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Abstract

Introduction: The use of titanium plates in dental implants has revolutionized the oral health care in last few
decades. Extensive work has been done to justify the use of titanium as a metal of choice for dental surgical
interventions but the mechanism explaining its biocompatible properties has not been elucidated yet.

Material and methods: In this study we aimed at exploring the role titanium surface coating with calcium
phosphate and physical vapors depositing in the modulation of pro-inflammatory cytokines particularly
TNF-alpha (TNFa) and IL-1beta (IL-1f3) and chemokines MCP1/CCL2. Human macrophages cell line (THP-1)
was used to compare the effect of CaP and PVD coating onto the titanium plates.

Results: We characterized the surface topography of titanium plates with X-ray photoelectron spectroscopy.
Macrophage attachmentand proliferation was assessed usingan MTT assay. The expression of pro-inflammatory
cytokines TNF- a, IL 1- and Ccl-2 chemokines MCP-1 by adherent THP-1 cells was assessed by real time PCR
after 24h culture on either smooth non coated (NC), smooth coated with calcium phosphate (CaP), or smooth
with physical vapors deposited (PVD) titanium surfaces. The results showed significant down- regulation of
TNF-a and IL-B while up-regulation of chemokines MCP1/CCL2 in macrophages cultured onto the both CaP
coated and PVD coated surfaces. No significant difference was observed in the level of cellular attachment or
proliferation of THP-1 cells to the different titanium surfaces. We hypothesize that the down-regulation of
pro-inflammatory cytokine genes expression possibly modulate the inflammatory response and may facilitate
the enhanced bone wound healing after titanium implantation.
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INTRODUCTION

Bone-anchored titanium implants have been extensively used in medical surgical procedures such as internal
orthopaedic fixation, body devices, and dental implants. Now days, titanium is considered as a metal of choice
for such surgical interventions. This is due to the fact that titanium has been proved as the most biocompatible
metal; as it could endure the attack of the body fluids, resides inert inside the body, well-suited to bone growth,
flexible, and strong. Titanium performs all these functions due to protective oxide film formation that is
produced naturally in the presence of oxygen oxide.

The incorporation of titanium implant in the human body provokes a cascade of healing processes and host
responses collectively known as inflammation {Anderon |M, et al, 1993}. Briefly, implant placement is followed
by: clot formation, adsorption of serum components, the migration and attachment of undifferentiated
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mesenchymal cells onto the implant surface, their proliferation and differentiation {park et al, 2001}. However,
the healing process around implants is mainly determined by macrophages as their actions take place before
the undifferentiated mesenchymal cells reach to the wound site. In fact, macrophages may control the response
of the mesenchymal cells {Willert HG et al, 1977, Howje DW et al, 1990, Neale SD et al, 2000}.

Macrophages are produced by the differentiation of monocytes in tissues and are dominant phagocytes at
sites of wound healing and inflammation. In fact they are the first cells to reach the site of implant/wound
{Hamlet S et al, 2012}. They engulf and then digest (phagocytosis) foreign substances, cellular debris
infectious microbes, and cancer cells and pathogens. In addition to the phagocytosis, macrophages play a vital
role in both non-specifics (innate) as well as in specific defense mechanisms (adaptive). They have also been
reported to stimulate immune cells including lymphocytes and to respond to pathogens {Davies JE et al, 2003}.
Macrophages interaction with implants leads to the secretion of pro-inflammatory cytokines and chemokines
{Teedgiu etal 2006}. Indeed, pro-inflammatory cytokines and chemokines are mainly secreted by macrophages
already present at the wound site attract the monocyte to the wound site. In addition, macrophages have been
reported to modulate the early phase of the inflammatory process through the release of a wide array of
cytokines and chemokines that influence the behavior of other cellular events.

Although plenty of cytokines and chemokines are implicated in reparative stages of early wound healing after
insertion of the implant, proinflammatory cytokines including interleukin IL-1alpha, tumor necrosis factor-alpha
(TNFa), and chemokines such as monocyte chemo attractant protein (MCP-1) (also called CCL2) are widely
expressed at the early stages of implantation. These two cytokines are known to induce an inflammatory
response during the early stage of the healing process. Their secretion direct host responses for instance cellular
recruitment and bone formation. These have also been shown to play a vital role in the bone wound healing by
influencing mesenchymal stem cell recruitment and differentiation , over and above osteoclast migration and
differentiation { Kindle L et al, 2006, Nakahama K et al, 2010}. Similarly, chemokine included in the study, CcL2/
MCP-1 has a key role in immunoregulatory and inflammatory processes as well as in tissue repair.

In fact, in titanium implants, the roughness in micrometer plays an important role in modulating the cellular
response {Albekston T et al, 2004}. However, it not yet clear that which coating favor most the wound healing
and osteointegration as there is little information about the effect of titanium modification on macrophage
function in a non-phagocytosable model

OBJECTIVES

The aim of the present study was to compare the effects of titanium surface coating including calcium phosphate
(CaP) and physically vapors deposited (PVD) coating on the macrophages attachment, proliferation, and
cytokines and chemokines secretions in particular pro-inflammatory chemokine monocyte chemo attractant
protein-1 (MCP-1) and cytokines including tumour necrosis factor-a (TNF-a) and interleukin IL-1f3 secretion
by macrophages.

MATERIALS AND METHODS
Titanium Implants

We used commercially available pure titanium discs (Ti-CP-GRD4) with 1 mm thickness ad 15 mm diameter.
For calcium coating surfaces, nanoscale calcium phosphate (CaP)-modified (Nano Tite_, Biomet 3i, Palm Beach
Gardens, FL) were used in the study. Physical vapors were deposited on the same commercially available pure
titanium discs. These three titanium plates were named as non coated (NC), titanium plate coated with calcium
phosphate (CaP), and physically vapors deposited (PVD). Before starting the experimental manipulation, we
examined the topography and composition of each surface with X-ray photoelectron spectroscopy (XPS; FEI
Quanta 200 Environmental SEM).
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Cell Culture

A total number of 5*¥10*/per well of human macrophages cells (THP-1) were cultured onto the three described
titanium discs in 24-well tissue culture plates (Falcon, Lincoln Park, NJ) in triplicate for 72h in RPMI 1640
medium (Gibco, Grand Island, NY) supplemented with 1% penicillin/streptomycin (Cambrex BioScience,
Walkersville, MD) and 10% heat-inactivated calf serum (Serum supreme). The cells were incubated at 37 C° in
a humid environment with 5% COZ2 atmosphere.

Cellular Proliferation and Attachment

We measured the effect of surface topography on cellular proliferation and attachment after 72 h of incubation.
Briefly, 5*10* human macrophages THP-1 cells were cultured onto the three described titanium discs in 24-well
tissue culture plates in triplicate. At the end of 72h, the effect of surface coating on cellular proliferation and
attachment was determined using an MTT-based kit (Sigma, Saint Louis, MO), by following the manufacturer
instructions.

RNA Extraction and Cytokine Measurement

Total RNA was extracted (Ambion RNaqueous-4pcr) at the end of experimental period and synthesized
complementary DNA (cDNA) according to the manufacturer’s instructions (Fermentas, USA). We performed
quantitative analysis of mRNA expression of mentioned inflammatory cytokines and chemokines with the Real-
Time PCR using TM SYBR Green PCR master mix (SA Biosciences, Frederick, MD, USA). The mRNA values were
normalized to GAPDH values and expressed in term of Fold-changes. The primers used for the gene expression
of the TNFq, IL-13, CCL2/MCP-1, and GAPDH are mentioned in the Table 1.

Tablel. Real time primer sequences used for cytokines and chemokines

Primer Forward Reverse

TNFa 5-GGAGAAGGGTGACCGAC-3’ 5’-CTGCCC CTCGGCAA-3’

IL-18 5’-AATCTGTACCTGTCCTGCG-3’ 5'GGGTAATTTTTGGGATCTAC-3’
MCP-1 5’-ACTCTCGCCTCCAGCATGAA-3’ 5'TTGATTGCATCTGGCTGAGC-3’
GAPDH 5’-TGCACCACCAACTGCTT-3’ 5’- GGCATGGACTGTGGTCAT-3’

Enzyme linked Immunosorbent Assay (ELISA)

The THP-1 cells (0.5 x 10°cells/well of 24-well plates) were seeded in EPILIFE growth medium (R&D), containing
three mentioned titanium plates for 24, 48, and 72h at 37°C. Medium alone was used as a negative control. After
each time point, supernatant was harvested and IL-alpha levels were measured using the Quantikine (R&D
Systems, Minneapolis, MN) and DuoSet ELISA kits (R&D Systems), following the manufacturer’s protocols.

Statistical Analysis

We performed the X-ray compositional analysis (XPS) of the titanium discs at three different occasions. We
performed three replicate experiments for the cell proliferation and attachment studies which yielded
comparable results. Significance was assessed by analysis of variance. All p-value less than 0.05 were considered
as statistical significance. For the gene expression of cytokines and chemokines, three experiments were
performed in triplicate and student’s t test was applied to check the statistical significance of the obtained
data. p values < 0.05 and > than 0.01 were considered significant and indicated with *, p values < 0.01 were
considered highly significant and indicated with asterics (**). Error bars in the graphs represent the standard
deviation (SD).

RESULTS
Titanium Surface Analysis

First, we performed the surface elementary analysis of all titanium discs. XPS analysis showed that all titanium
plates contain the similar level of carbon contamination (mean of 16.92%). The nanoscale medication with
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calcium and PVD coating reduced the titanium concentration (31.7%) compared to the smooth non coated
titanium plates. However the nanoscale modification leads to the high calcium and phosphorus contents as
shown in Table 2. Shortly, Oxygen contents were higher for calcium coated plates while increase in the nitrogen
contents was observed for PVD coating.

Table2. Composition (elementary) of titanium disc surfaces

Surface Oxygen Carbon Nitrogen Titanium Calcium | Phosphorus
NCPO 43.32 21.50 7 1.09 31.91 0.20 -

Cap 52.82 18.05 - 12.95 11.42 491

PVD 49.53 19.44 41.34 19.45 - -

Atomic analysis (mean% + SEM) of elements detected by XPS survey for each of the titanium plates. NC;
non-coated, CaP: calcium coated pure titanium, PVD: physically vapor deposited.

THP-1 Cells Attachment and Cell Proliferation

We speculated, the changes in cytokine and chemokines secretions could be the results of cells attachment and
proliferation ability. Thus, we aimed to measure the proliferation and attachment rate of THP-1 cell onto the
surface of coated and non-coated titanium plates. By using MTT assay, we compared THP-1 cells proliferation
after 24 and 72h incubation on each of the titanium surfaces. Interestingly, a significant increase in the
proliferation of THP-1 cells was observed when cultured on all three titanium surfaces for 72 h not for 24h.
However, no significant difference in term of proliferation was observed among different titanium surfaces,
though proliferation was higher for cell cultured n the CaP coated titanium plates (Figure 1). On the same time,
we also examined the attachment of THP-1 on three different surfaces at 1, 2 and 3h time points. Similar to
proliferation pattern, no difference was observed among three surfaces but slight increase in attachment was
observed after 3 hours (Figure 2). In conclusion, the results demonstrated that changes of topography in the
titanium do not alter the proliferation and attachment ablilities of the macrophages.
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Figurel. THP-1 cells Proliferation after 24 and 72 h culture on three different titanium surfaces. Proliferation
augmented significantly (p = 0.005) after 72 h on all titanium surfaces. Proliferation rate does not vary
significantly at either time point among the titanium surface topographies. Surfaces: NC; non-coated, CaP:
calcium coated pure titanium, PVD: physically vapor deposited.
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Figure2. Attachment of THP-1 cells after 1, 2 and 3h culture on three different titanium plates. No significant
difference was observed at any time point among three titanium surface topographies. However, a non
significant small increase in attachment with increasing culture time was observed. Surfaces: NC; non-coated,
CaP: calcium coated pure titanium, PVD: physically vapor deposited.

Cytokines and Chemokines Secretions

Previous studies have described that surface topography of the titanium implants influence the inflammatory
response to the titanium implants {Ding T etal, 2009}. Therefore, we sought to measure the secretion of cytokines
by THP-1 cells cultured on three different titanium implants for 72 hours. We choose 72h, as no difference wad
at earlier time points in term of proliferation and attachment. The real time PCR results shown that TNFa and
IL-18 levels were strongly down regulated in macrophages grown on the CaP and PVD surfaces (Figure 3A and
3B). However the degree of down regulation was more pronounced in CaP treated titanium implants than the
PVD coated titanium plates. Moreover, the reduction in the fold changes for the expression level of IL-13 was
higher than the TNFa levels. On the other hand, the secretion level of MCP-1/CCL2 was statically higher in the
CaP and PVD coated titanium implants in comparison to the non coated ones (Figure 3C). In order to strengthen
our result for changes in the cytokines levels, we performed ELISA for the IL-1f secreted levels after 24, 48,
72h in macrophages grown in the three different cultured systems. Interestingly, data obtained from ELISA
confirmed real time PCR results showing that the levels of IL-18 go down immediately after implants have
placed in the vivo system (Figure 4). Altogether, these results demonstrate that the macrophage cytokines and
cheokines gene expression is directing the inflammatory process towards a less pro-inflammatory macrophage

phenotype, in response to the CaP and PVD coated titanium surface.
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Figure3. mRNA levels of secreted cytokines and chemokines from THP-1 cells on three different titanium surfaces
after 72h. (A, B, C) Figures shows the down-regulation of TNFa and IL-1[ while up-regulation of MCP-1 in
macrophages cultured on the CaP and PVD coated surface. Surfaces: NC; non-coated, CaP: calcium coated pure
titanium, PVD: physically vapor deposited.
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Figure4. Measurement of IL-1[3 secreted levels in macrophages cultured on three different titanium plates for 24,
48, and 72 hours. Surfaces: NC; non-coated, CaP: calcium coated pure titanium, PVD: physically vapor deposited.
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DISCUSSION

Titanium plates are regularly used for the surgical interventions particularly in dental implants. In the beginning,
only smooth titanium implants have been used while latter on, surface topography have been modified in
various ways. Interestingly, such topographical modifications have improved the implant success rate as well
as hastened the wound healing process. It has already been well established that cells preferably grow well on
the rough surfaces in comparison to the smooth surfaces {Wojciak-Stothard B et al, 1995}. However, differences
have also been observed among different smooth surfaces, coated and non coated and even in between coated
surfaces. For instance, in one study, calcium phosphate has been shown to reach superior bone wound healing
and osseointegration compared with smooth titanium surface {Albekston T et al, 2004}. The present study
was aimed to compare the effects of titanium surface coating such as calcium phosphate (CaP) and physically
vapors deposited (PVD) coating on the macrophages attachment, proliferation, and cytokines and chemokines
secretions in particular pro-inflammatory chemokine monocyte chemo attractant protein-1 (MCP-1) and
cytokines including tumor necrosis factor-a (TNF-a) and interleukin IL-1f3 secretion by macrophages.

Theresultsofthe presentstudy demonstrate thatthe surface coating ofthe non-phgocytosable titaniumimplantes
can modify the secretion of TNF a, IL-1f3 and MCP-1 from the macrophages. However, no significant difference
was observed in these macrophages in term of proliferation and attachment. It is highly promising that these
effects on macrophages form part of the basis for the successful and rapid development of osseointegration in
implants with coated surfaces with no demonstrable effect on macrophage attachment or proliferation.

Activation of the macrophages by nanomodified Cap and PVD coated surfaces resulted in the statistically
significant down-regulation of pro-inflammatory cytokines TNF a and IL-1f and statistically significantincrease
in the chemokine MCP-1. Subsequently, the down-regulation of the IL-1 was further confirmed by using ELISA
measuring the secreted IL-1 (3 at different time points. The dwon-regulation of proinflamatory cytokines and
up-regulation of MCP-1 are due to surface coating of titanium plates with calcium and vaporaisation. However,
on the same time the possible contribution of the chemical composition of the titanium implants can be
entirely ruled out. Interestingly, similar results have been described in Sethi RK et al, 2003 study, where
materials-dependent modification in the mRNA expression of the pro-inflammatory cytokines TNF-alpha and
IL-1beta has been shown in two cell lines; RAW 264.7 cell line and human peripheral blood monocyte cultures
{Sethi RK et al, 2003}.

The down-regulation of these two key inflammatory cytokines might have highly significance in wound healing
and other inflammatory processes. TNFa plays an essential role in regulating the bone formation and repair
{Gerstenfeld LC et al, 2001}. It has described that TNFa negatively regulates the bone formation in the rat
growth plate and its reticence decreases mesenchymal and osteoprogenitor cell infiltration but increases bone
formation {Zhou FH et al, 2006}. Although, less number of mesenchymal cells reach to site of impanation but
the ones recruited they are more like osteoblast in morphology and in a more differentiated stage.

It has also been described in the literature that the inflammatory cytokines TNF- alpha and IL-1 3 regulate the

expression of certain chemokines such as CCL2, CCL5 and CCL8 {Ding T et al, 2009 and Yaszay B et al 2001}.
Moreover, they mediate the regulation of cell differentiation, proliferation and tissue homeostasis {Le Yet al
2004}. We wonder that the up-regulation of MCP-1couldalso be linked with the down-regulation of IL-1 § and
TNF-alpha. Thus further studies are required to rule out this possibility.

Our study showing up-regulation of MCP-1 in CaP coated surface as well as in PVD confirms the idea that wound
healing occur more rapidly in the coated surfaces than the non-coated ones. In fact, it has already been described
that the induction of MCP-1 expression in RAW 264.7 cells play a vital role in bone resorption by stimulating
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chemotactic recruitment and RANKL-mediated differentiation of pre-osteoclasts and increasing the migration
of mature osteoclasts to new sites of bone resorption{Yu X et al, 2004}.

Taken together, these results indicate that the macrophage cytokine gene expression profile is directing the
inflammatory process towards a less pro-inflammatory macrophage phenotype, in response to the titanium
surface coating. This tendency towards an attenuated pro-inflammatory macrophage phenotype by the titanium
surface coating is likely to influence downstream healing events via the macrophage releasate and increase the
healing process.
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