD;) and (D,,C,,/A) in Eq. (1) are constant. If

X = (Dmhs/2KDs + 0.25) and Y = (Dp,Cn/A), then
Eq. (1) can be replaced by Eq. (2).

I, 1

Eln%—l—X(ré—r%) =1t (2)

That is to say, the cupric ions release mode of the novel
y-shaped Cu/LDPE nanocomposite IUD in SUS can be
described with the formula that was given in Eq. (2).

3.4 Cupric ions release of the nanocomposite [TUD
in various volume of SUS

Influence of the immersion volume of SUS on the cupric
ions concentration released by the y-shaped nanocomposite
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Fig. 5 SEM images and whole area copper profiles of the cross-section of the novel y-shaped Cu/LDPE nanocomposite IUD with 25.0 wt% of
copper nanoparticles after immersed in diluted nitric acid solution for a 0 day b 120 days, and ¢ 240 days, respectively

t[):O tl 1:'2 t3

Fig. 6 Schematic illustration of the thickness of copper particles
exhausted layer changes with the increasing of the immersion
duration (ty < t; < t, < t3)

i
Fig. 7 Mathematical modeling of cupric ions release from the novel
y-shaped Cu/LDPE nanocomposite IUD (r, represent radius of either
the transverse arms or the longitudinal stem, r; represent radius of the
non-released part of either the transverse arms or the longitudinal
stem, C,, represent cupric ions concentration in r;, and Cp,; represent
cupric ions concentration in ry, respectively)
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Fig. 8 Relationship between the cupric ions concentration released
by the novel y-shaped Cu/LDPE nanocomposite IUD with 25.0 wt%
of copper nanoparticles and the immersion volume of SUS

TUD with 25.0 wt% of copper nanoparticles was given in
Fig. 8. It can be seen that the immersion volume of SUS
has remarkable influence on the released cupric ions con-
centration, and the released cupric ions concentration
increase with the decreasing of immersion volume of SUS,
indicating that an increase of the liquid volume will pro-
mote drug release due to lower drug concentration in the
medium for a given volume of the drug controlled release
system [25]. The fitting non-linear curve and its related
equation were also given in Fig. 8, it can be seen that the
fitting degree of the fitting curve is very well, and the
cupric ions concentration released by the nanocomposite
IUD in a certain volume of SUS can be obtained by using
the equation shown in Fig. 8.
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Similar to the existing Cu-IUD, the novel nanocom-
posite IUD need the same minimal cupric ions concentra-
tion to ensure its contraceptive efficacy. Many researches
[26, 27] report that average cupric ions release rate of the
existing Cu-IUD is from 7.3 to 84 pg/day. Although the
mean endometrial volume of non-pregnant women is
5.8 & 3.4 ml [28, 29], the volume of the uterine fluid is
less than 1.0 ml [20, 21]. That is to say, even if half of the
released cupric ions were absorbed by endometrium [30],
the cupric ions concentration released by the existing
Cu-IUD in uterine fluid is ranged from 3.65 to 42 pg/ml, it
is apparently much larger than the minimal cupric ions
concentration that need to ensure contraceptive efficacy.
Recently, work of Bastidas show that the sperm motility
almost decrease to zero at a cupric ions concentration of
~8x107® mol/l (~0.5 pg/ml) for a period of ~20 min
[17]. Indicating that 1.0 pg/ml of the cupric ions concen-
tration is enough to inhibit the motility of human sperm in
SUS even if half of the released cupric ions were absorbed
by endometrium in vivo. Therefore, 1.0 pg/ml can be
considered as the minimal cupric ions concentration that
needs to ensure contraceptive efficacy of the nanocom-
posite IUD in clinical use.

From the equation shown in Fig. §, it can be obtained
that the cupric ions concentration released by the experi-
mental nanocomposite IUD in 50 ml of SUS is about 11.9
times smaller than that in 1.0 ml of SUS. Indicating that, to
ensure contraceptive efficacy of the novel nanocomposite
IUD in the future clinical use, its released cupric ions
concentration in 50 ml of SUS should be no less than
0.084 pg/ml. Here the cupric ions concentration was
measured after the sample has been immersed in SUS for
24 h, thus the minimal cupric ions release rate in 50 ml of
SUS that need to ensure contraceptive efficacy of the novel
nanocomposite IUD in the future clinical use should be
more than 4.2 pg/day.

In addition, it can be obtained from this experiment that
the average cupric ions concentration released by the
nanocomposite [UD with 25 wt% of copper particles in
50 ml of SUS is about 0.3822 pg/ml within 60 days and
0.3778 pg/ml within 120 days, i.e., its average cupric ions
release rate in 50 ml of SUS is 19.11 pg/day within
60 days and 18.89 pg/day within 120 days.

3.5 Prospective life-span of the nanocomposite IUD

Apparently, no matter how much the copper nanoparticles
content and the diameter is, all the cylindrical matrix-type
nanocomposite TUD obey the same cupric ions release
model as shown in Eq. (2). Therefore, prospective life-span
of the cylindrical matrix-type nanocomposite IUD with

certain concentration of copper particles can be obtained
similarly: firstly, obtaining the relationship between the
released cupric ions concentration and the immersion vol-
ume of SUS by experiment, and then obtaining the minimal
cupric ions release rate in 50 ml of SUS that need to ensure
its contraceptive efficacy in clinical use; secondly,
obtaining the average cupric ions release rate of the
nanocomposite IUD in 50 ml of SUS within two different
immersion durations by the same experiment, and then
converting the average cupric ions release rate within rel-
evant immersion duration into its corresponding radius of
the non-released part; thirdly, using these data to Eq. (2)
and the constants X and Y can be obtained; finally,
resolving the following equations and the prospective life-
span (7) of the cylindrical matrix-type nanocomposite IUD
with a diameter of r, can be obtained.

rr rr

?lng—s-Xx(rg—r%):YxT (3)

rr—1., I'r—1

Tlnr—0+X>< (rg—rr_)=Yx(T—-1) (4)

2 2

T Z T s 7% W x 1000 = V (5)
o

where X and Y are constants, ry and ry_; represent the
radius of the non-released part of the cylindrical matrix-
type nanocomposite IUD with Z wt% of copper particles
after immersed in 50 ml of SUS for days of T and 7-1,
respectively; W (mg) is total weight of the cylindrical
matrix-type nanocomposite IUD, and V (ug/day) is the
minimal cupric ions release rate of the same nanocom-
posite IUD in 50 ml of SUS that need to ensure its con-
traceptive efficacy in clinical use.

Thus the prospective life-span (7) of the cylindrical
matrix-type nanocomposite IlUD with various contents of
copper nanoparticles and various diameters in the future
clinical use can be obtained in short-term.

For instance, the prospective life-span of y-shaped
nanocomposite IUD with 25 wt% of copper particles can
be obtained as follows.

From the results of cupric ions release of the nano-
composite IUD in various volumes of SUS, it can be
obtained that the average cupric ions release rate of the
y-shaped nanocomposite IUD with 25 wt% of copper par-
ticles in 50 ml of SUS is about 19.11 pg/day within
60 days and 18.89 pg/day within 120 days. The corre-
sponding radius of the non-released part can be calculated
easily and they are 0.991921 mm within 60 days and
0.983964 mm within 120 days, respectively. Using these
data and r, of the present experimental nanocomposite [UD
(i.e., 1.00 mm) in Eq. (2), the cupric ions release mathe-
matical model of the novel nanocomposite IUD with 25
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Table 1 Immersion duration (7) and corresponding radius (r7) of the
non-released part of the novel y-shaped nanocomposite IUD with 25
wt% of copper particles when its cupric ions release rate is no less
than 4.2 pg/day

Items r, (MM) rr.; (mm) T (days)

Values 0.873900000 0.873933726 1827

wt% of copper particles in SUS can be obtained as the
following equation described.

%lnrl +0.250666 x (1 —r{) =1.794948 x 1077 x t
(6)

In Eq. (6), if t = T and T is the time that cupric ions release
rate reduces to 4.2 pg/day in 50 ml of SUS, ie., T is
prospective life-span of the experimental nanocomposite
IUD with a total weight of 285 mg, then the following
equations can be obtained.

%Tln rr + 0250666 x (1 —r7) = 1.794948 x 107" x T

T Inrr_y + 0250666 x (1—r7.,)
= 1.794948 x 1077 x (T — 1) (8)

(r7_y —r7) x 25% x 285 x 1000 = 4.2 (9)

where rr is radius of the non-released part of either the
transverse arms or the longitudinal stem of the nanocom-
posite IUD with 25 wt% of copper particles after immersed
in 50 ml of SUS for days of T, and ry.; is radius of the non-
released part of the same nanocomposite IUD after
immersed in 50 ml of SUS for days of 7-1.

From Eqgs. (7-9), r7, rr.; and T can be obtained and they
were tabulated in Table 1. It can be seen that the pro-
spective life-span of the novel y-shaped nanocomposite
IUD with 25 wt% of copper particles is about 1827 days,
i.e., 5 years in the future clinical use.

4 Conclusions

An approach is report to give prospective life-span of the
novel y-shaped Cu/LDPE nanocomposite IUD in the
present work. It can be seen than the type of cupric ions
release model of the novel y-shaped nanocomposite IUD
can be determined and verified by using approach of
accelerated cupric ions release in diluted nitric acid solu-
tion in short-term, its cupric ions release behavior obeys
the rule of solid drugs released from the cylindrical matrix-
type drug delivery system very well. It also can be seen that
the minimal cupric ions release rate for the nanocomposite
IUD in 50 ml of SUS to ensure its contraceptive efficacy

@ Springer

can be obtained by using the test of the cupric ions con-
centration release from the nanocomposite IUD in various
volumes of SUS. Combining the corresponding radius of
the non-released part that were obtained from its average
cupric ions release rate in 50 ml of SUS within two dif-
ferent immersion durations, the prospective life-span of
nanocomposite IUD can be predicted. For example, the
prospective life-span of the novel y-shaped nanocomposite
IUD with 25 wt% of copper nanoparticles and 2 mm of
diameter and a total weight of 285 mg is about 5 years in
the future clinical application.

Acknowledgments The authors gratefully acknowledge the finan-
cial supported by the National Natural Science Foundation of China
(Grant No. 50271029), National “the eleven-fifth” Project of Ministry
of Science and Technology (Grant No. 2006BAI0O3B01) and the Self-
determined and Innovative Research Funds of HUST (Grant No.
M2009048).

References

1. National Population and Family Planning Commission of China.
Report on the contraceptive effects of intrauterine devices sam-
pled by 120, 000 cases. Chinese J Fam Plan. 2007;3:132-6. (in
Chinese).

2. Batar I, Kuukankorpi A, Siljander M, Elomaa K, Rauramo I.
Five-year clinical experiences with NOVA T® 380 copper IUD.
Contraception. 2002;66:309-14.

3. Colli E, Tong D, Penhallegon R, Parazzini F. Reasons for con-
traceptive discontinuation in women 20-39 years old in New
Zealand. Contraception. 1999;59:227-31.

4. Xia XP, Xie CS, Zhu CH, Cai SZ, Yang XL. Effect of implanted
Cu/LDPE composites on the morphology of endometrium in the
mouse. Fertil Steril. 2007;88:472-8.

5. Zhang CD, Xu NX, Yang BY. The copper corrosion behavior of
the copper-containing IUD. Reprod Contracep. 1994;14:162-8.
(in Chinese).

6. Bastidas JM, Cano E, Mora N. Copper corrosion-simulated
uterine solutions. Contraception. 2000;61:395-9.

7. Xue HS, Xu NX, Zhang CD. Corrosion behavior of copper in a
copper bearing intrauterine device in the presence of indometh-
acin. Contraception. 1998;57:3-49.

8. Patai K, Szilagyi G, Noszal B, Szentmariay I. Local tissue effects
of copper-containing intrauterine Devices. Fertil Steril.
2003;80:1281-3.

9. Patai K, Dévényi L, Zelké R. Comparison of surface morphology
and composition of intrauterine devices in relation to patient
complaints. Contraception. 2004;70:149-52.

10. Bastidas JM, Mora N, Cano E, Polo JL. Characterization of
copper corrosion products originated in simulated uterine fluids
and on packaged intrauterine devices. J Mater Sci Mater Med.
2001;12:391-7.

11. YulJ, LiJ, Li HG, Li JX, Xie CS, Zhu CH. Comparative study on
contraceptive efficacy and clinical performance of the copper/
low-density polyethylene nanocomposite IUD and the copper
T220C IUD. Contraception. 2008;78:319-23.

12. Crosignani PG. Intrauterine devices and intrauterine systems.
Hum Reprod Update. 2008;14:197-208.

13. Cai SZ, Xia XP, Xie CS. Research on Cu®>* transformations of Cu
and its oxides particles with different sizes in the simulated
uterine solution. Corros Sci. 2005;47:1039-47.



J Mater Sci: Mater Med (2011) 22:1773-1781

1781

14.

15.

16.

18.

19.

20.

21.

22.

Xia XP, Cai SZ, Xie CS. Preparation, structure and thermal sta-
bility of Cu/LDPE nanocomposites. Mater Chem Phys.
2006;95:122-9.

Xia XP, Xie CS, Cai SZ, Yang ZH, Yang XL. Corrosion char-
acteristics of copper microparticles and copper nanoparticles in
distilled water. Corros Sci. 2006;48:3924-32.

Cai SZ, Xia XP, Xie CS. Corrosion behavior of copper/LDPE
nanocomposites in simulated uterine solution. Biomaterials.
2005;26(15):2671-6.

. Araya R, Mora HG, Vera R, Bastidas JM. Human spermatozoa

motility analysis in a Ringer’s solution containing cupric ions.
Contraception. 2003;67:161-3.

Zhou Y, Chu JS, Zhou T, Wu XY. Modeling of dispersed-drug
release from two-dimensional matrix tablets. Biomaterials.
2005;26:945-52.

Frenning G, Brohede U, Strgmme M. Finite element analysis of
the release of slowly dissolving drugs from cylindrical matrix
systems. J Control Release. 2005;107:320-9.

Fukuda M, Fukuda K. Uterine endometrial cavity movement and
cervical mucus. Hum Reprod. 1994;9:1013-6.

Suarez SS, Pacey AA. Sperm transport in the female reproductive
tract. Hum Reprod Update. 2006;12:23-7.

Xie CS, Hu JH, Wu R, Xia H. Structure transition comparison
between the amorphous nanosize particles and coarse-grained
polycrystalline of cobalt. Nanostruct Mater. 1999;1:1061-6.

23.

24.

25.

26.

217.

28.

29.

30.

Yang ZH, Xie CS, Xia XP, Cai SZ. Zn>* release behavior and
surface characteristics of Zn/LDPE nanocomposites and ZnO/
LDPE nanocomposites in simulated uterine solution. J Mater Sci
Mater Med. 2008;19:3319-26.

Mora N, Cano E, Mora EM, Bastidas JM. Influence of pH and
oxygen on copper corrosion in simulated uterine fluid. Bioma-
terials. 2002;23:667-71.

Zhou Y, Wu XY. Modeling and analysis of dispersed-drug
release into a finite medium from sphere ensembles with a
boundary layer. J Control Release. 2003;90:23-36.

Zhang C, Xu N, Yang B. The corrosion behavior of copper in
simulated uterine fluid. Corros Sci. 1996;38:635-41.

Thiery M, Kosonen A. The multisleeved copper T model
TCu220C: Effect of long-term use on corrosion and dissolution of
copper. Contraception. 1987;35:163-70.

Yaman C, Sommergruber M, Ebner T, Polz W, Moser M, Tews
G. Reproducibility of transvaginal three-dimensional endometrial
volume measurements during ovarian stimulation. Hum Reprod.
1999;14:2604-8.

Schild RL, Indefrei D, Eschweiler S, Ven H, Fimmers R, Hans-
mann M. Three-dimensional endometrial volume calculation and
pregnancy rate in an in vitro fertilization programme. Hum
Reprod. 1999;14:1255-8.

Elchalal U, Abramov Y. Uterine biology and the intrauterine
device. Adv Drug Deliver Rev. 1995;17:151-64.

@ Springer



	An approach to give prospective life-span of the copper/ low-density-polyethylene nanocomposite intrauterine device
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of the Cu/LDPE nanocomposite IUD
	Cupric ions accelerated release of the Cu/LDPE nanocomposite IUD
	SEM observation and EDS analysis of the experimental samples
	Cupric ions release of the nanocomposite IUD in various volume of SUS
	Prediction of the life-span of nanocomposite IUD

	Results and discussion
	Appearance of the experimental nanocomposite IUD
	Structure and copper distribution of the experimental nanocomposite IUD
	Cupric ions release mode of the nanocomposite IUD
	Cupric ions release of the nanocomposite IUD in various volume of SUS
	Prospective life-span of the nanocomposite IUD

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


