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Background: The importance of an efficient seal created by soft (connective) tissues around newly inserted dental 

implants has become increasingly clear. This study was aimed to compare the compatibility of fibroblasts – the 

main cell type in connective tissues – with three dental materials commonly employed for the manufacture of 

implant abutments, i.e. zirconia (ZrO 2 ), titanium oxide (TiO 2 ) and polyether-ether-ketone (PEEK), as well as the 

effects of UVC photofunctionalization of the materials prior to the contact with cells. 

Materials and methods: Human fibroblasts (MRC-5 cell line) were allowed to attach and grow up to 72 h on disks 

of each material, in absence or after UVC photofunctionalization. Cell viability as well as the expression of five 

genes related to extracellular matrix (ECM) homeostasis (fibronectin, collagen 1A1, vinculin, metalloproteases 2 

and 9) were assessed at various times after cell seeding. 

Results: The viability of fibroblasts was higher when cultured on zirconia disks, in the order ZrO 2 > TiO 2 > 

PEEK. The lower viability observed with untreated PEEK could be however recovered after UVC photofunctional- 

ization. Early upregulation was observed of genes involved in cell adhesion and migration (FN1, VCL) as well as 

in ECM remodeling (MMP9). UVC photofunctionalization significantly enhanced these effects with all three ma- 

terials tested. At variance, the expression of Col1A1 gene – coding for collagen type I-alpha 1 – was precociously 

downregulated, but UVC photofunctionalization could largely reverse this phenomenon. 

Conclusions: Our observations suggest that fibroblasts cultured on UVC treated surfaces present an in- 

creased/accelerated activation of factors involved in the formation of new connective tissue. UVC photofunction- 

alization of dental implant abutments could thus enhance/accelerate the formation of soft tissue seals capable of 

preventing bacterial invasion. 
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Dental implantology has proven to be a unique tool in rehabilitation

f partially or completely edentulous patients. In order to achieve a long-

erm success, it is imperative to obtain both a valid osseointegration and

 soft tissue seal around the implant neck. Osseointegration – that is, the

irect bonding of the implant fixture with the bone – has been investi-

ated and improved during the last decades, with impressive results as

ar as bone-to-implant-contact (BIC, the percentage of the implant sur-

ace in contact with bone on a microscopic level) and shortening of the

ealing time. Nevertheless, complications and failures still occur. A ma-

or reason for implant loss is peri-implantitis, an inflammatory process
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ffecting the periodontium similar to periodontal disease. Its etiology is

ultifactorial, mechanical stress seems to play a key role in the process

long with anaerobic poly-microbial plaque accumulation. 

The structure of the seal that the soft tissues create around the pros-

hetic abutment, consisting of epithelium and connective tissue, has

een histologically evaluated in vivo and is defined as ‘biological width’

1] . The quality of this seal has an impact on the bacterial penetration

nd therefore can prevent bone loss and provide better gingival con-

itions [2] . The oral epithelium has been described as having a lower

apacity of sealing tightly around the implant than it does around a nat-

ral tooth [2] . On the other hand, a major contribution is given by the

xtracellular matrix (ECM), which is a complex and dynamic network

f macromolecules being in contact with virtually all cell types, and
ebruary 2021 
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herefore playing a key role in cell regulation and coordination of dis-

inct cell populations during such a complex processes as wound heal-

ng. Physical properties of biomaterials – such as topography, porosity,

igidity, and wettability – can influence different anchorage-related bi-

logical functions, such as stem cell commitment, cell proliferation, and

ell migration. ECM displays both direct and indirect signaling proper-

ies, influencing cell behavior in general. During the osseointegration

rocess, i.e . the bone remodeling and regeneration occurring around a

ewly placed implant, mechano-transduction related to the ECM physi-

al properties is essential, since it helps cells to sense the external forces

eing applied and respond to the environment in an appropriate man-

er [3] . A critical factor is represented by the establishment of efficient

nteractions between the surface of the implants and ECM and/or blood

lotting proteins coming in contact with them. In particular, it has been

hown that thrombin may become conformational altered in the post-

lotting wound environment, thus exposing the RGD sequence ( i.e., the

ripeptide Arg-Gly-Asp) capable of interacting with cell surface inte-

rins, and resulting in increased ability of cells to bind to the photofunc-

ionalized surface [4] . An improved adhesion through the cell surface

ntegrins will obviously activate the complex network of intracellular

ignals depending on integrin activation, which can likely lead to the

bserved changes in gene expression. 

Prompt cell adhesion and the speed of the healing process are imper-

tive in order to prevent/reduce bacterial colonization, and therefore a

ot of research has focused on surface modifications capable to improve

he early biological response and induce a stronger attachment of cells

o the implant-abutment surface. Procedures for surface modification –

uch as sand-blasting and acid etching – have been reported to increase

urface roughness and free energy, creating a favorable environment for

he cells. 

Recently, besides TiO 2 different materials have been introduced for

rosthetic abutments, namely zirconium oxide (ZrO 2 , also termed zirco-

ia) and poly-ether-ether-ketone (PEEK). The first reason is that in the

esthetic zone, especially in patients with a thin periodontal biotype,

he metallic-grayish color typical of TiO 2 could be poorly accepted. Ev-

dence has also accumulated that integration with the soft tissues might

e favored by these new materials. Abutments made of TiO 2 and ZrO 2 

ere shown to allow the formation of higher-quality mucosal barriers

hen compared to abutments made of gold alloy and metal ceramic,

hich can instead favor gingival recession and bone recession [5] . PEEK

as been suggested to be comparable to TiO 2 and ZrO 2 in terms of

one resorption, soft tissue inflammation and oral microflora attach-

ent [ 6 , 7 ]. Favorable biological properties have been reported for zir-

onium oxide, including lack of toxicity [ 8 , 9 ] and mutagenicity [ 10 , 11 ]

s well as lower inflammatory response as compared to titanium oxide

 12 , 13 ]. Moreover, bacterial colonization was proven to be lower than

n the case of titanium surfaces [14] . PEEK is typically used in orthope-

ics because it has a Young’s elastic module close to that of human bone.

y virtue of this feature, when used as an abutment PEEK reduces the

tress shielding effects and encourages bone remodeling. PEEK has been

idely used as implant healing abutment, and it has been suggested

hat there is no significant difference as far as bone resorption and soft

issue inflammation around PEEK as compared to titanium abutments

15] . Bacterial attachment to PEEK surfaces is comparable to titanium

xide and zirconia [16] . Altogether, PEEK seems a valid alternative to

ther established materials. 

In our recent studies we have provided evidence that titanium ox-

de and zirconia used for manufacturing dental implants and abut-

ents are modified over time, undergoing chemico-physical modifica-

ions mainly consisting in an increase of carbon detectable onto their

urfaces [ 17 , 18 ]. After manufacturing, the latter constantly attract or-

anic impurities such as polycarbonyls and hydrocarbons from atmo-

phere, water and cleaning solutions used during the final decontam-

nation of the implants before packaging [ 19–22 ]. The contamination

ith hydrocarbons of TiO 2 surfaces is reported to be a physiological

henomenon, described as ‘biological aging’ [ 18 , 20 , 23–26 ]. The amount
2 
f carbon detected onto the surfaces can reach approximately60–75%

t 4 weeks after production [27] , and determines the so-called wetta-

ility of the surfaces, which go from hydrophilic – when the fixture is

roduced – to hydrophobic – approx. 4 weeks after production. This

henomenon creates a coat on the surface and leads to an insufficient

ttraction and adhesion of stem/progenitor cells, resulting in an incom-

lete osseointegration of the implants and likely a weaker seal around

he implant fixture. 

As an attempt to reduce the effects of biological aging of fixture sur-

aces, a newly introduced procedure termed UVC photofunctionalization

UVC-P) has attracted considerable attention and interest, insofar as it

an modify implant surfaces and improve their biological performance

y reducing the amount of chemical contamination. In vitro studies were

erformed to analyze the behavior of TiO 2 and ZrO 2 after UVC-P, mainly

ocusing on the behavior of animal and human osteoblasts [ 28–31 ]. The

esults showed that 3 h and 24 h after UVC-P, cell detachment was

reatly decreased. The conclusion was drawn that UVC-P accelerates

ell adhesion and can increase the strength of adhesion [32] . Specific

uorescent staining of actin filaments revealed that cells cultured on

VC-treated surfaces were larger, with well-developed, filopodia-like

ell processes – while cells remained small and round shaped on un-

reated surfaces. Moreover, there was a greater expression of vinculin,

 membrane-cytoskeletal protein involved in focal adhesion, suggesting

hat the cells could settle faster and with higher strength on the UVC-

reated surfaces [ 32 , 33 ]. 

Other studies have shown that UVC irradiation of TiO 2 , ZrO 2 and

EEK positively affect their chemical surface composition, reducing the

mount of carbon contamination and increasing the biological markers

f successful integration of these materials with soft tissues. Biological

ompatibility of a biomaterial is often directly related to its hydrophilic-

ty( i.e ., ‘wettability ’), and our previous work has documented that TiO 2 

nd ZrO 2 pre-conditioning by UVC-P can drastically enhance this pa-

ameter, reducing the water contact angle (CA) from 86° to 6° [17] . On

he other hand, contamination by foreing compounds was remarkably

ecreased: after UVC irradiation the atomic concentration of contam-

nating carbon decreased from 19.3% to 11.9%, while concentrations

f oxygen, zirconium and yttrium were slightly increased [17] . Treat-

ent with UVC-P was indeed shown to be preferable to UVB-P for ZrO 2 

re-conditioning [34] . As far as PEEK, it has been shown that UVC-P

an improve its wettability as well – although to a lesser extent, from

 CA of 90° to 79° [35] . In a companion study to the present one, we

ecently analyzed by X-ray photoelectron spectroscopy the details and

ime-course of surfaces contamination by carbon compounds, and mon-

tored the chemical stability of surfaces when left at atmospheric con-

itions after UVC-P. Six weeks after irradiation, carbon contamination

n TiO 2 surfaces returned to the level before UVC-P, while for ZrO 2 and

EEK it was 75% and 60% of its initial value, respectively [18] . The vari-

ble but anyway high efficiency of UVC irradiation in removing carbon

ontaminations from all three most used abutments materials – TiO 2 ,

rO 2 and PEEK – was thus onfirmed [18] . 

Against this background, the present study was aimed to investigate

he effects of UVC photofunctionalization on the behavior of fibroblasts,

.e . the cell type playing a key role in promoting integration of the im-

lant by driving the formation of an efficient soft tissue peri-implant

eal. In particular, we evaluated the attachment/proliferation of fibrob-

asts to TiO 2 , ZrO 2 and PEEK surfaces, and the analysis was focused on

hanges in patterns of gene expression in cells put in contact with the

aterials before and after UVC photofunctionalization. 

aterials and methods 

aterials samples 

Commercially pure titanium oxide samples, disks (10 ×2 mm) were

indly provided by Osteoplant TM . The surface was treated with a blast-

ng procedure with aluminum oxide particles (350–500 lm) followed by
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Table 1 

DNA sequences of forward (F) and reverse primers used for RT-PCR. 

Gene Gene symbol Primer sequences (5’-3’) Annealing temperature (°C) 

Vinculin VCL F: CTGAACCAGGCCAAAGGTT 62 

GATCTGTCTGATGGCCTGCT 

Fibronectin 1 FN1 F: GAACTATGATGCCGACCAG 62 

GGTTGTGCAGATTTCCTCGT 

Collagen, type 1, alpha 1 Col1A1 F: CGAGAGAGGTGAACAAGGC 55 

CCAGCATCACCCTTAGCACC 

Matrix metallopeptidase 2 MMP2 F: GATGAGCTATGGACCTTGG 55 

ACAGAAGCCGTACTTGCCA 

Matrix metallopeptidase 9 MMP9 F: GCACGACGTCTTCCAGTACC 55 

CAGGATGTCATAGGTCACG 

𝛽-Actin ACTB F: ACTCTTCCAGCCTTCCTTCC 55 

GAGCCGCCGATCCACACG 
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Fig. 1. Viability of cells cultured on different untreated or UVC-P treated sup- 

ports. Fibroblasts were seeded and cultured for 48 h. Adherent cells were eval- 

uated by the resazurin method. Polystyrene: cells cultured for control on plain 

plastic surfaces of standard multi-well culture plates. Data are means ± SD of 

three different experiments and were analyzed by ANOVA with the Newman–

Keuls Multiple Comparison Test. ( ∗ ) p < 0.05 as compared to PEEK and ZrO 2 ; 

(#) p < 0.05 as compared to PEEK; (§) p < 0.05 as compared to PEEK. 
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cid-etching with hydrofluoric acid at room temperature. Then all disks

ere rinsed with distilled water and cleaned in an ultra-sound machine.

Yttrium tetragonally stabilized zirconium oxide disks (10 mm in di-

meter, 2 mm in thickness) were prepared from commercially avail-

ble zirconia blocks (Lava TM Plus, 3M 

TM Polska). Disk surfaces were pol-

shed with a wet abrasive powder grade 240 (63–50 μm) and then sin-

erized in a dedicated dental ceramic furnace (LavaTM Furnace 3M 

TM 

SPE TM ).The process described is in line with the protocol used during

he fabrication of zirconia dental abutments. The TiO 2 , ZrO 2 and PEEK

isks were divided into UVC-treated and untreated. The UVC-treated

roup underwent a 12 min UVC-P treatment in an Ushio TheraBeam 

R ○

uperOsseo apparatus, according to the instructions of the manufac-

urer. 

PEEK samples disks (10 mm in diameter and 2 mm in thickness) were

ut from breCAM BioHPP R ○ (Bredent). 

All disks were individually packed and sterilized by gamma-

rradiation (STERRAD R ○, 100NX 

TM System, Johnson &Johnson Medical,

orderstedt, Germany) at low-temperature (55 °C) for47 min. 

ell cultures 

The human fibroblast cell line MRC-5 was obtained from the Interlab

ell Line Collection (ICLCHL95001; Genova, Italy). Cells were routinely

rown in minimum essential medium (MEM) supplemented with 2 mM

-glutamine, 1% (v/v), non-essential amino acids and 10% (v/v) foetal

ovine serum. All reagents were from Sigma Chemical Co. (St. Louis,

O, USA). 

Cell viability was assessed by the resazurin method following the

anufacturer’s instructions (Sigma-Aldrich). Briefly, cells were plated

t a density of 25,000 cells/cm2 in 24-well plates containing the dif-

erent types of disks. After 48 h, all disks were transferred into new

ells in order to remove unbound cells. The resazurin dye solution was

hen added to each well and contact was allowed for 2 h. Aliquots of

he culture media were then transferred into a 96-wells plate and ana-

yzed fluorometrically (Victor3 1420 multilabel counter, Perkin-Elmer,

altham, MA). Samples from cell-free disks were used as a background.

NA extraction and real-time RT-PCR analysis 

For Real-Time PCR experiments, fibroblasts were seeded at the den-

ity of 20,000/cm2 in 12-well plates. Following 6, 24 and 72 h of cul-

ure, the cells were trypsinized and total RNA was extracted using the

neasy R ○ Mini Kit (Qiagen, Hilden, Germany) according to the manufac-

urer’s directions. Total RNA quantification and RNA/DNA ratio were

etermined using a Nanodrop R ○ Lite spectrophotometer (ThermoFisher

cientific, Nanodrop Technologies, Wilmington, DE, USA). cDNA syn-

hesis was carried out with 300 ng of RNA using iScript cDNA synthesis

it (BioRad, Hercules, CA, United States). The reactions consisted of

 𝜇L cDNA, 1.5 𝜇L of both 10 𝜇M forward and reverse primers, 19 𝜇L of

2O and 25 𝜇L Fluocycle R ○II SYBR 

R ○ (Euroclone, Milan, Italy). Primer se-
3 
uences are reported in Table 1 . The primers used were designed to span

ntron/exon boundaries; 𝛽-actin was used as housekeeping gene. The

pecificity of each RT-PCR was determined by both analysis of the melt-

ng curve and gel electrophoresis. All samples were normalized against

-actin mRNA levels, and the relative expression was calculated by using

 Ct value [ 36 , 37 ]. 

tatistical analysis 

Cell viability data were analyzed by ANOVA with the Newman–Keuls

ultiple Comparison Test. Gene expression data analysis was performed

sing the Student’s t test and one-way analysis of variance (ANOVA)

ith Bonferroni’s corrected t tests for post- hoc pairwise comparisons. P

alues < 0.05 were considered statistically significant. 

esults 

In a first set of experiments, the viability of MRC-5 cells was evalu-

ted after 48 h of culture on the different materials. As shown in Fig. 1 ,

he number of viable, metabolically active cells adhering to the three

aterials was significantly lower when compared to cells adhering to

lain polystyrene surfaces of standard multi-well cell culture plates. This

s not surprising, as the polystyrene surfaces of cell culture plates are

outinely treated – mostly by plasma oxidation – in order to produce
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Fig. 2. Adherent, viable fibroblasts as appearing during culture on UVC-P 

treated PEEK (48 h). Confocal fluorescence microscopy of cells incubated 

with non-fluorescent calcein-AM – which is converted in live cells to green- 

fluorescent calcein – and propidium iodide, which would elicit red fluorescence 

in nuclei of dead, permeabilized cells (no such reaction is apparent). 
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ositive charges and increase thus the wettability of the surface. The

ore hydrophilic surfaces obtained with these procedures have the spe-

ific purpose of create “optimal ” conditions for the culture of anchorage-

ependent cell types [ 38 , 39 ]. 

As far as the materials under examination, in all instances cell via-

ility was higher for ZrO 2 , in the sequence ZrO 2 > TiO 2 > PEEK. Ad-

erent fibroblasts always presented with a spindle-like aspect, typical

f metabolically active cells ( Fig. 2 ). Viability at 48 h of fibroblasts cul-

ured on PEEK was nearly half of that observed with ZrO 2 , but UVC-P

reatment induced a significant recovery in the number of viable fibrob-

asts on this material. An increase in cell viability was also observed

ith UVC-P treated TiO 2 disks, while on the contrary some decrease

as observed with UVC-P ZrO 2 . 

We then investigated the effect of the different supports on the ac-

ivation of adherent fibroblasts at different culture times, as judged by

he transcription levels of extracellular matrix (ECM)-related genes (fi-

ronectin 1, FN1, and collagen type I-alpha 1, Col1A1), of the cell adhe-

ion marker, vinculin (VCL) as well as of two enzymes involved in ECM

emodeling(MMP2 and MMP9). 

Untreated surfaces of all three materials induced an increase in tran-

cription of FN1, although with significant differences ( Fig. 3 -A). The

ffect was maximal with TiO 2 , peaking at 24 h, followed by ZrO 2 .

VC-P further stimulated FN1 expression at 24 h with ZrO 2 (treated:

 158% vs untreated: + 116%), while a decrease was unexpectedly ob-

erved with UVC-P TiO 2 (treated: + 66% vs untreated: + 124%). With

ntreated PEEK, FN1 expression peaked at 6 h and returned to basal

alues at 24 h. UVC-P had just a minor effect at 6 h (treated: + 61%

s untreated: + 54%), but could sustain the increased FN1 expression

ntil 24 h (treated: + 50% vs untreated: = ). With all three materials,

xpression levels of FN1 returned to basal valued by 72 h of culture. 

A different behavior was observed in the case of Col1A1 expression.

 marked decrease in Col1A1 expression was in fact observed at 6 h with

rO 2 and PEEK (–80% for both; Fig. 3 -B). At 24 h such decrease was still

ignificant in the case of untreated TiO 2 (–76%), whilst a rebound ef-

ect was detectable for both untreated ZrO and untreated PEEK. UVC-P
2 

4 
reatment did not modify the decrease in expression at 6 h for ZrO 2 

nd PEEK. On the other hand, at 24 h UVC-P further increased the

ebound in the case of ZrO 2 (treated: + 122% vs untreated: + 33%),

hilst some attenuation was observed with PEEK (treated: + 61% vs

ntreated: + 76%). At 24 h UVC-P also markedly attenuated the Col1A1

ownregulation observed with TiO 2 (treated: – 24% vs untreated: –

6%). Col1A1 expression at 72 h was lower than 0-time levels for all

hree untreated materials. 

VCL expression was stimulated with all three untreated culture sub-

trates, peaking at 6 h for both untreated ZrO 2 and untreated PEEK

 + 183% and + 141%, respectively; Fig. 3 -C). UVC-P treatment markedly

nhanced this effect (treated ZrO 2 : + 276%, treated PEEK: + 208%).

ith untreated TiO 2 , VCL induction was markedly stimulated at 24 h ( +
94%) and UVC-P treatment greatly increased this value ( + 370%). VCL

xpression at 72 h substantially returned to 0-time levels for all three

aterials, irrespective of UVC-P. 

Expression of MMP2 was increased at 6 h with both untreated

rO 2 and untreated PEEK ( Fig. 3 -D). UVC-P treatment further stimu-

ated MMP2 in the case of ZrO 2 (treated: + 84% vs untreated: + 22%),

hile some attenuation was observed with PEEK (treated: + 29% vs un-

reated: + 38%). MMP2 expression then declined towards 0-time values

or both ZrO 2 and PEEK at later incubation times, irrespective of UVC-P

reatment. At variance, in fibroblasts cultured on TiO 2 disks MMP2 ex-

ression was significantly decreased at 24 h and 72 h (–22% and –44%,

espectively); UVC-P treatment did not substantially modify this data

t 24 h, whilst at 72 h it could restore MMP2 expression up to 0-time

alues. 

Only earlier times of incubation (6 and 24 h) could be analyzed in

he case of MMP9 expression ( Fig. 3 -E). With untreated ZrO 2 and PEEK,

MP9 expression was increased at 6 h ( + 238% and + 121%, respec-

ively), and returned to 0-time values at 24 h. UVC-P treatment slightly

ttenuated the 6 h value for ZrO 2 ( + 212%), while it doubled it for PEEK

 + 243%). At variance again, with untreated TiO 2 a marked stimulation

as observed at 24 h ( + 178%) which was further greatly stimulated

fter UVC-P treatment ( + 422%). 

On the whole, by the later time of incubation tested (72 h) all

hanges described above had largely returned to 0-time values ( Fig. 3 ).

arlier results (6 and 24 h) concerning gene expression are conveniently

ummarized and compared in Table 2 . 

iscussion 

The comprehensive appraisal of the process of wound healing fol-

owing the placement of a dental implant and in the formation of new

CM surrounding its surfaces would require the investigation of several

ell types (including inflammatory cells) and a large number of genes

otentially concerned. As a first approach, in this study we have focused

n the effects on cell viability as well as early changes in gene expression

ccurring in fibroblasts, i.e . the main cell type involved in formation of

onnective tissue seal around implants. We assumed that in our in vitro

xperiments proteins and peptides included in the foetal calf serum rou-

inely added to cell culture medium could at least partly substitute for

CM and blood clotting proteins present in the real stomatologic setting.

The viability of fibroblasts cultured on ZrO 2 was approx. double than

hat observed on PEEK, and somewhat higher than on TiO 2 . However,

he low viability observed for PEEK could be recovered by UVC-P up

o values substantially comparable to cells cultured on TiO 2 , indicat-

ng that photofunctionalization of PEEK can improve the attachment of

broblasts on this material. 

The five genes analyzed were FN-1 and Col1A1 (coding for fi-

ronectin and type I-alpha-1 collagen, respectively, i.e . two primary

omponents of ECM), VCL (coding for vinculin, an actin filament-

inding protein involved in cell adhesion to ECM), MMP2 and MMP9

coding for matrix metalloproteases 2 and 9, involved in ECM remod-

ling during wound healing). Our basic aim was the one of apprais-

ng expression changes occurring in fibroblasts immediately after their
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Fig. 3. mRNA expression patterns of markers of activation in human fibroblasts cultured on untreated (full line) or UVC-P treated (dashed lines) supports. Fibroblasts 

were cultured on the indicated supports for 6, 24 or 72 h, and then collected. mRNA expression of FN1 (A), Col1A1 (B), VCL (C), MMP2 (D) or MMP9 (E) was evaluated 

by Real Time RT-PCR analysis, as reported in the Experimental section. Data are means ± SEM of two different experiments, expressed as fold changes vs 0-time 

values. Student’s test and ANOVA with Bonferroni’s tests for post-hoc pair-wise comparisons; ∗ , ∗ ∗ , ∗ ∗ ∗ (ZrO 2 ), #, ##, ### (PEEK) and §, §§, §§§ (TiO 2 ), indicate p 

< 0.05, p < 0.01 and p < 0.001, respectively. 
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ctivation following contact with ZrO 2 , TiO 2 and PEEK, as well as

o evaluate to what extent these changes could be affected by UVC-

 treatment of the three materials. Expression patterns of the five

enes mentioned above were thus analyzed after seeding cells on

isks of each implant material, in absence vs presence of UVC-P

reatment. 

Our results indicate that the expression of VCL is early and markedly

timulated in the presence of all three materials tested, an effect which

as more intense in the case of ZrO 2 but more durable with TiO 2 . Inter-

stingly, the UVC-P treatment resulted in a further enhancement of VCL

xpression. The presence of vinculin in focal adhesion plaques is critical

or integrin-mediated cell adhesion and migration [40] . The observed

apid increase in VCL expression can be thus interpreted as an early
5 
tep in activation of mechanisms related to migration of fibroblasts, a

ritical aspect of wound repair. 

Although to a lesser extent, the expression of FN1 was also stim-

lated by the three materials, and enhanced by UVC-P treatment of

rO 2 and TiO 2 (less in the case of PEEK). Fibronectin of the extracel-

ular matrix binds to membrane-spanning integrins, as well as to other

xtracellular matrix proteins such as collagen, fibrin, and heparan sul-

ate proteo-glycans ( e.g. syndecans) [41] . In this perspective, increased

bronectin levels in ECM could result in facilitation of fibroblast mi-

ration and acceleration of wound repair. Similarly to VCL and FN1,

xpression of MMP9 was also markedly stimulated with all three ma-

erials, with a further enhancement after the UVC-P treatment. On the

ther hand, only minor changes were detected in expression of MMP2.
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Table 2 

Effects of UVC photofunctionalization of different cell culture substrates on the percent expression levels of selected 

genes in MRC-5 fibroblasts. Data are means of two distinct experiments, as reported in Fig. 2 . Statistical significance of 

differences observed between UVC-P treated vs. untreated materials was eveluated by Student’s test and ANOVA with 

Bonferroni’s tests for post-hoc pair-wise comparisons; ∗ , ∗ ∗ and ∗ ∗ ∗ indicate p < 0.05, p < 0.01 and p < 0.001, respectively. 

Substrates 

6 h of culture 24 h of culture 

Untreated UVC-treated UVC-P effect at 6 h Untreated UVC-treated UVC-P effect at 24 h 

FN1 expression variations (%) 

ZrO 2 + 94 + 121 + 27 + 116 + 158 + 46 

PEEK + 54 + 61 + 7 0 + 50 + 50 

TiO 2 n.d. n.d. n.d. + 124 + 66 − 58 

Col1A1 expression variations (%) 

ZrO 2 − 80 − 74 + 6 + 33 + 122 + 89 ∗ ∗ ∗ 

PEEK − 77 − 75 + 2 + 76 + 61 − 5 
TiO 2 n.d. n.d. n. − 76 —24 + 52 ∗ 

VCL expression variations (%) 

ZrO 2 + 183 + 276 + 93 ∗ ∗ + 57 + 163 + 106 

PEEK + 141 + 208 + 67 ∗ ∗ − 29 + 94 + 123 

TiO 2 n.d. n.d. n.d. + 194 + 370 + 176 ∗ 

MMP2 expression variations (%) 

ZrO 2 + 22 + 84 + 62 ∗ ∗ + 8 − 2 − 10 

PEEK + 38 + 29 − 9 − 31 + 17 + 48 ∗ 

TiO 2 n.d. n.d. n.d. − 22 − 19 + 3 

MMP9 expression variations (%) 

ZrO 2 + 238 + 212 − 26 ∗ + 11 − 17 − 28 

PEEK + 121 + 243 + 122 ∗ ∗ ∗ 0 + 354 + 354 ∗ ∗ ∗ 

TiO 2 n.d. n.d. n.d. + 178 + 422 + 244 ∗ ∗ ∗ 
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he timed expression and activation of MMPs in response to wounding

re vital R ○ formation of properly constituted ECM and of bone remod-

ling processes that promote e.g. the integration of implants with newly

orming bone [42] . The observed rapid increase in fibroblast expression

f FN1 and MMP9 can be thus interpreted as aspects in the process of

CM remodeling at the beginning of wound healing. 

Expression changes in the case of Col1A1 presented with a com-

letely different pattern. Col1A1 expression in fact was significantly and

recociously (6 h) reduced following contact with ZrO 2 and PEEK. The

VC-P treatment was however able to revert this effect, resulting rather

n a significant stimulation of Col1A1 expression in cells cultured on

rO 2 and PEEK. On the other hand, in the case of TiO 2 UVC-P treat-

ent could not revert the Col1A1 downregulation apparent at 24 h, but

nyway significantly attenuated its extent. 

A limitation of the present study is represented by its merely in vitro

pproach, as well as the fact that one single cell type, fibroblasts, were

nvestigated. The contribution by plasmatic factors involved in clot for-

ation and fibrinolysis, as well as the one provided by inflammatory

ells (platelets, phagocytes etc.), are indeed of the utmost relevance to

he changes occurring in ECM during wound healing. Moreover, a com-

rehensive appraisal of the matter would imply the extension of analysis

o epithelial components during the gingival seal formation. These as-

ects were beyond the scope of the present study, which represents a

rst step in exploration of this complex matter. Nevertheless, our data

ltogether document that UVC-P treatment of the three materials tested

ZrO 2 , PEEK and TiO 2 ) can efficiently promote the expression of genes

nvolved in fibroblast migration (FN1, VCL) as well as in ECM remodel-

ng (MMP9). Furthermore, with two of the materials tested (ZrO 2 , PEEK)

VC-P also appeared to be able to promote/accelerate the synthesis of

ollagen fibers (Col1A1 expression) – the essential component of newly

ormed ECM – thus likely warranting the prompt initiation of processes

eading to gingival sealing of the fixtures. 

onclusions 

In conclusion, our results indicate that fibroblasts cultured on UVC-

 treated surfaces present an increased/accelerated activation of factors
6 
nvolved in the formation of new connective tissue, a process which

s highly desirable in order to fill in the biological width resulting af-

er the placement of the implants abutment. It is thus conceivable that

VC-P treatment of implant abutment materials may be able to en-

ance/accelerate the formation of soft tissue seals around dental im-

lant/abutment connection, which – from a clinical point of view –

ould help reducing the likelihood of bacterial invasion and inflam-

ation causing implants loss. 
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