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Abstract

Zr?* release from Zn and ZnO particles with different sizes in simulated uterine solution were investigated by absorbance measurements. Th
effects of pH and human serum albumin (HSA) orfZrelease were also studied. The morphology of Zn and ZnO particles was observed by
scanning electron microscopy, and the corrosion products of zinc nanoparticles were analyzed by XRD. The results indicate that the maximur
release ratios of Z from Zn and ZnO nanoparticles are higher than those from Zn and ZnO microparticléselrase ratio depends not only
on the pH of the simulated uterine solution but also the presence of human serum albumin. It decreases as the pH of the uterine solution increas
The trends of Zft release ratios are almost the opposite for solutions with and without HSA. XRD analysis results indicate that zinc oxide is the
main corrosion product of zinc particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction also helps wound healing and tissue repair of the endometrium
[7,8]. By preventing uterus injury caused by IUD insertion, free

Intrauterine devices (IUDs) are effective, long-term reliablezinc is expected to reduce the incidence of pain and bleeding,
and reversible devices for contraceptive use worldwida]. and it has been reported that one of the important factors that
The antifertility effect is poor for [IUDs made of inert materials causes bleeding after Cu-lUDs insertion is the absence of free
like steel, plastic and silicone rubber. It can be improved greatlyinc[9]. Moreover, free zinc can help to prevent the risk of pelvic
by the addition of copper. The enhanced contraceptive effect imflammatory disease since zinc ions have been found to have
commonly attributed to active copper ions released as a resudintibacterial effectgl0]. Therefore, when zinc or zinc oxide is
of copper corrosion in the uterus. Copper-bearing intrauterinétroduced into copper-bearing intrauterine devices, side effects
devices (Cu-lUDs) as effective contraceptives are being increasike pain, bleeding and pelvic inflammatory disease are expected
ingly used worldwid€g3]. However, after the insertion of Cu- to be decreased greatly by releasing antimicrobial and restora-
IUDs, side effects such as pelvic inflammatory disease, pain antie Zré* from zinc or zinc oxide in the uterus.
bleeding have been obsenjd¢b]. Concerns aboutthemremain ~ Compared with zinc and zinc oxide in bulk, zinc and zinc
a stubborn obstacle to a wider use of modern 1J&)s oxide nanoparticles show stronger antibacterial actjity-13}

One possible way to solve the problem of these side effects i is thus expected that nanoparticles of zinc and zinc oxide will
the addition of zinc in copper-bearing intrauterine devices. Fredecrease the side effects more effectively than microparticles.
zinc (Zr?) plays an important role in the process of develop-  In relation to reducing side effects it is important to demon-
ment, cell division and the synthesis of proteins and DNA. ltstrate Z&* release from Zn or ZnO in human uterine solution.

Human uterine solution is a complex mixture and contains a
number of biochemical components including serum albumin
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effects of biochemical components, pH, and exposure time on 100
the corrosion of copper in uterine solution have been exten-
sively studied[14,15]. But investigation of ZA* release from

zinc and zinc oxide in simulated uterine solution (SUS) has not
been reported. The purpose of the present study was therefore
to investigate Z&* release from Zn and ZnO particles of micro

or nano size in simulated uterine solution (SUS). The effects
of human serum albumin (HSA) and the pH value of SUS on
Zn?* release have also been studied. This work provides a basis
for the application of Zn and ZnO nanoparticles in intrauterine
contraceptives.
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2. Experimental
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Simulated uterine fluid was prepared by mixing the follow- ,
ing analytical grade chemicals: NaCl (4.97 g/l), KCI (0.224 g/l), Time(h)
CaChb (0.167g/l), NaHCQ@ (0.25g/l), glucose (0.509/l), Fig. 1. The effect of particle size on Zhrelease ratios from zinc particles
NaH,POy-2H,0 (0_072 g/l) and HSA (0_5 g/l)_ The pH value incubated in simulated uterine solution with human serum albumin a€37
was kept at 6.5 by adding dilute hydrochloric acid (analyt-Each point represents the mean of three experimeSio.
ical grade) or sodium hydroxide solution (analytical grade).
The concentration of human serum albumin and the experieginning of the experiment leads to initially highZnelease
mental protocol were the same as described previdudly)  ratios.
About 2mg of samples (zinc and zinc oxide particles) were  Fig. 1indicates that Z# release ratios from Zn nanoparticles
incubated in 250 ml of simulated uterine solution, and weregre higher than those from Zn microparticles in the initial stages;
dispersed at the start of the incubation using an ultrasonic vibrahe maximum ratios are 85 and 60%, respectively. The increased
tor for 2min. Incubations were performed in a rocking bedcorrosion of zinc nanoparticles in comparison with relatively
at37.0+0.1°C. coarse-grained samples is possibly due to higher surface area

Absorbance meilsurementg were employed to measure thgvolume ratio of the nanoparticles providing an abundance of
concentration of Zf" released into the SUS. Zhrelease was  active zinc atoms on the surface. This is consistent with findings

evaluated by the release ratio ofZrfrom samples at different reported in the literaturgl7].

times. The release ratio is the amount of zinc ion in the SUS to |t js well known that the pH value of SUS has been recog-

the total amount of zinc contained in the sample. nized as an important factor for corrosion processes. In order to
Toinvestigate the processes involved in corrosion of zinc parexamine the relationship between pH andZrelease, the pH

ticles in SUS, the corrosion products of zinc nanoparticles wergalue of SUS was measured along with release. The results are

identified by a RIGAKU D/Max-3B X-ray powder diffractome- jjjystrated inFig. 2

ter with Cu Kal incident radiation. The morphology and particle  FromFig. 2, it can be observed that the pH value decreases

size of Zn and ZnO particles were observed with a SIRION 20Ghitially and then increases until a steady state is reached. The

scanning electron microscope. mechanism of this effect is not well understood. It could be

3. Results and discussion

3.1. Shape and size distributions of the Zn and ZnO
powders

Zinc oxide nanoparticles were column shaped, about 50 nmin
diameter and 200 nm in length. Zinc nanoparticles, about 30 nm
across, agglomerated into larger particles of around 500 nm
diameter. For comparison to the nanoparticles of Zn and zinc

—e— nano-Zn
oxide, zinc oxide microparticles of dm and zinc microparti- —A— micro-Zn
cles of about 4Qum were also investigated. 4r
3.2. Zn®* release from Zn and ZnO particles 3 ) ) . . ‘ . . .
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3.2.1. The effect of particle size on Zn’* release Time (h)
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3.2.1.1. Zn*" release from Zn partzcles.. Fig. 1 fShO\.NS zr Fig. 2. The variation of pH of simulated uterine solution containing human
release from Zn particles in the uterine solution in the presserum albumin in which zn particles of nano and micro sizes were incubated at
ence of HSA. Ultrasonic dispersal of the Zn nanopatrticles at tha7°C. Each point represents the mean of three experirestD.



142 Z. Yang, C. Xie / Colloids and Surfaces B: Biointerfaces 47 (2006) 140-145

100
1
1 Zn
2 ZnO 80 —e—nano-Zn0
S — —A— micro-ZnO
e S
2 S 603
2 ©
i) 1 @
i 8 40
= 0]
3 1 ] s
Q
2 |2, ) L T 20
2 2 2 2 1 2 2
O n 1L 1 1 1
30 40 50 60 70 80 90 100 0 200 400 600 800
2 Theta (degree) Time (h)

Fig. 3. XRD analysis of products of Zn nanoparticles after incubation in simu-Fig. 4. The effect of particle size on Zhrelease ratios from zinc oxide particles
lated uterine solution for 30 days at 3Z. incubated in simulated uterine solution containing human serum albumin at
37°C. Each point represents the mean of three experirest®.

interpreted that slow reactions occur among the complicated
negative and positive ions in the uterine solution, and argn(OH), —~ ZnO + H,0O
responsible for variation of the pH value.
Figs. 1 and 2ndicate thatthe trends of Zn release ratio and pHzn(OH), + 4zt + 60H™ + 2CI~ — Zns(OH)gCl>
of the SUS with time are almost opposite. For the nanopatrticles, o ] )
the Zr?* release ratio increases initially to a maximum value at! herefore, with increasing pH, ZnO and other possible corro-
about 95 h, while the pH value decreases to a minimum at thgion products like Zn(OH)and Zr(OH)sCl2 are expected to
same time. Later the 2#i release ratio declines to less than 20%increase and be deposited on the surface of zinc particles accord-
while the pH rises to more than 6.0 until a steady state is obtained?d t0 the reactions listed above. The protective effects of ZnO
An explanation of the relationship between the pH values an@nd other corrosion products on the particle surface prevent the
Zn release ratios may be found in the reactions occurring in thiirther corrosion of the Zn. Thus, Zhrelease rates decrease
solution. as the pH of the uterine solution increases. Moreover, HSA that
In order to investigate the course of these reactions, aboi Combined with Z&" denatures and precipitates with time,
200 mg of Zn nanoparticles were incubated in SUS for 30 dayi€ading to the decrease of Znconcentration as well. There-
under the same conditions as above. The corrosion produci@re, when the pH rises to a certain value, thé*eraaIeas_e ratio
were then removed and analyzed by X ray diffractomtig. 3 begins to decline, and this may account for the maxima of the
shows the XRD data for the product of Zn nanoparticles aftefurves inFig. 1
incubation in SUS. It indicates that some Zn phases have been - _
transformed into ZnO phases in the course of the reactions. The2-1.2. Zn" release from ZnO particles. The curves of solu-

main reaction equations are as folloj8—20} b?lization of ZnO particles are simi_lar to those of Zn particles
discussed above, and are showrfigs. 4 and 5The release
Zn*t +3H,0 — ZnO + 2H30% ratios increase initially as the pH decreases, but decrease as the
pH rises above 6. The highest release ratios 8f Zne 95% for
i 0 : X i i
Zn0 + 2HT — Zn?* 4 H,0 ZnO nanoparticles and 86% for micropatrticles in the test solu

tion containing HSA. The main reaction equation in SUS is as

Itis often suggested that the formation of ZnO in solution occurdollows:

throu_gh a dis_soll_Jtion—precipitation me(_:hanism. The active diSZnO + 2H* = Zn?** 4+ H,0

solution of zinc involves two consecutive one-electron charge

transfer reactions with Znas intermediate, followed by the The high specific surface area of a nanoparticle causes most of

formation of Zrf* ions. The ZR* produced can undergo a com- the ZnO molecules to be distributed on the surface of the particle

plexation reaction with water to yield Zn®- ions untilacritical ~ and in an active state, making it easier for the oxygen atoms to

concentration is reached at which ZnO precipitd2&3. combine with hydrogen. Subsequently,?Ziin a ZnO particle
According to the literatur§21—24] in addition to ZnO, the is readily released into solution via the above mechanism. So

products may include Zn(Okand Zrs(OH)sCl, duetothe Ct - the Zrt* release rate from zinc oxide nanoparticles would be

contained in SUS. However, the quantities of other productéXxpected to be faster than that from microparticles in the initial

were too low to be examined by XRD. The possible reactiorstages. According to the reaction equation, th&'Zelease rate

equations are as follows: will also decrease as the pH of the solution increases. This would

account for the observation thatZirelease ratios decline with
Zn?* 4+ 20H" — Zn(OH), increasing pH at longer time.
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Fig. 5. The variation of pH of simulated uterine solution containing human 100 1.0
serum albumin in which ZnO particles of nano and micro sizes were incubated
at 37°C. Each point represents the mean of three experirest®. 80
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Zinc oxide or zinc would be useful inreducing the side effects ool 2
of the insertion of Cu-1UDs (injury to the uterus, bleeding and 1% §
pelvic inflammation) by releasing antimicrobial and restorative 8
Zn?*. Nanoparticles of zinc or zinc oxide would be expected to § 40 104 §
be most effective. ° 5
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3.2.2. The effect of human serum albumin on Zn** release
and pH of : : : — 00
In order to investigate further the effect of HSA on%n 0 200 400 600 800
release, simulated uterine solution containing zinc sulfate was () Time(h)

prepared. Zf" concentration and pH were measured in therig. 6. Effect of human serum albumin onZrrelease ratio from nanoparti-
ZnSQy SUS with or without HSA under the same conditions ascles (zinc and zinc oxide nanoparticles) incubated in simulated uterine solution;
mentioned above. The initial Zficoncentration in the ZnSO and Zrt* concentration in simulated uterine solution containing zinc sulfate at
SUS was 0.65.g/ml. Zr?* release ratios from zinc and zinc 37°C: (a) Without HSA; (b) with HSA.W) Zn** release ratio from Zn nanopar-
oxide nanoparticles and Zhconcentrations in the ZnSUS FIC|ES; _(O) Zn _release r'at'lo from ZnO nanopartlclex)(Zn concentration
! . in uterine solution containing ZnSOEach point represents the mean of three

solution are shown ifrigs. 6 and 7 experiments: S.D.

Figs. 6 and 7show that the ZnS@curves are similar to
those of zinc and zinc oxide nanoparticles. The changesih Zn
concentration and pH of the Zng@ontaining solution areinde- Contrary to the change in pH, the Zrrelease ratio increases,
pendent of the dissolution process of zinc or zinc oxide particlegpasses through a maximum and decrease to low values as shown
Therefore, from the curves for ZnQ@ Figs. 6 and 7itcan be  in Fig. 6b.
concluded that the presence of HSA affects thé&"Zioncentra- These results reveal that HSA has a strong effect off Zn
tion and the pH value of SUS. release ratio and pH. The mechanism by which HSA affects pH

The first small peaks in pH occur after about 34 lirig. 7a  is not clear. According to a previous repfi6], the presence of
and 11h inFig. 7b. Corresponding to the first peaks of pH, albumin at the concentration used here (0.5 g/l) is high enough
Fig. 6a shows that the i release ratio and the Zhcon-  to produce changes in the chemistry of the simulated uterine
centration without HSA appear to reach a minimum. Howeversolution, masking the effect of other compounds and altering
Fig. 6b shows that the Zf release ratio still goes up and the the pH in the uterine fluid.
Zn2* concentration remains constant in the presence of HSA. As one of the transition metals, zinc readily combines with
These results suggest that HSA causes an acceleratiorfbf ZnHSA [27,28] Initially, HSA adsorbs onto the surface of zinc or
release from zinc and zinc oxide, which is consistent with prezinc oxide particles and forms a layer. Then a complex is formed
vious reportg25,26] by the binding of zinc and HSA through C—N groJg$8]. This

At longer time, in the absence of HSA, the pH falls to low complex moves into solution, which leads to the dissolution of
values (pH 4.6-4.5) until it stabilizes as observed=ig. 7a,  zinc or zinc oxide. The sites where the complex moved from
resulting in the ZA* release ratio and Zf concentration rising become new adsorption sites for HSA. Repetition of the process
to high and stable values as seerFig. 6a. However, in the enhances the dissolution rate of zinc or zinc oxide particles.
presence of HSA, the pH falls to a minimum at about 60 h and At longer time, a red floccular precipitate forms in the SUS,
rises again until it stabilizes at a value greater thanié. (/b).  probably consisting of denatured HSA in combination with



144 Z. Yang, C. Xie / Colloids and Surfaces B: Biointerfaces 47 (2006) 140-145

Evolution of the pH depends on both incubation time and
the presence of HSA, suggesting that changes take place in
the chemistry of the simulated uterine solution.
4. HSA has strong effects on Zhrelease ratio. In the absence
of HSA in the SUS, ZA" release ratios from zinc and zinc
oxide decrease rapidly to aminimum and then increase until a
steady state is reached. In the presence of HSA' Frlease
— Kj A ratios increase, pass through a maximum and then decrease to
% !kg—?si:!:ii alow value. The results suggest that by binding t8'ZhISA
s is efficient in accelerating i release in the initial stages,
but retards ZA" release later, probably when it denatures and
precipitates.
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