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Abstract

Zinc is an essential trace element required for bone remodelling process, but its role in such pro-

cess remains to be elucidated. In particular, inconsistent results have been reported on the effect of

Zn on osteoclastic responses, and supplement of receptor activator of nuclear factor kappa-B li-

gand (RANKL) factors has been commonly adopted. Co-culture is a suitable approach to elucidat-

ing the role of Zn in bone remodelling process, by better imitating the cellular environment as the

presence of osteoblasts plays critical role in modulating osteoclastic functions. In this study, zinc-

substituted HA coatings have been deposited using a liquid precursor plasma spraying process at

two different concentrations (1, 2 wt.%). The effect of zinc substitution on osteoblastic and osteo-

clastic differentiation has been studied in vitro. In particular, a cultivation regime was designed to

first induce osteoblastic differentiation of rat bone marrow stromal cells (BMSCs) for 14 days, and

then induce osteoclastic differentiation of osteoclast-like precursor RAW 264.7 cells through the aid

of the osteoblasts formed for additional 14 days, in the absence of the external addition of RANKL.

The results showed that Zn substitution moderately promoted the BMSC differentiation into the

osteoblasts and reduced the osteoclastic activity in early time (1 day co-culture). However, promo-

tion of the osteoclastic activity were observed at later stages, as indicated by the significantly en-

hanced expressions of trap5b and IL-1 (8- and 15-day co-culture) and moderate stimulation of the

nucleus integration and formation of the multinucleated cells (14-day co-culture). Such stimulating

effect of the osteoclastic activity was absent under mono-culture of RAW 264.7 cell, with simple

RANKL supplementation. The results suggest that both the zinc and the presence of MSC/osteo-

blast play profound and highly interacted roles on osteoclast differentiation and activity, which is

critical in modulating the bone remodelling process.
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Introduction

Bone mass is maintained by repeating cycle of destruction and

rebuilding to keep the balance between bone resorption and for-

mation [1]. The regulation of hormones and other molecules

secreted by osteoblast (OB) and osteoclast (OC) control the

dynamic and complex process of bone formation and reconstruc-

tion [2, 3].

Zn is an essential trace element to metabolism function. Zn defi-

ciency reduces bone weight, delays bone metabolism and results in re-

tardation of bone growth [4–6]. Zinc has a stimulatory effect on bone

formation and mineralization in vitro and in vivo [7, 8]. Zn stimulated

cell proliferation and differentiation, as well as protein synthesis in os-

teoblastic MC3T3-E1 cells [9–11]. The cellular mechanism of zinc

function in OCs has not been fully understood. Zn has been generally

reported to inhibit osteoclastic differentiation [12, 13]. For instance,
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Yamada et al. [12] showed a composition dependent increase in OC

apoptosis, where the number of apoptotic OCs was 6.3 times higher

with Zn-incorporated (0.633wt. %) tricalcium phosphate ceramic

(TCP) than that with the pristine TCP after 1-day culture. However,

inconsistent results have been reported in the literature [14–17].

Holloway et al. [16] reported that Zn increases the tartrate-resistant

acid phosphatase (TRAP) positive cell number and simultaneously in-

hibit resorption after 1 day in co-culture of OBs and OCs.

Therefore, it is important to clarify the role of Zn in osteoblastic

and osteoclastic differentiation. Previous studies have often used re-

ceptor activator of nuclear factor kappa-B ligand (RANKL) supple-

mentation to study the effect of Zn on OC differentiation and

activity [13]. The OB itself, however, plays a critical role in modify-

ing the OC differentiation and function in the natural process. The

dominating pathway regulating the OC differentiation is the

RANKL/RANK/osteoprotegerin (OPG) pathway, where the pres-

ence of the OB promotes OC differentiation through membrane pre-

sentation of RANKL and its binding to the membrane receptor

RANK on mononuclear OC precursors [3].

Recently, co-culture approach has been increased used for the bi-

ological studies of biomaterials, since the cellular environment in co-

culture condition is closer to in vivo compared with mono-culture,

with appropriate cell–cell interactions. Heinemann et al. [18]

reported a human co-culture model including both OCs and OBs to

imitate in vivo condition. It has been reported that the osteocytes

and OBs act synergistically to stimulate the osteogenic differentia-

tion of MSCs under co-culture condition [19].

The objective of present study was to understand the role of Zn

substitution in HA on OB and OC responses under mono-culture

and co-culture conditions, and in particular the differentiation and

activity of OC in the presence and the absence of the OB. To this

aim, BMSC induced OB were co-cultivated with OC-like-cell pre-

cursor cell RAW 264.7 to induce it into OC, without the external

addition of RANKL. To examine if and how cell–cell interactions

would have a synergetic role with Zn element in affecting the cell

behaviours, we used both co-culture and mono-culture conditions to

monitor the effect of cellular environment on the modulating role of

ZnHA on the proliferation and differentiation of OB and the differ-

entiation of OC. This study provides important insights into the

mechanisms of Zn regulating the OB and OC differentiation.

Materials and methods

Materials
The HA liquid precursors were prepared by the wet chemical synthesis,

through a reaction between Ca(NO3)2�4H2O (Kelong Corp., Chengdu)

and (NH4)2HPO4 (Kelong Corp.) in PH¼10 alkaline solution. The

starting Ca/P molar ratio was equal to the stoichiometric value of HA.

In brief, the liquid precursors were prepared by gradually dropped the

(NH4)2HPO4 aqueous solution into the Ca(NO3)2 solution. All reac-

tions were stirred and kept at 70�C and adjusted the pH value to 10 by

the addition of the NH3�H2O slowly. The liquid precursors were aged

at 70�C for 24 h. The Zn-HA (1% and 2% wt. Zn) precursors were

prepared used the same procedure described above, except that desired

amounts of Zn(NO3)2 solutions (Kelong Corp.) were added into the

Ca(NO3)2 solution first, with a (Ca þ Zn)/P atomic ratio of 1.67.

The HA and 1%, 2% Zn-HA coatings were deposited on Ti–

6Al–4V alloy substrates (A14�2mm) by the liquid precursor

plasma spraying (LPPS) process, using the liquid precursors as feed-

stocks for plasma spraying. The LPPS was carried out using Metco

MN air plasma spraying system (Metco Ltd., USA). The liquid precur-

sors were transported by a peristaltic pump and were injected into the

plasma jet through an atomizing nozzle. More detailed information of

the LPPS process can be found elsewhere [20, 21].

Coating characterization
Phase compositions of the HA and ZnHA coatings were character-

ized by XRD (DX-1000 CSC, China) with Cu Ka radiation, at oper-

ating conditions of 40 kV and 25 mA. The 2h range is from 10� to

60�. Phases were identified by comparing the diffraction patterns

with International Centre for Diffraction Data (ICDD) standards

(PDF cards) using Jade 5.0 software.

The concentrations of Zn in cell suspension were performed us-

ing a flame atomic absorption spectrometer (Model GGX-6, Beijing

Haiguang Instrument Co., Beijing, China) with Zeeman background

correction.

Cell co-culture and mono-culture on HA and ZnHA

coatings
The HA and ZnHA coatings were gamma-sterilized at 25 kGy for

cell experiments. The BALB/c BMSC (Batch number (MUCMX-

90011), Cyagen corp., Guangdong, China) cell suspensions

(2�104 cells/ml) were seeded into 24-well plates. The BMSCs come

from the bone marrow of BALB/c mouse. Induction of the osteo-

genic differentiation was initiated right after the first day by addi-

tion of the 100 nM dexamethasone (D1756, Sigma), 10 mM b-

glycerophosphate (G9422, Sigma) and 50 lM Vitamin D3 (47763,

Sigma) to the a-MEM medium supplemented with 10% fetal bovine

serum (HyClone), 100 U/ml penicillin and 100 lg/ml streptomycin

in a humidified atmosphere at 37�C and 5% CO2. The osteogenic

induction medium for BMSC was marked as MSCOIM in Fig. 1. On

Day 13, the OC-like-cell precursor Raw264.7 (TCM13, Chinese

Academy of Science Cell Resource Center, Shanghai, China) cell sus-

pension with 1� 105 cells/ml was seeded on the top of the samples.

The RAW264.7 comes from the ascites of BALB/c mouse. Co-

culture was initiated on Day 13 and medium was changed to

DMEM supplemented with 10% foetal bovine serum and 100 U/ml

penicillin and 100 lg/ml streptomycin. The medium was renewed

every 2 days. The schema for the co-culture and mono-culture are

shown in Fig. 1, respectively. The two timescales used in Fig. 1a rep-

resents the total cultivation time for BMSC/OB and the cultivation

time for RAW264.7/OC (in co-culture), respectively. From Day 14/

1 up to Day 28/15, both OB and OC were cultivated on the coating

samples. This resulted in a final 28 day culture for BMSC/OB and

15 day culture for the RAW264.7/OC, with the last 14 days for co-

culture. For comparison, mono-culture of RAW264.7 with the sup-

plement of 20 ng/ml (600 pmol/l) RANKL was carried out on sam-

ples under similar conditions (Fig. 1b).

Immunofluorescence and confocal laser-microscopy
After the OC-like-cells Raw264.7/OC being mono-cultured for

12 days, the cells were dual-labelled with phalloidin for F-actin and

for the vitronectin with monoclonal antibody vitronectin. Firstly,

for labelling with vitronectin, the samples were washed with PBS

and fixed in 3.7% paraformaldehyde solution, pH¼7.4 and at

25�C for 10 min. The samples were permeabilized using 1% Triton

X-100/PBS for 15 min and unspecific binding was blocked with 1%

BSA/PBS. Cells were incubated with the primary antibody (1:50 di-

lution in 0.1% BSA/PBS; Monoclonal anti-vitronectin antibody pro-

duced in rabbit; Bioss, China) for 30 min at 25�C. The secondary
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antibody (FITC conjugated goat anti-rabbit IgG) was diluted in

TBST at a 1:100 dilution and was used to incubate the cells for 1 h.

Secondly, the samples were also stained with phalloidin Alexa 594

(diluted in PBS 1:100, Sigma) for 30 min in the dark. Finally, for

observing the nucleus, the cells were stained in 1 lg/ml

Hoeschst33258/PBS (Sigma) solution for 5 min. After two additional

washes with PBS, the samples were visualized using a confocal mi-

croscope (Leica. SP5, Germany). The cells in co-culture (14 days)

were stained using the same above steps. The cell morphologies un-

der mono-culture and co-culture conditions were also observed us-

ing the SEM (S4800, Tecnai F20, Tokyo, Japan).

Enzyme-linked immunosorbent assay
OB and OC differentiation were evaluated by the measurement of

ALP/COL I ratio and TRAP 5b activity, respectively. Cell prolifera-

tion was determined through the total activity of lactate dehydroge-

nase (LDH) in the cell lysates and methyl thiazolyl tetrazolium

(MTT) assay. After incubation for 2, 4, 7, 14, 21 and 28 days,

200 ll MTT solution (5 lg/ll in PBS) was added to each well and in-

cubated for another 4 h. The alkaline phosphatase (ALP), osteocal-

cin (OCN), collagen type I (Col I), LDH, interleukin IL-1, tumour

necrosis factor alpha (TNF-a), parathyroid hormone (PTH), RANK

ligand (RANKL), TRAP 5 b activity were measured at the prescribed

culture times, using the quantitative enzyme-linked immunosorbent

assay (ELISA). All the experiments were conducted strictly following

the instructions of the ELISA kits (BYE30029 (ALP), BYE98007

(OCN), BYE30235 (COLI), BYE30583 (IL-1), BYE40025 (TNF-a),

BYE30362 (PTH), BYE30442 (RANKL), BangYi, Shanghai,

China).The expressions were determined by the absorbance meas-

urements performed with a spectrophotometer (MK3, Thermo

Electron Ltd, USA) at 450 nm, by comparing the measured OD val-

ues to the standard curve plotted using a set of standard samples.

Statistical analysis
All measurements were collected at triplicate and expressed as

means 6standard deviations. All results were statistically evaluated

by ANOVA and SPSS statistical software. Analysis of variance was

employed to assess significance.

Results

X-ray diffraction
Zinc can be incorporated into hydroxyapatite crystal structures by

replacing calcium ions. Figure 2 shows the XRD spectra of the pris-

tine HA and two zinc-substituted HA (1% and 2%-Zn) coatings.

The two ZnHA coatings showed well-resolved diffraction patterns

consistent with the pristine HA (matching the ICDD standard PDF

No. 74-0566). No peak indicating the presence of the secondary

phases was observed for all three HA coatings. However, shifting of

the (2 2 1), (1 1 2) and (3 0 0) diffraction peaks were clearly ob-

served for the zinc-substituted HA coatings (with a further shifting

to the left for 2%-ZnHA compared with the 1%-ZnHA) especially

in the blowup spectra (Fig. 2b), indicating the successful incorpora-

tion of Zn in the HA lattice and the formation of the solid solution.

X-ray spectra of the ZnHA coatings before and after soaking in cell

culture medium (7, 14, 28 days) were also examined. The results

(Fig. 4D) suggest both ZnHA coatings are quite stable, with no indi-

cation of phase transformations observed.

Cell behaviours of OBs
A cultivation regime was adopted to firstly induce the osteoblastic

differentiation of the mouse bone marrow stromal cells using the os-

teogenic induction medium, followed by the induction of osteoclas-

tic differentiation of OC precursors RAW264.7 through the aid of

the BMSC transformed OBs, without the addition of the external

factors of RANKL (Fig. 1a).

Cell proliferation was determined by measuring the total activity

of LDH in the cell lysates and MTT assay. Figure 3A shows that

LDH activities of cells throughout the whole culture period, i.e.

under both mono-culture and co-culture conditions. As non-

proliferating OC had negligible LDH activity, the results mainly rep-

resented the proliferation of BMSC/OB in mono-culture and

co-culture conditions. Overall, the 1%-ZnHA and 2%-ZnHA

Figure 1. Schema of co-culture of BMSC/OB and RAW264.7/OC (a) and mono-culture of RAW264.7 with RANKL supplementation (b)
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samples showed higher LDH activities than those of the HA during

the first 13 days. After the addition of RAW264.7 cells on the 13th

day, the difference between the Zn doped HA and the pristine HA

coatings became small, except that significantly lower LDH value

was observed for 2%-ZnHA sample at day 21. We further carried

out the MTT assay (Fig. 3B) for cell proliferation analysis. Overall,

the 1%-ZnHA and 2%-ZnHA samples had significantly higher OD

values than those of the HA samples under mono-culture (2, 4, 7

days) and 1 day after co-culture (14 days), suggesting a stimulating

effect of Zn doping on BMSC/OB proliferation. After the Raw264.7

cells were added, there was no significant differences in OD values

for the ZnHA and HA samples under co-culture conditions (21, 28

days), despite showing significantly increased OD values.

The ALP/COL I ratio can be used as a measurement of differenti-

ation [22]. Since RAW264.7/OC would have little ALP activity, the

values were predominantly attributed to the BMSC/OB throughout

the culture period. Overall, Fig. 4A shows higher ALP/COL I ratios

as a result of the zinc incorporation into the HA lattice, under

mono-culture conditions (2, 4 and 7 days), suggesting a stimulating

effect of Zn on the osteoblastic differentiation of BMSCs. Similar to

the proliferation measurements, the difference became less signifi-

cant between the HA and the Zn-substituted HA coatings under co-

culture conditions, except that significantly lower ALP/COL I ratio

was observed for 1%-ZnHA sample at Day 21. The OCN secretion

was also analysed throughout the mono-culture and co-culture peri-

ods (Fig. 4B). The OCN levels of BMSCs from the two ZnHA (1,

2%) samples were significantly higher than those of the HA samples

during all mono-culture times (2, 4, 7 days) and most of the co-

culture times (14, 21 days), suggesting a clear stimulating effect of

Zn doping on OCN expression.

It has been reported that the zinc content of HA would affect the

cellular responses of BMSCs [23]. Figure 4C shows the Zn

Figure 2. X-ray spectra of the pristine HA and two ZnHA samples. (a) The full spectra; (b) The blowup of the left spectra showing the shifting of the (2 2 1), (1 1 2)

and (3 0 0) diffraction peaks, indicating the incorporation of Zn into the HA lattice and the formation of the solid solution

Figure 3. (a) LDH activity of the BMSC/OC measured under mono-culture (0–13 days) and co-culture (14–28 days) conditions. (b) The MTT assay result of HA, 1%-

ZnHA and 2%-ZnHA during culture period. The significant difference was calculated in comparison to the HA group samples
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concentrations in cell suspensions for 1%-ZnHA and 2%-ZnHA sam-

ples throughout the culture period. The Zn concentrations were in the

ranges of a few ppm. The release of Zn ions from the 1%-ZnHA sam-

ples (Fig. 4Cb) was lower than that from the 2%-ZnHA (Fig. 4Ca) at

each corresponding culture time. Overall, the dissolution rate of zinc

from the ZnHA gradually decreased as a function of time.

Cell behaviours of OCs in co-culture and mono-culture
Two culture conditions were used for analysing the effect of Zn on

OC behaviours. Co-culture condition was described previously as in

the study of OB behaviours, with RAW264.7 (OC precursors) being

added to BMSC derived OB (Fig. 1a). For mono-culture condition,

RAW264.7 was cultured with RANKL supplementation (Fig. 1b).

The differentiation of the monocytes was evaluated by TRAP activity

as well as multi-nuclearity and gene expression of osteoclastic

markers. Especially, the TRAP 5b isoform is derived from OCs [24],

and the TRAP expression is highly specific to OCs. First, we measured

the expression of RANKL in co-culture conditions from d14/d1 to

d28/d15 (Fig. 5a). Despite significant decreases of RANKL expressions

were observed for the two Zn substituted HA coatings right after the

co-culture (d14/d1), no significant differences were observed after-

wards at d21/d7 and d28/d15. Figure 5b and c shows the measured

TRAP5b activities of the RAW264.7/OC cells in the presence and the

absence of the OB, i.e. during the co-culture and mono-culture of

RAW264.7/OC, respectively. Under co-culture conditions, TRAP5b

expressions of ZnHAs were slight lower than that of the pristine HA

right after the initiation of the co-culture (d14/d1). This was not sur-

prising as zinc has been reported to inhibit the OC differentiation.

Surprisingly, such trend was reversed and the TRAP5b activities signif-

icantly increased in the ZnHA coatings compared with the HA coat-

ings at d21/d8. On the contrary, under mono-culture condition, i.e.

with simple RANKL supplements and in the absence of OB, the

TRAP5b activities of the ZnHA samples were similar to that of the

pristine HA. This suggests that the presence of OB has a profound ef-

fect on the OC response to ZnHA, and such effect cannot be repro-

duced with the simple RANKL supplements.

To further study the surprising modulating effect of ZnHA in the

presence of OB, we also monitored the expressions of IL-1, PTH

and TNF-a, the other important markers associated with the OC

formation and activation, in the presence and the absence of the

BMSC/OB. Figure 6a and d shows the IL-1 activity measured during

the cultivation time in co-culture and mono-culture RAW264.7/OC.

Under co-culture conditions, i.e. in the presence of the BMSC/OB,

the IL-1 expressions of the 1%-ZnHA and 2%-ZnHA were signifi-

cantly lower than that on the HA sample right after co-culture (14

days/1 day). Similar to the TRAP5b activity, such trend was reversed

and the IL-1 activities significantly increased in ZnHA coatings com-

pared with the HA coating at d21/d8. As for PTH (Fig. 6b and e)

and TNF-a (Fig. 6c and f) activities, while the ZnHA samples had

lower expression right after the initiation of the co-culture (14 days/

1 day), no reversing was observed afterwards for both activities at

d21/d8 and d28/15. Again, in the absence of the BMSC/OB, no sig-

nificant differences were observed for PTH and TNF-a activities

among the three HA samples.

The SEM images in Fig. 7 show the morphologies of the cells cul-

tured on different samples at d25/d12. OCs in round form were

Figure 4. (a) The ALP/COL I ratios of BMSC/OB measured under mono-culture (0–13 days) and co-culture (14–21 days) conditions. (a) OCN secretions of BMSC/OB under

mono-culture and co-culture conditions. (c) The measured Zn concentrations in cell suspension for 1%-ZnHA and 2%-ZnHA samples. (d) X-ray spectra of the ZnHA coat-

ings before (0 day) and after soaking in cell culture medium (7, 14, 28 days). The significant difference was calculated in comparison to the HA group samples
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overwhelmingly observed. The cells on the pristine HA sample dis-

played an aggregated structure (Fig. 7a). Similar distributions oc-

curred for the two ZnHA samples (Fig. 7b and c). Overall, the

RAW264.7/OC showed rounder features and better extension to the

material surfaces under the co-culture conditions for the two

ZnHAs (Fig. 7e and f) than those under the mono-culture conditions

(Fig. 7b and c).

Confocal laser scanning microscope (CLSM) images of the

RAW264.7/OC under mono-culture condition (d12) are shown in

Fig. 8. There was no clear indication of multi-nuclearity, but actin

rings were occasionally observed for all samples. The avb3 integrin, a

vitronectin receptor protein, was lowly expressed. Overall, no signifi-

cant differences were found in the phenotypic expressions of the

RAW264.7 cultured on three kinds of samples under mono-culture

condition. Figure 9 shows the CLSM images of the RAW264.7/OC

under co-culture condition (28 days/14 days). There was no clear indi-

cation of the presence of the multinucleated cells for the pristine HA

samples after 14 days co-culture (Fig. 9a). On the other hand, multi-

nucleated cells or nucleus integration have been occasionally observed

for the two ZnHA samples (Fig. 9b and c). The results suggest moder-

ate stimulating effect on OC formation as a result of Zn doping, de-

spite the relatively limited activity for OC formation overall.

Discussion

Various factors have been reported to affect the bone remodelling pro-

cess, which involves a critical balance of OB and OC functions. For

instance, Zn has a stimulating effect on bone formation through stim-

ulating cell proliferation, ALP activity, collagen synthesis [23] and

mineralization in vitro and in vivo. The effect of Zn on OC differentia-

tion and activity is somehow complicated, but an enhancing effect has

been often reported. On the other hand, the OB plays critical role on

modulating the OC differentiation through RANKL/RANK/OPG

pathway, by means of the binding of RANKL at OB membrane pre-

sentation to the membrane receptor RANK on mononuclear OC pre-

cursors. The aim of this study was to examine the effect of zinc on OB

and OC responses under mono-culture and co-culture conditions

(Fig. 1), and in particular the differentiation and activity of OC in the

presence and absence of the MSC transformed OBs.

To this end, Zn compositions for incorporation into the HA

coatings were selected as 1% and 2%, as both concentrations have

been falling in the appropriate composition range that have been

reported to have positive influence on cellular responses [25, 26].

The 1% and 2% Zn-HA were successfully prepared through a LPPS

process. The XRD spectra suggested that the zinc elements had been

successfully incorporated into the HA lattice, as indicated by the re-

spective shifting of the (2 2 1), (1 1 2) and (3 0 0) diffraction peaks.

Moreover, the two ZnHA coatings were quite stable during soaking

for 28 days, as little change has been found in terms of phase struc-

ture (XRD spectra, Fig. 4D) and topographical features (SEM, data

not shown here).

The results indicated that Zn exerted positive influence on the

proliferation and osteoblastic differentiation of the BMSCs. The

LDH activity has been used to partially indicate the cell proliferation

Figure 5. Expressions of RANKL (a) and TRAP5b (b) under co-culture condition, and TRAP5b (c) under mono-culture condition. The significant difference was cal-

culated in comparison to the HA group samples
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[18, 27]. During mono-culture, zinc substitution moderately stimu-

lated the MSC/OB proliferation and differentiation into the osteo-

blastic lineage, as indicated by the LDH activity and ALP/COL I

ratios. This was in agreement with the previous reports [9] despite

the enhancement effect observed in our study was slightly weaker

than others. Nevertheless, such stimulating effect disappeared under

the co-culture condition, i.e. after the addition of RAW264.7 into

BMSC/OB. We then used the MTT assay to clarify this issue. The

MTT results demonstrated a clear stimulating effect of Zn doping

on the BMSC/OB proliferation throughout the mono-culture and

early co-culture period. The Zn doping in HA was also found to

stimulate the BMSC differentiation, with strongly enhanced OCN

secretion and moderately increased ALP/COL I ratio.

Then we monitored the effect of Zn on the OC responses to the

HA coatings. A surprising modulation effect of Zn on RAW264.7

cells had been observed under co-culture condition. Right after the

addition of the RAW264.7 cells into the BMSC/OB and the switch-

ing of the culture medium, ZnHAs showed a moderately inhibitory

effect on the TRAP5b activity (Fig. 5b). This was not surprising as

Zn has been generally reported to inhibit OC differentiation [13].

However, a surprising reversing effect occurred and the Zn demon-

strated a strong stimulating effect on TRAP5b activity afterwards

(Fig. 5b). Such strong stimulating effect of Zn on OC differentiation

has not been reported previously, to the best of our knowledge.

Then we carried out the same experiments in the absence of the

BMSC transformed OB, through the addition of RANKL molecule,

as the RANKL on the OB membrane is supposed to play the most

critical role in modulating OC differentiation through the RANKL/

RANK/OPG pathway. However, a different behaviour had been ob-

served for the two ZnHAs, and no stimulating effect of Zn on OC

differentiation had been observed. The results strongly suggested

that the presence of the OB had a profound effect on modulating the

OC response to ZnHA, and both the OB and Zn demonstrated a

highly interacted role in modulating the OC functions.

The analyses on IL-1, PTH and TNF-a, other important marker

associated with the OC function, might help to shed insight on the

interacting role of OB and Zn on OC functions. The IL-1 marker

demonstrated a similar pattern as the TRAP5b activity, which was

not observed in the PTH and TNF-a analyses. This suggested that

IL-1 might have a direct involvement with such surprising modulat-

ing effect of Zn on OC function, in the presence of OB instead of a

simple RANKL supplementation. IL-1 plays a critical role in OC

functions, beside its role in the inflammatory reaction. IL-1 modu-

lates a downstream factor TRAF-6 which in turn modulates both

OC formation (though NF-jB and JNK pathways) and activation

(through Src pathway) [3]. Zn and BMSC/OB might have a synergis-

tic influence on the up-regulation of the IL-1 expressions. On the

other hand, Zn overall had no significant effect on the expressions

of TNF-a and PTH under either co-culture or mono-culture condi-

tion, despite Zn inhibited the PTH expression on the first day

(Fig. 6b) in co-culture. Beside its effect on cell apoptosis, TNF-a is

also involved in OC function through a down-streaming factor

Figure 6. Expressions of IL-1, PTH and TNF-a under co-culture (a–c) and mono-culture (d–f) conditions. The significant difference was calculated in comparison to

the HA group samples
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TRAF-2 which modulates the OC formation through NF-jB and

JNK pathways [3]. The PTH, a natural hormone with an important

regulation role on OC activity, was apparently not affected by the

variation of the culture condition. Nevertheless, the underlying

mechanism of the highly interacting role of Zn and OB needs to be

further studied.

Such surprising modulation effect of Zn on OC function was

also evident on SEM observations. The two ZnHA samples had bet-

ter OC formation and morphology under co-culture condition

(Fig. 7e and f) than under the mono-culture condition (Fig. 7b and

c), indicating a stimulating effect of Zn on OC function in the

presence of BMSC transformed OB. The CLSM study further con-

firmed the clear stimulating effect of Zn doping on OC formation

only under co-culture condition (Fig. 9b and c), although the nucleus

integration and multinucleated cells could only be occasionally seen

in the two ZnHA sample and the total activity for OC formation

was limited. Perez-Amodio et al. [28] found that OBs need to retract

firstly and then TRACPþ multinucleated cells can be formed within

cell-free areas. This might partially contribute to the overall limited

activity for OC formation observed for the two ZnHA samples, as

the OB lying under the RAW264.7 layer might inhibit the OC for-

mation due to the likely limited OB retraction. Nevertheless, the

Figure 7. SEM images of cells on d25/d12 of mono-culture (a–c), and images on d12 of co-culture (d–f) on HA, 1%- and 2%-ZnHA (bar¼50lm)
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results suggest that the zinc and the cellular environment likely play

highly interacted role in regulating OC differentiation and activity,

which might have important implication in understanding the bone

remodelling process and improving the treatment of diseases such as

osteoporosis.

Conclusion

In conclusion, we have demonstrated that the cellular environment

had a profound effect on the modulating role of Zn in OB and OC

differentiation. ZnHA initially showed an inhibitory effect on OC

differentiation, and then significantly promoted the OC differentia-

tion at later stages, but only in the presence of BMSC/OB. Such ef-

fect was not observed with simple RANKL supplementation in the

culture medium, in the absence of co-culture of BMSC/OB with the

RAW264.7 cells. The results suggest that the modulating effect of

zinc on OC functions is a complicated process and the presence of

the OB likely plays a highly interacted role with zinc in modulating

the OB and OC activities, thus affecting the bone remodelling

process.
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Figure 8. CLSM images of cells cultured for 12 days in mono-culture. The red represents the actin cytoskeleton; green indicates vitronectin receptor avb3 integrin

and blue represents the nucleolus. Cells on HA (a, b), 1%-ZnHA (c, d), 2%-ZnHA (e, f)
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