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Abstract: In order to obtain multifunctional materials with good biocompati-
bility and antimicrobial effect, hydroxyapatite (HAp) doped with Zn2* was
synthesized by a hydrothermal method. Powders with different content of zinc
ions were synthesized and compared with undoped HAp to investigate the
influence of Zn%" on the antimicrobial activity of HAp. Analyses of undoped
and Zn?**-doped powders before and after thermal treatment at 1200 °C were
performed by SEM and XRD. The antimicrobial effects of the powders were
examined in relation to Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa and Candida albicans in liquid medium. The results showed that
the obtained powders had good antimicrobial activity, but higher antimicrobial
activities of the powders doped with Zn2" were observed after annealing at
1200 °C. For powders annealed at 1200 °C, in vitro biocompatibility tests:
reduction of the tetrazolium salt 3-(4,5-dimethylthazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT test) and Trypan Blue dye exclusion test (DET test)
with MRC-5 fibroblast cells in liquid medium were performed. Based on the
MTT and DET tests, it was shown that the powders do not have a significant
cytotoxic effect, which was confirmed by SEM analysis of MRC-5 fibroblast
cells after their in vitro contact with the powders.
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INTRODUCTION

With the aging of the human population, the need for treatment of skeleton is
more pronounced. Synthetic HAp [Cajo(POg4)s(OH),] due to its composition is
the most suitable for the mineral phase of human bone and teeth. Biocompa-
tibility and osteoconductivity of HAp are well known and utilized in dentistry
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and orthopedic surgery to compensate of the damage of teeth and bones.!~4 HAp
is also used for coating metal implants to improve their biocompatibility.4.5-12
However, during incorporation of filler HAp or HAp-covered implants in the
living body, infection by pathogenic microorganisms can appear. To prevent this
situation and the need for a second operation, biocidal metal ions or antibiotics
are used.!3-16 Use of antibiotics is not suitable because their effect is not last
long-lasting and microorganisms can develop resistance. Certain metals, such as
silver, copper and zinc, are known to be poisonous to microorganisms. On the
other hand, copper and zinc are micronutrients that at low concentrations are ne-
cessary for the functioning of many processes in humans, but at large concentra-
tions are toxic.!7-19 The role of zinc in the formation and mineralization of bone
is very important, as shown by data from the literature 20-22

The synthesis of zinc-doped HAp powders by different methods and the
antimicrobial activity and/or structural and morphological characteristics of the
obtained powder were investigated in the last decade. Kim et al.23 applied a wet-
chemical method to synthesize Zn2"-substituted HAp. In their investigations, no
antimicrobial activity of Zn2" substituted HAp against Escherichia coli was ob-
served. Chung et al.24 applied a sol-gel method to synthesize Zn2*-doped HAp.
In solid-state anti-microbial tests, their Zn2*-doped HAp demonstrated contact
microbial inhibition against Streptococcus mutans. Ergun et al.?5 and Ming’Ou
Li et al26 investigated only the structural and morphological characteristics of
Zn2*-doped HAp. The synthesis of Zn2* jon-substituted Hap using a neutrali-
zation method was performed by Stani¢ et al.27 Their investigation confirmed
that Zn?"-HAp had a viable cells reduction ability against E. coli, Staphylococcus
aureus and Candida albicans.

In the present study, ZnZ" ion-doped HAp (0.2 and 0.4 mol % as compared
to Ca) powders were hydrothermally synthesized. In order to investigate the
influence of Zn2* and phase composition on the antimicrobial activity, Zn-substi-
tuted powders were annealed at 1200 °C. The aim of the research was to examine
the antimicrobial activity of zinc ions and simultaneously check the cytotoxic ef-
fect of zinc ions on MRC-5 fibroblast cells. The antimicrobial activity of Zn2*-
-doped HAp against different pathogens: S. aureus (ATCC 25923), E. coli (ATCC
25922), Pseudomonas aeruginosa (ATCC 27833) and C. albicans (ATCC 24433)
was evaluated in vitro. The biocompatibility of the Zn-substituted powders was
studied by reduction of the tetrazolium salt 3-(4,5-dimethylthazol-2-yl1)-2,5-di-
phenyl tetrazolium bromide (MTT assay) and Trypan Blue dye exclusion test
(DET assay) in vitro using MRC-5 fibroblast cells.

EXPERIMENTAL
Synthesis of HAp and Zn?*-doped HAp

Synthesis of HAp and Zn?*-doped HAp were performed according to the hydrothermal
method described earlier.28-30 Appropriate quantities of the chemicals: Ca(NO3),-2H,0 (Carlo
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Erba Reagenti, p.a. grade), Na,H,EDTA-2H,0 (Zorka Sabac, p.a. grade), NaH,PO,-2H,0

(Analitika LTD, 99 % pure) and urea (Lach-Ner, 99.5 % pure) and Zn(NO;), 6H,0 (Kemika

Zagreb, 99 % pure) were dissolved in 1500 mL of distilled water. Doping was performed with

0.2 and 0.4 mol % according to formula (1), with a constant atomic ratio (Ca + Zn)/P = 1.67 to
obtain a compound of approximate formula (2):

100(Zn/(Zn + Ca)) (1)

Zn,Cay_(PO,4)s(OH), (x = 0.02 and 0.04) 2)

After dissolution of the chemicals, the dish with the solution was inserted in an autoclave,
previously filled with 1500 mL of distilled water. The solution was heated at 160 °C for 3 h.
After slow cooling, the obtained suspension (pH ~9.20) was filtered, and the residue was
washed with distilled water and dried at 105 °C for 4 h. After drying, the powder was ground
in a mortar.

The following dry powders were obtained in this way: HAp, Zn(0.2)HAp and Zn(0.4)HAp.
These powders were heated at 1200 °C for 2 h (heating rate 10 °C/min) and ground to obtain
HApl12, Zn(0.2)HAp12 and Zn(0.4)HAp12.

Characterization methods

A scanning electron microscope (SEM) JEOL JSM 5800 was used for the morphological
characterization of the synthesized powders. Before the SEM analysis, the powders were
coated with Au—Pd alloy. SEM analysis of MRC-5 fibroblast cells were performed on scan-
ning microscope Tescan Mira 3 FEG. Before SEM observations, the MRC-5 cells were slowly
vacuum dried and then coated with Au—Pd alloy.

X-Ray powder diffraction analysis of the powders was performed on an ITAL Structures
APD 2000 instrument using a copper cathode as the X-ray source (4 = 0.15406 nm), in the 26
angle range from 15 to 65° with a step size of 0.05° s°1.

Antimicrobial test

Quantitative tests of the antimicrobial activity of all the obtained powders against S.
aureus (ATCC 25923), E. coli (ATCC 25922), P. aeruginosa (ATCC 27833) and C. albicans
(ATCC 24433) were performed according to previously described the liquid challenge method
in buffer solution.?2 The incubation time was 1 h. The antimicrobial test was performed for
both the dry and annealed powders. As a control, a blank sterile potassium hydrogen phos-
phate buffer solution without sample was used.?? The test was performed in two series, the
one for dry powder and one for the annealed powders.

In vitro biocompatibility tests

Cell lines. Tests were performed on the cell line human fibroblasts of lung (MRC-5) that
were grown attached to the surface of the flasks (Costar, 25 ¢m?) in Eagle’s medium modified
by Dulbecco (DMEM, Gibco BRL, England) with 4.5 g L-! glucose and 10 % FCS (fetal calf
serum, Sigma). The medium contained the antibiotics: penicillin 100 IU mL! and strepto-
mycin 100 pg ml. The cell line was maintained under standard conditions at 37 °C in an atmo-
sphere of saturated humidity with 5 % CO, (Heraeus). They were transplanted twice weekly,
whereas in the experiments the logarithmic phase of growth was used between the third and
tenth transplantation. Only viable cells were used in the experiments. The number of cells and
their viability were determined by the color test rejection with 0.1 % Trypan Blue.3! The via-
bility of cells used in the experiment was greater than 90 %.

Colorimetric assays with tetrazolium salts (MTT-test).3? The cells were collected during
the logarithmic phase of growth, trypsinized, resuspended and counted in 0.1 % Trypan Blue.
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Viable cells were sown at a concentration of 2-103 cells mL! in Petri dishes (50 mm, Center
well, Falcon) in which the powders for the analysis were located. Control samples did not
contain the investigated powders. Petri dishes with sown cells were thermostated at 37 °C
with 5 % CO, for 48 h. At the end of the incubation, of the cells were re-sown to fresh me-
dium. Viable cells were sown (5x103 cells 100 uL!) in microtiter plates with 96-well. The
plates with sown cells were thermostated at 37 °C with 5 % CO, for 48 h, 72 h or 96 h. The
MTT solution, prepared just before addition, was added to all the wells of the plate, in a vo-
lume of 10 pL per well and incubation was continued for the next 3 h (in the incubator at 37 °C
with 5 % CO,). Upon expiration of 3 h, 100 puL of HCI in 2-propanol (0.04 mol L) was
added to each well. The absorbance readings was performed immediately after incubation on a
microtiter plate reader (Multiscan, MCC/340) at a wavelength of 540 nm with reference to
690 nm. Wells on a plate that contained only medium and MTT but no cells were used as a
blank.

The fraction of surviving cells (% K) was expressed as a percentage of the control values
according to formula (3):

% K = 100N,/N, 3)

where Ny is the number of cells in the control sample and A is the number of cells with the
tested substance.

Trypan Blue dye exclusion test (DET)

The cells were collected during the logarithmic phase of growth, trypsinized, resus-
pended and counted in 0.1 % Trypan Blue. Viable cells were sown at a concentration of 2x10°
cells mL-! in Petri dishes (50 mm, Center well, Falcon) in which the powders for the analysis
were located. Control samples did not contain the investigated powders. The Petri dishes with
sown cells were thermostated at 37 °C with 5 % CO, for the next 48 h. At the end of incu-
bation, the cells were counted in the counting chambers after 48, 72 and 96 h using an in-
verted microscope. A Neubauer chamber was used for counting the cells in four squares. Each
square was divided into 16 smaller squares so the total was 64. 100 pL of cells was taken and
added to 100 pL of 0.1 % Trypan Blue. After intensive shaking, a few drops were placed on
both counting fields of the chambers. Trypan Blue painted dead cells while living cells remain
unpainted. The number of cells in 1 mL of suspension (X) was calculated using formula (4):

X =xx10x2x1000 “4)

where x is the number of cells in 16 squares (the average number of cells in 4x16 squares); 10
is the depth of the chamber; 2 is the dilution factor and 1000 is the volumetric coefficient.

The fraction of surviving cells (% K) is expressed as a percentage of the control values,
according to formula (3).

Cells preparation for painting

Preparation of the powdered substances. All substances were placed in a serum-free
medium (DMEM) so that the concentration was 200 mg mL-!. After 72 h, the medium was fil-
tered (for sterility), 10 % serum was added, so that the medium was used in all the investi-
gated samples except for the control.

The cells were collected during the logarithmic phase of growth, trypsinized, resus-
pended and counted in 0.1 % Trypan Blue. Viable cells were sown in a Petri dish (50 mm,
Center well, Falcon) with a medium that has been tested 72 h with powder at a concentration
2x103 cells/ml. The control samples contained no test substance. Petri dishes with sown cells
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were thermostated at 37 °C with 5 % CO, for 48 h. Painting was performed at the end of the
incubation.

RESULTS AND DISCUSSION

The SEM micrographs of the obtained HAp and Zn-doped HAp powders are
shown in Fig. 1. The photographs of HAp and Zn(0.2)HAp are similar. Both
powders contain mainly spherical particles with a wide size distribution. How-
ever, spheres with a diameter of 1 to 2 um prevail. It can be seen that these sphe-
rical particles consisted of a large number of aggregated rod like particles. This is
particularly obvious in the case of the spherical particles of the sample Zn(0.4)HAp.
Even for this sample, the prevailing sphere diameter is 1 to 2 um.

Fig. 1. SEM Micrographs of samples:
a) HAp, b) Zn(0.2)HAp and c) Zn(0.4)HAp.

The micrographs of the powders at annealed 1200 °C for 2 h are shown in
Fig. 2. Particles merged through the process of neck formation because of an-
nealing can be seen in all cases. Particle size and size distribution were similar
for all the samples and it could be concluded that doping of HAp with Zn2", due
to the small concentrations, had no effect on the annealing of the Zn-containing
powders.

The XRD diffractograms of the synthesized dry and annealed powders are
shown in Fig. 3. The dry HAp and Zn2*-doped HAp powders showed very low crys-
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Fig. 2. SEM Micrographs of powders an-
nealed at 1200 °C:

a) HApl12,
b) Zn(0.2)HAp12 and
¢) Zn(0.4)HAp12.
o ¢ = a-TCP
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& | o & I
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Zn(0.2)HAPI2

1 | Zn(0.4)HAP12

’\ j M Zn(0.2)HAP
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Fig. 3. XRD Patterns of undoped and doped HAp, annealed at 1200 °C and dry powders.
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tallinity. Based on ASTM data (Card 9-432), all the peaks present were identified
as peaks of hydroxyapatite. These diffraction patterns are very similar, with no
clear effect of the doped ions on the diffractograms.

From diffractograms of the annealed powders, it can be seen that HAp was
partially transformed to a-TCP. The peaks were identified based on ASTM data
(Card 9-432 for HAp and card 09-348 for a-TCP). In Fig. 3, the HAp peaks are
marked with the number of the crystal plane. All peaks are sharp, confirming that
the annealed samples were well crystallized. Similar to the dry powders, there are
not differences between diffractograms of the annealed powders.

The results of the antimicrobial activity of the undoped and Zn2*-doped
HAP powders tested against S. aureus (ATCC 25923), E. coli (ATCC 25922), P.
aeruginosa (ATCC 27833) and C. albicans (ATCC 24433) are given in Table I.
The degree of reduction, R, was calculated compared to HAp using Eq. (5):

R (%) = 100(CFUpap~CFUzn 11ap)/ CFUiap (5)

Comparing the results of antimicrobial activity of dried, doped and undoped
powders, it could be concluded that the activity increased with increasing content
of Zn ions incorporated in the HAp powders. Undoped HAp powder exhibited
the similar antimicrobial activity against all the tested species of microorganism,
except against S. aureus, which was more susceptible. The most pronounced ef-
fects on reduction of all microorganism species were observed using Zn-doped
powders annealed at 1200 °C. Probably, the reason for this higher activity lies in
the fact that the TCP phase formed during annealing is more soluble than the
HAp phase.3-4.28

TABLE 1. Antimicrobial effect of dry and annealed HAp and Zn**-doped HAp powder

S. aureus E. coli P. aeruginosa C. albicans
S 1
ample No. Qf R/% No. (?f R/% No. Qf R/ % No. Qf R/%
colonies colonies colonies colonies
Control 6.0x106 - 6.4x106 - 1.0x107 - 5.4x106 -
HAp 2.2x10% 1.9x105 - 6.4x106 - 1.0x106 -

Zn(0.2)HAp  2.2x10®  90.0  9.1x10* 52.10 53x10° 91.72 2.9x10° 71.00
Zn(0.49)HAp  9.6x10%2 95.6  3.6x10* 81.05 2.0x10° 96.87 2.8x10° 72.00
Control 84x102 - 636x102 - 2.0x10° - 1.4x100 -
HAp12 253%102 - 315%102 - 7.0x10° - 1.1x10° -
Zn(0.2)HApl12 186 99.3 806 97.44 1.9x10> 99.73 7.2 x10> 93.45
Zn(0.4)HApl12 261 100 1210 96.16 1.0x10%2 99.98 5.7x10° 94.82

Determination of cells viability was conducted using two types of in vitro
assays, MTT and DET. In both tests, the cells viability was explored after 48 h,
72 h and 96 h of contact with the powders.

The diagram of the MTT assay (Fig. 4) shows a real increase in the cell via-
bility with the contact time. The numbers of the cells in contact with HAp and
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Zn(0.4)HAp12 were about the same, while the cells in contact with powder
Zn(0.2)HAp12 had a slightly lower survival rates. After 96 h, the cells showed
the same viability as in the control sample, meaning that the powders exhibited
no cytotoxic effect on the cells and thus their biocompatibility was demonstrated.

£ Control
MTT assay [_1HApl2
1059 Zn(0.2)HAp12
0 7n(0.4)HAp12
100 [ ]
95 -
¥ —
<
90 4
85 -
80
0 48 72 96

z/h

Fig. 4. Fractions of surviving cells in the MTT assay.

DET Test clearly confirmed the results of MTT assay (Fig. 5). The DET as-
say also showed a gradual increase in cell viability with increasing time of con-
tact of the cells with the powder.

Better viability of cells that were in contact with powder Zn(0.4)HAp12 than
with powder Zn(0.2)HAp12 can be explained by their exposure to slightly higher
concentrations of Zn2" ions that, as micronutrient, enhanced cells proliferation.
Although, there is no significant difference in phase composition (Fig. 3) between
undoped and Zn2*-doped HAp, higher proliferation of MRC-5 cells after 96 h in
powder extracts of Zn(0.2)HAp12 and Zn(0.4)HAp12 is evident.

Histological analysis of MRC-5 cells that clung to the surface of the Petri
dish is shown in Fig. 6. The shape of cells is oval and elongated. It was noted that
cytoplasmic extensions were spread from cells that connect to neighboring fibro-
blast cells. The appearance of the cells is an indication of their preserved viabi-
lity. This confirmed the results obtained by the MTT and DET assays.

Available online at shd.org.rs/JSCS/

2012 Copyright (CC) SCS




ANTIMICROBIAL ACTIVITY OF ZINC(1I) DOPED HYDROXYAPATITE l 795

DET assay
1059 —HAPI2
Zn(0.2)HAp12
1004 23 Zn(0.4)HAp12
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Fig. 5. Fractions of surviving cells in the DET assay.

Fig. 6. FE-SEM Micrographs of MRC-5 cells
® M painted on the surface of a plastic Petri dish.
The MRC-5 cells had been in contact with
powders: a) HAp12, b) Zn(0.2)HAp12 and c)
Zn(0.4)HAp12.
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CONCLUSIONS

The obtained Zn2*-doped Hap powders had good antimicrobial activities
against the pathogenic microorganisms: S. aureus, E. coli, P. aeruginosa and C.
albicans. The HAp powders with a higher content of Zn2* had a higher degree of
reduction of the microorganisms. In addition, the annealed, Zn2*-doped HAp/
/a-TCP powders showed better antimicrobial activity than the dry powders Zn2*-
-doped Hap powders. The results of the MTT and DET assays showed annealed
Zn2"-doped Hap powder clearly exhibited good biocompatibility with fibroblast
cells, MRC-5. The viability of the cells was better when in contact with the pow-
der with the higher content of Zn2*. Histological analysis of SEM images of
MRC-5 cells confirmed the results of the MTT and DET assays.

Based on previous results, it can be concluded that doping HAp with Zn2*,
using a hydrothermal method, results in powders of good biocompatibility with
fibroblast cells MRC-5 and antimicrobial activity to pathogenic microorganisms.
By annealing of the obtained powders, these properties were enhanced, probably
due to partial transformation of HAp to a-TCP, a more soluble phase. The higher
content of Zn2" has a pronounced effect against pathogens and as micronutrients
improved the proliferation of the fibroblast cells.

Acknowledgement. The authors wish to acknowledge the financial support for this re-
search from the Ministry of Education, Science and Technological Development of the Re-
public of Serbia through the projects 111 45019 and FP7-REGPOT-2009-1 NANOTECH FTM.

H3BOI

BUOKOMITATUBUJIHOCT U AHTUMUKPOBHA AKTUBHOCT XUJJPOKCHUAIIATUTA CA
YIPABEHUM IUHKOM CUHTETUCAHOT XUIPOTEPMAJTHOM METOIOM

JKEJ/BKO PAJIOBAHOBUR', FOPBE BEJLOBUR', BOJAH JOKUR', CY3AHA IUMUTPUJEBUR',
TOPIAHA BOTIAHOBUR?, BECHA KOJUR?, PAIIA IETPOBUE' 1 BOPBE JAHARKOBUR'

1T6xnonomxo—memanypmxu paxynitei, Ynueep3uitedi y beoipagy, Kapueiujesa 4, 11000 Beoipag u
ZHHcmumym 3a onkonoiujy Bojeogune, Hncmutnyiicku tyi 4, 21204 Cpemcka Kamenuya

Y uusby mobujama MynTUGYHKIIMOHATHUX MaTepHjaia ca JOOpoM DMOKOMIATUOUIHOII-
hy u moSpum aHTMMHKDOSHHM mejcTBOM, xuapokcuamatut (HAp) ca yrpahemum Zn2*
CHHTETHCAH je XHIPOTepMaTHOM METONOM. 3a noTpebe HCTpakMBama yTHIAja Zn’* Ha aHTH-
MHUKPODHY aKTHBHOCT, CHHTETHCAHH ¢y HAD IpaxoBH ca pasTHYUTHM cagpxkajem Zn2+ u ymo-
pebenu ca unctum HAp. UncTu paxoBU U OHU ca yrpal)eHUM LIMHKOM, IIpe U 1ocjie TEpMUY-
Kor TpermaHa Ha 1200 °C, aHanu3WpaHM Cy CkeHUpajyhoM eeKTPOHCKOM MHUKPOCKOIHjOM
(SEM) u MeTonoM peHAreHcke Audpakxuyje. AHTUMUKPOOHHU edexar IpaxoBa UCIUTHUBAH je
mpema cojesuma Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa u Candida
albicans y Te4HOM MenUjyMy. AHTUMHUKDOOHHU TeCT je Mokasao ha JoOWjeHH NMpaxoBU HUMajy
10dpy aHTUMHUKPOOHY aKTHBHOCT. [IoDospllaHa aHTUMHUKPOOHA aKTHBHOCT MPaxoBa y Koje je
yrpahen Zn®* nocturayta je xapemwem Ha 1200 °C. In vitro TeCTOBM GMOKOMMATHOUIHOCTH,
MTT u DET, ca MRC-5 ¢udpodnactaum henvjama y TeuHom meaujymy ypaheHu cy 3a mpa-
xoBe xapeHe Ha 1200 °C. Ha ocuoBy MTT u DET TecToBa 3ak/byueHoO je a MPaxOBH HeMajy
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3HauajaH UUTOTOKCHYHU yTHULAj 1ITO je moTBpheHo SEM ananuzom MRC-5 ¢ubpodmactux
henuja HaKOH BHUXOBOT in Vitro KOHTAKTa ca MPAaXOBUMa.

(ITpumieno 19. HoBemdpa, peBuaupano 3. feuembdpa 2012)
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