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Abstract 
 
Periodontal and peri-implant diseases are related to an infection and inflammatory 
process around teeth or dental implants, respectively. The progressive loss of supporting 
tissues and the final loss of teeth or dental implants are the hallmarks of these 
pathological conditions. Unfortunately, these processes are frequent among populations 
worldwide and current therapeutic strategies have not achieved enough satisfactory 
results. Since inflammation and oxidative stress lie in the middle of these diseases, in 
this thesis five flavonoids (chrysin, diosmetin, galangin, quercitrin and taxifolin) and 
two pineal methoxyindoles (melatonin and 5-methoxytryptophol) with antioxidant and 
anti-inflammatory potential were screened in vitro with the aim to find new 
biomolecules to protect and regenerate the integrity of periodontal tissues.  
 
The results obtained point to quercitrin, among the different biomolecules studied, as 
the most promising biomolecule to promote soft and hard tissue regeneration. Quercitrin 
showed anti-inflammatory effects, increased the expression of extracellular matrix 
related-markers and decreased soft tissue destruction in basal and inflammatory 
conditions in human gingival fibroblasts. Moreover, quercitrin increased the 
differentiation of human mesenchymal stem cells to bone-forming cells in basal, 
osteogenic and inflammatory conditions. 
  
In parallel, the same principles apply to peri-implant healing, i.e. the intended 
regenerative process may favour soft and hard tissues integration, which guarantees 
dental implant success. It is known that physical and chemical properties of dental 
implant surfaces influence soft and hard tissue integration with the dental implant. In 
this thesis, different dental implant surfaces for soft tissue integration were tested. First, 
the response of human gingival fibroblasts to titanium (Ti) and titanium-zirconium 
(TiZr) surfaces with three different surface topographies (polished, microgrooved and 
rough) was compared. Ti and TiZr were biocompatible, i.e. allowed human gingival 
fibroblasts growth. Regarding the surface topography, microgrooved surfaces induced a 
less inflammatory and more regenerative cellular gene expression profile than polished 
and rough ones and guided cell alignment on the microgrooves of their surfaces. Then, 
quercitrin was used to biofunctionalise Ti surfaces and the effects on Streptococcus 
mutans and human gingival fibroblasts were analysed. Quercitrin-functionalised 
surfaces decreased bacterial adhesion while increased human gingival fibroblasts 
adhesion. Furthermore, these surfaces showed the same beneficial effects than quercitrin 
in solution on human gingival fibroblasts, i.e. anti-inflammatory effects, prevention of 
extracellular matrix destruction and promotion of tissue regeneration.  
 
All in all, the results derived from this thesis suggest quercitrin as a potential treatment 
for periodontal and peri-implant diseases. Moreover, this molecule can be used to 
functionalise dental implants to improve both hard and soft tissue integration, increasing 
dental implant success. 
 





xvii 
 

Resumen 
 
Las enfermedades periodontales y periimplantarias son condiciones patológicas 
relacionadas con un proceso de infección e inflamación alrededor del diente o de un 
implante dental, respectivamente. La pérdida progresiva de los tejidos que los rodean y 
la pérdida final de las piezas son las características principales de estas patologías. 
Desafortunadamente, estos procesos son frecuentes en la población y las opciones 
terapéuticas disponibles actualmente no han alcanzado resultados suficientemente 
satisfactorios. Debido a que la inflamación y el estrés oxidativo se encuentran entre los 
principales causantes de estas enfermedades, en esta tesis se han evaluado cinco 
flavonoides (crisina, diosmetina, galangina, quercitrina y taxifolina) y dos 
metoxiindoles pineales (melatonina y 5-methoxytryptophol) con potencial actividad 
antioxidante y antiinflamatoria mediante estudios in vitro con el objetivo de encontrar 
nuevas biomoléculas para proteger y regenerar la integridad de los tejidos periodontales. 
 
Los resultados obtenidos apuntan a la quercitrina, entre las diferentes biomoléculas 
analizadas, como la biomolécula con más potencial para suscitar la regeneración de los 
tejidos periodontales. La quercitrina mostró efectos antiinflamatorios, incrementó la 
expresión de los marcadores relacionados con la matriz extracelular (ECM) y disminuyó 
la destrucción del tejido blando gingival en condiciones basales e inflamatorias, usando 
como modelo fibroblastos gingivales humanos (hGF). Además, la quercitrina 
incrementó la diferenciación de células madre humanas a células formadoras de hueso 
en condiciones basales, osteogénicas e inflamatorias. 
 
En paralelo, los mismos principios se pueden aplicar al proceso de cicatrización de los 
tejidos periodontales alrededor de un implante dental después de una cirugía 
implantaria. El proceso regenerativo que se pretende conseguir podría favorecer la 
integración de los tejidos periodontales alrededor del implante dental, lo que 
garantizaría su supervivencia. Las propiedades fisicoquímicas de la superficie de los 
implantes influencian la integración de los tejidos periodontales al implante. En esta 
tesis se evaluaron diferentes superficies seleccionadas para incrementar la integración 
del tejido periodontal blando. Primero, se comparó la respuesta de los hGF a superficies 
de titanio (Ti) y titanio-zirconio (TiZr) con diferentes topografías (pulida, micro-
estriada y rugosa). Los dos materiales fueron biocompatibles ya que permitieron el 
crecimiento normal de los hGF. En cuanto a la topografía, las superficies micro-
estriadas produjeron un alineamiento de los hGF con las micro-estrías y produjeron una 
respuesta menos inflamatoria y más regenerativa que las superficies pulidas y rugosas, 
según el perfil de expresión de los marcadores génicos estudiados. A continuación, la 
quercitrina se usó para biofuncionalizar superficies de Ti y se analizaron los efectos de 
estas superficies en Streptococcus mutans y en hGF. Las superficies funcionalizadas con 
quercitrina disminuyeron la adhesión bacteriana e incrementaron la adhesión de hGF. 
Asimismo, estas superficies produjeron los mismos efectos beneficiosos que la 
quercitrina en solución en los hGF, es decir, efectos antiinflamatorios, prevención de la 
destrucción de la ECM y promoción de la regeneración tisular. 
 
En conclusión, los resultados derivados de esta tesis sugieren a la quercitrina como 
tratamiento potencial para la enfermedad periodontal y periimplantitis. Además, la 
quercitrina podría usarse para funcionalizar implantes dentales y con ello mejorar su 
integración con los tejidos periodontales, mejorando la tasa de supervivencia de los 
implantes. 
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1 INTRODUCTION 

 

1.1 Background of the study 

Oral health is essential to general health and quality of life for individuals and the 
population as whole. In fact, millions of dental – oral – craniofacial procedures, ranging 
from tooth restorations to major reconstruction of hard and soft tissues are performed 
annually (Taba et al., 2005).  

A key component of oral health is periodontal health. It includes tissues around natural 
teeth and around their biomaterial equivalents, dental implants, used to replace missing 
teeth (Tonetti et al., 2015a). Periodontal and peri-implant diseases are the result of an 
infection and inflammation characterised by the progressive loss of supporting tissues, 
and the loss of teeth or the dental implant are the final stage of these pathological 
conditions (Sculean et al., 2014).  

Current strategies for periodontal and peri-implant diseases treatment are generally 
successful in eliminating active disease and some of them have achieved a certain 
degree of regeneration although the outcomes of such modalities are not always 
predictable. These strategies are based on the use of antibiotics, anti-inflammatory drugs 
and growth factors. However, antibiotics can induce the development of bacterial 
antimicrobial resistance and possible allergic reactions while anti-inflammatory drugs 
only achieved a decrease in the inflammatory response. On the other hand, growth 
factors are unstable and have short-lives. The overall goal is to develop less invasive, 
fast, safe and predictable therapy that re-establishes a healthy periodontal situation to 
maintain the teeth/implant (Han et al., 2013; Li and Jin, 2015; Ramseier et al., 2012; 
Shin et al., 2015). 

Nature is often a source of inspiration for finding new bioactive molecules. Natural-
derived products with multi-target actions, which promise higher therapeutic efficacy 
and safety (Koeberle and Werz, 2014), represent an alternative to pharmaceuticals and 
animal-derived compounds due to their low immunogenicity and toxicity (Friedman, 
2007). 

 

1.2 Periodontal tissues 

Periodontal tissues are a functional unit of tissues that surround the teeth 
(periodontium). They are composed of hard (cementum and alveolar bone) and soft 
tissue (periodontal ligament and gingiva), which maintain teeth function and provide a 
protective barrier against bacterial infection (Figure 1) (Bartold et al., 2000; Hassell, 
1993). 
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Figure 1. Graphic representation of the periodontium in cross section. Adapted from (Tek-en, 
2015). 

 

1.2.1 Cementum 

The cementum is a thin calcified tissue that covers the surface of tooth roots in 
mammals. Periodontal ligament fibres are embedded into it, providing attachment 
between the periodontal ligament and the tooth. It also prevents root resorption during 
remodelling of the periodontium. It is less mineralised than other mineral tissues and it 
does not normally undergo remodelling. The cells responsible for its formation are 
cementoblasts, which are derived from fibroblast-like cells in the periodontal ligament 
(Hassell, 1993; Hughes, 2015). 

1.2.2 Alveolar bone 

The alveolar bone is a part of the mandibular and maxillary bone that forms the bony 
sockets to support teeth roots. It is characterised by a continuous and rapid tooth-
dependent turnover, allowing tooth eruption and movement. However, this 
characteristic may be detrimental to the progression of periodontal disease (see page 4). 
The bone matrix is formed from a collagen scaffold filled with hydroxyapatite crystals. 
The cells present in alveolar bone are osteoblasts, osteocytes and osteoclasts. 
Osteoblasts are cells of mesenchymal origin, which, when fully differentiated, are 
primarily responsible for the production of bone matrix. After maturation, osteoblasts 
stop synthesizing matrix and become encased in it as osteocytes or remain on the bone 
surface as bone-lining cells. Osteoclasts are responsible for bone resorption through the 
secretion of acids and enzymes that dissolve bone matrix (Sodek and McKee, 2000).  
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1.2.3 Periodontal ligament 

The periodontal ligament is a dense fibrous tissue that attaches teeth to alveolar bone 
and dissipates loads applied to teeth during function. Type I collagen forms the principal 
fibres of periodontal ligament that are inserted into both the alveolar bone and 
cementum. Periodontal ligament fibroblasts are the most abundant cells together with 
osteoblasts and cementoblasts, which are present adjacent to alveolar bone and 
cementum, respectively. Furthermore, periodontal ligament fibroblasts monitor 
mechanical stress and maintain periodontal ligament homeostasis (Hughes, 2015; 
McKnight et al., 2014).  

1.2.4 Gingiva 

Healthy gingiva normally covers the alveolar bone and tooth root to the cement-enamel 
junction, providing a tissue sealing around the cervical portion of teeth and covering the 
alveolar bone. It is composed of an overlying epithelial structure and an underlying 
connective tissue. The epithelium is predominantly cellular in nature while the 
connective tissue is less cellular and largely a fibrous network (Bartold et al., 2000).  

1.2.4.1 Gingival connective tissue 

Gingival connective tissue accounts for the major proportion of the gingiva. It is mainly 
composed of a collagenous (60-65%) extracellular matrix (ECM). Type I (65%) and 
type III (30%) collagens are the main collagen species although type IV, V and VI 
collagens are also present in gingival connective tissue. They are organised in different 
groups of fibre bundles arranged to bind the gingiva to the underlying tooth and bone. 
Proteoglycans are also ubiquitous constituents of gingival connective tissue. They act as 
matrix organizers and tissue space fillers although specific proteoglycans such as 
decorin and fibronectin interact with collagen fibres. The interaction of cells with their 
surrounding matrix is usually mediated by integrins. They are heterodimeric proteins 
composed of α- and β-subunits, which bind cells principally to matrix proteins such as 
fibronectin and collagen. Each subunit has an extracellular, a transmembrane, and a 
cytoplasmatic domain that attaches to the cytoskeleton (Bartold et al., 2000; Hassell, 
1993; Hughes, 2015). 

1.2.4.2 Gingival fibroblasts 

Several cell types have been identified within gingival connective tissue, among these, 
fibroblasts account for most connective tissue cells and are responsible for the constant 
adaptation of the tissue. Fibroblasts are mesenchymal cells with many vital functions 
during development and in adult organisms. Although fibroblasts are among the most 
accessible mammalian cells to culture in vitro, they are poorly defined in molecular 
terms. In practice, fibroblasts are usually identified by their spindle-shaped morphology, 
ability to adhere to plastic culture surfaces, positive for vimentin immunostaining and 
the absence of markers for other cell lineages (Chang et al., 2002).  

Fibroblasts are responsible for producing and maintaining the ECM components. 
Furthermore, fibroblasts are also involved in tissue homeostasis regulation, 
inflammation and wound healing repair and regeneration (Figure 2) (Bartold et al., 
2000; Hassell, 1993). ECM undergoes a constant turnover of its components, in both 
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normal and diseased conditions, mainly through matrix metalloproteinases (MMPs) 
mediated collagen degradation (Bartold and Narayanan, 2006). The activity of MMPs is 
controlled by tissue inhibitors of matrix metalloproteinases (TIMPs) (Bartold and 
Narayanan, 2006; Sakagami et al., 2006). 

 

Figure 2. Central role of fibroblasts in gingival connective tissue. Adapted from (Bartold et al., 
2000). 

 

During wound healing, fibroblasts migrate into the wound site, where they synthesize 
and remodel a new ECM (Gurtner et al., 2008). The differentiation of fibroblasts into 
myofibroblasts, which express highly contractile proteins including α-smooth muscle 
actin, is necessary to close the wound (Hinz et al., 2007). These processes can produce 
either a scarred (repaired) tissue or a regenerated tissue, depending on the local signals. 
Scarring, which has been associated with an excessive inflammatory response and 
myofibroblast differentiation, results in an architecturally and functionally non-restored 
tissue. Contrary, a regeneration process, associated with a decreased inflammatory 
response and myofibroblast differentiation, produces a new tissue architecturally and 
functionally identical to the original tissue (Satish and Kathju, 2010). 

 

1.3 Periodontal disease 

Periodontal disease is the result of a complex interaction between the microbial 
challenge induced by dental plaque biofilm and the host inflammatory response around 
periodontal tissues. The conditions range from gingivitis, an inflammation of the 
gingiva in which the soft tissue attachment to the tooth remains at its original level, to 
periodontitis, an inflammation of the supporting tissues of the teeth with progressive 
attachment loss and bone destruction (Figure 3). Gingivitis and periodontitis are best 
viewed as a continuum of a chronic inflammatory disease (Kinane and Attström, 2005; 
Tonetti et al., 2015b). Gingivitis may persist for many years and with good oral hygiene 
is completely reversible. If left untreated, it may lead to periodontitis, the non-reversible 
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destructive stage that affects hard tissues and ends in tooth loss. Periodontal disease is 
characterized by strong release of inflammatory mediators and reactive oxygen species 
(ROS) in response to oral pathogens, which might end in tissue destruction, whereas 
periodontal health is characterized by the opposite (Dentino et al., 2013).  

 
Figure 3. Periodontal disease. While gingivitis affects the marginal soft tissue (gingiva), 

periodontitis affects deeper periodontal tissues (soft tissue attachment and bone). Adapted from 
(Sanz et al., 2010). 

 

Both gingivitis and periodontitis are very common in populations worldwide. The 
reported worldwide prevalence among adults is 50-90% for gingivitis and 5-20% for 
severe forms of periodontitis (Dye, 2012). In general, the rate of progression is slow but 
there are a number of risk factors associated with periodontal disease progression, 
including genetic, lifestyle-related (e.g. smoking, alcohol and stress), and other diseases 
(e.g. diabetes mellitus, obesity, metabolic syndrome, osteoporosis, and low dietary 
calcium and vitamin D) (Genco and Borgnakke, 2013). In fact, severe periodontitis is 
the sixth most prevalent human disease, according to the 2010 global burden of diseases 
study, with a standardized prevalence of 11.2% (Kassebaum et al., 2014). 

1.3.1 Pathogenesis of periodontal disease  

Periodontal disease can be outlined in three stages: (1) accumulation of bacterial biofilm 
in the gingival sulcus (colonization) and penetration of epithelium and connective tissue 
(invasion), (2) stimulation of a host response that involves activation of the innate and 
acquired immunity (inflammation), and (3) destruction of connective tissue attachment 
to the tooth surface (gingivitis) and bone that is irreversible (periodontitis) (Graves et 
al., 2011). 

Bacterial adhesion and colonization of the teeth surface results in biofilm formation. 
Highly potent first-line antimicrobial defence systems can sense and destroy invaders 
and attract immune cells. However, some bacteria invade tissues, which trigger the 
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inflammatory response. Although bacteria are necessary for disease initiation, they are 
not sufficient to cause disease progression unless there is an associated inflammatory 
response within a susceptible host (Cekici et al., 2014). The host releases several 
proteolytic enzymes, a cascade of inflammatory mediators and ROS in the gingiva 
(Cekici et al., 2014). More specifically, a loss of homeostatic balance between 
proteolytic enzymes and their inhibitors, and ROS and the antioxidant defence systems 
that protect and repair tissues is believed to be responsible (Chapple and Matthews, 
2007). The host response against bacterial plaque is considered as a “two-edged sword” 
(Preshaw, 2008). That is, the response is protective in nature to control bacterial 
infection. However, in individuals prone to periodontitis the inflammatory process 
results in excessive production and activation of proinflammatory mediators and 
destructive enzymes, causing soft and hard tissue damage (Kirkwood et al., 2007). 

1.3.1.1 Colonization and invasion 

Unlike many infectious diseases, periodontal disease appears to be mediated by the 
overgrowth of commensal organisms, rather than by the acquisition of an exogenous 
pathogen. A large proportion of the initial colonizers are streptococci although there are 
about 700 bacterial species in the oral cavity (Paster et al., 2006). Plaque accumulation 
leads to gingivitis, but host factors together with the overgrowth of Gram-negative 
species and anaerobic bacteria has been related to the shift to periodontitis due to the 
ability of these organisms to penetrate the gingival epithelium and to release endotoxins, 
cytotoxic enzymes and toxic molecules (Sbordone and Bortolaia, 2003).   

Biofilm formation on teeth surfaces, also called dental plaque, is typically divided in 
four steps (Figure 4): (1) primary attachment is the reversible cell-to-surface 
attachment of the primary colonizers after formation of the conditioning film on the 
tooth enamel; (2) in secondary attachment, the initial colonizers irreversibly attach to 
the tooth and cell-to-cell attachment with mid- and late-colonizers occurs; (3) during 
biofilm maturation bacteria proliferate and produce ECM; (4) the final step is the 
detachment of bacteria from the biofilm and their dispersion, which contribute to their 
expansion (Crawford et al., 2012; Davey and O’toole, 2000). 



 

7 
 

 

Figure 4. Biofilm formation and its life cycle. Adapted from (Crawford et al., 2012). 

 

1.3.1.2 Inflammation 

The bacterial assault triggers the activation of the innate immunity by the binding of 
various bacterial components to toll-like receptors and the activation of both activating 
protein-1 (AP-1) and nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) pathways, which promote the release of inflammatory mediators (Mahanonda 
and Pichyangkul, 2007) (Figure 5). Mast cells, within the connective tissue, release 
vasoactive amines, which increase vascular permeability, together with tumor necrosis 
factor-alpha (TNF-α) and interleukin-8 (IL-8) that activate the inflammatory response. 
Polymorphonuclear leukocytes (PMNLs) migrate to the site of injury where they release 
antimicrobial factors, including defensins and lysosomal enzymes. PMNLs also 
generate an oxidative burst to facilitate phagocytosis and killing of bacteria although 
ROS do not discriminate between host and bacteria and contribute to tissue degradation 
(Chapple and Matthews, 2007; Yucel-Lindberg and Båge, 2013). Resident fibroblasts 
within the gingival connective tissue are also stimulated to secrete MMPs and 
inflammatory mediators. Interleukin-1 beta (IL-1β), interleukin-6 (IL-6), TNF-α and 
prostaglandins (e.g. prostaglandin E2 (PGE2)) are key elements of the inflammatory 
response. In response to these signals, monocytes mature into macrophages, which 
produce more proinflammatory mediators (Cekici et al., 2014). At this point, 60–70% of 
the collagen in the gingival connective tissue is degraded, but the bone is still intact 
(Page and Schroeder, 1976; Yucel-Lindberg and Båge, 2013). 
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At the same time, the elevated levels of proinflammatory mediators are counter-
balanced by a protective response in the host with increased levels of anti-inflammatory 
cytokines, such as interleukin-10 (IL-10), and TIMPs. However, if inflammation 
prevails, cells of the adaptive immune system appear. Antigen presenting cells process 
bacterial antigens to present them to naïve CD4 T-cells. Naïve T-cells differentiate into 
various T-cell subsets that produce proinflammatory or immunosuppressive cytokines, 
to increase or inhibit the production of inflammatory mediators (Graves, 2008; Yucel-
Lindberg and Båge, 2013). If the inflammation continues, osteoclasts are derived from 
macrophages, which degrade alveolar bone. (Graves et al., 2011; Hernández et al., 
2011).  

 

Figure 5. Outline of the pathogenesis of periodontal disease. 

 

1.3.1.3 Tissue loss: mechanisms of tissue damage 

In periodontal disease, bacterial virulence factors are able to cause direct tissue damage, 
although the major mechanisms of soft and hard tissue damage are host-derived. 
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MMPs/TIMPs ratio 

Gingival connective tissue undergoes through a constant turnover of its components, in 
both normal and diseased conditions, mainly mediated through MMP-mediated collagen 
degradation (Bartold and Narayanan, 2006). The activity of MMPs is controlled at a 
number of levels: at gene transcriptional level; at post-transcriptional level (through 
proteolytic activation); and at inhibitory level (through TIMPs inhibition). During 
inflammation, proinflammatory cytokines such as IL-1β and TNF-α induce MMP 
production and activation while TIMPs are downregulated. This produces an imbalance 
of MMPs over their inhibitors, TIMPs, which triggers ECM degradation (60-70% 
collagen is degraded) (Birkedal-Hansen, 1993; Soell et al., 2002). In addition, the 
proinflammatory cytokine network induces fibroblasts to attempt tissue repair that ends 
in tissue scarring instead of a structural and functional regenerative response (Bartold 
and Narayanan, 2006).  

ROS 

Another mechanism of tissue damage is the imbalance between oxidants and 
antioxidants in favour of the oxidants, termed “oxidative stress” (Sies, 1997). Oxidative 
stress has been implicated in a number of human diseases, including periodontal disease 
(Chapple and Matthews, 2007). Damage occurs either as a direct result of excess ROS 
activity/antioxidant deficiency or indirectly as a result of the activation of redox-
sensitive transcription factors and the creation of a proinflammatory state (Chapple and 
Matthews, 2007). The mechanisms by which ROS induce tissue damage include 
oxidation of cellular (lipids, carbohydrates, proteins and DNA) and extracellular targets 
(extracellular matrix components, collagens and structural proteins) (Chapple and 
Matthews, 2007; Waddington et al., 2000) in addition of being proinflammatory 
mediators (Naik and Dixit, 2011). Furthermore, the imbalance of MMPs over TIMPs 
could be the result of direct ROS damage to TIMPs or ROS-induced alterations in 
MMPs and TIMPs expression (Chapple and Matthews, 2007). 

RANKL/OPG ratio 

Bone formation and resorption occur continuously in healthy alveolar bone. The 
receptor activator of NF-κB ligand (RANKL) binds to the receptor activator of NF-κB 
(RANK) that is expressed by pre-osteoclasts, inducing the formation of multinucleated 
osteoclasts. In addition, the decoy receptor osteoprotegerin (OPG) acts as a competitive 
inhibitor of RANKL. Bone resorption is the result of an imbalance between RANKL 
and OPG. In periodontal disease, RANKL expression is markedly elevated in 
osteoblasts, T-cells and to a lesser extend in gingival fibroblasts, in response to 
proinflammatory mediators, while low levels of OPG have been reported (Kajiya et al., 
2010; Mogi et al., 2004). Thus, a high ratio of RANKL/OPG creates proresorptive 
conditions while a low ratio is antiresorptive (Graves et al., 2011). In addition, certain 
ROS activate osteoclasts and promote osteoclastogenesis, contributing to bone 
resorption (Garrett et al., 1990). 
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1.4 Current strategies for periodontal regeneration 

Regeneration refers to the restoration of a lost or injured part, in contrast to repair, 
which describes healing of a wound by tissue that does not fully restore the architecture 
or the function of the part (Wang et al., 2005). The ultimate goal of periodontal therapy 
is the regeneration of both hard and soft tissues destroyed by the disease. Periodontal 
regeneration requires the restoration of alveolar bone height, the formation of cementum 
attached to root surfaces and periodontal ligament fibres and the re-establishment of 
gingival tissues.  

Current conventional therapy in periodontal disease is based on the control of bacterial 
infection through mechanical dental cleaning, subgingival scaling and root planning 
(Dentino et al., 2013). Furthermore, local and systemic antimicrobials are used as 
adjuncts to the mechanical treatment (Preshaw, 2008). The use of local antibiotics and 
antiseptics has shown some benefits over the manual debridement alone although the 
effects were modest and mostly temporary. On the other hand, the use of systemic 
antibiotics, despite of the benefits to the clinical progression of periodontal disease, can 
induce the development of bacterial antimicrobial resistance and possible allergic 
reactions (Heitz-Mayfield and Lang, 2013). Furthermore, in severe cases, periodontal 
surgery is required to provide access for the debridement of residual dental plaque, 
reduce the depth of periodontal pockets, and stimulate the regeneration of lost tissues by 
grafting with biomaterials (Heitz-Mayfield and Lang, 2013). These strategies alone are 
insufficient since periodontal disease is the result of destructive inflammation; thus, if 
successful, treatment frequently results in a process of gingival fibrosis and limited bone 
remodelling, rather than in true regeneration of the periodontal tissues (Han et al., 2013; 
Hughes, 2015).  

1.4.1 Host-modulation therapy 

Research in periodontal disease treatment has targeted the host component of the 
disease (Kirkwood et al., 2007; Preshaw, 2008; Salvi and Lang, 2005) since the concept 
of host-modulation therapy was introduced in the early 1990s (L. M. Golub et al., 
1992).  It aims at damping down the host response to either decrease the excess 
production proinflammatory mediators and destructive enzymes in order to reduce 
damage to the periodontal tissues, or to stimulate the regenerative process, allowing for 
the restoration of soft tissue attachment and bone formation. To date, MMP inhibitors, 
non-steroidal anti-inflammatory drugs and bisphosphonates, have shown advantages in 
the management of periodontal disease (Preshaw, 2008; Salvi and Lang, 2005). 
However, the ultimate goal of periodontal treatment is not only to cease and prevent 
further periodontal tissue destruction, but also to regenerate the periodontal apparatus 
(Chantarawaratit et al., 2014). 

1.4.2 Tissue engineering 

Tissue engineering, which involves the use of appropriate cells, signals and engineering 
materials, has emerged as an alternative approach to further facilitate and optimize 
periodontal regeneration (Han et al., 2013). Bone substitutes (autografts, allografts, 
xenografts and alloplasts) and guided tissue regeneration are the two techniques with 
histological documentation of periodontal regeneration. However, the results of these 



 

11 
 

existing therapeutic methods overall remain unpredictable (Li and Jin, 2015; Ramseier 
et al., 2012). On the other hand, the use of gene therapy or growth factors has also been 
explored but its use has shortcomings such as the instability and short half-life of 
growth factors and the undesired host immune reactions or potential tumorigenesis of 
gene therapy (Anusaksathien and Giannobile, 2002; Li and Jin, 2015; Shin et al., 2015). 
However, there is a considerable body of clinical and pre-clinical data that demonstrates 
the regenerative properties of platelet-derived growth factor (PDGF) and Emdogain 
(EMD) (Institut Straumann, Basel, Switzerland), a purified acid extract of proteins from 
pig enamel matrix extracted from developing porcine teeth (Darby and Morris, 2012; 
Gestrelius et al., 2000; Kaigler et al., 2011; Lyngstadaas et al., 2001; Sculean et al., 
2007; Weinreb and Nemcovsky, 2015). As with the use of bone substitutes and guided 
tissue regeneration, a systematic Cochrane review point to a high degree of 
heterogeneity among the included trials when using Emdogain (Esposito et al., 2009). 

 

1.5 Antioxidants 

Antioxidants are any molecule that delays, prevents or removes the oxidation of other 
molecules. Their role is the inhibition of free radical mediated oxidation of biological 
molecules. In addition to these direct antioxidant effects, many antioxidants enhance the 
expression of antioxidant and detoxifying enzymes or other pathways. Antioxidants can 
be synthesized by the body (endogenous) or obtained through the diet (exogenous) (Sen 
and Packer, 1996).  

1.5.1 Pineal methoxyindoles 

Melatonin is synthesized from serotonin in the pineal gland and in a variety of other 
tissues. Melatonin regulates the biological rhythms and the reproductive behaviour of 
several animal species, including humans (Brzezinski, 1997). However, many of its 
effects differ to its primary neurohormonal functions due to its properties as anti-
inflammatory, effective free radical scavenger and stimulator of antioxidant enzymes 
(Allegra et al., 2003; Reiter et al., 2000; Rodriguez et al., 2004; Tan et al., 2003). 
Melatonin has been shown to protect the oral cavity from oxidative stress-related tissue 
damage (Blasiak et al., 2011; Cutando et al., 2007; Gómez-Moreno et al., 2010). 
Moreover, melatonin levels correlate with the periodontal health status indicating that it 
may have a protective role against periodontal disease (Almughrabi et al., 2013; 
Gómez-Moreno et al., 2007). 

5-Methoxytryptophol is also synthesized in the pineal gland from serotonin and is 
involved in numerous functions, including the biological rhythms and the reproductive 
behaviour (Ouzir et al., 2013).  In addition, 5-methoxytryptophol shows 
immunomodulatory, antioxidant and anticancer properties (García et al., 2000; Lissoni 
et al., 2000, 1997, 1996; Rodriguez-Naranjo et al., 2012). 
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Figure 6. Basic structure of a pineal methoxyindole. Melatonin and 5-methoxyindole 
differ in the C3 substitute. 

 

1.5.2 Flavonoids 

Natural products have been used in traditional medicine for a long time and represent 
the most abundant antioxidants in the human diet. Polyphenolic compounds are 
ubiquitous, abundant and offer a range of properties and an array of functions such as 
antioxidant, anti-inflammatory and antimicrobial capacity (An et al., 2011; Cushnie and 
Lamb, 2011; Izzi et al., 2012; Middleton et al., 2000; Pietta, 2000), among others 
(Friedman, 2007). Flavonoids are a class of polyphenols characterized by the presence 
of three rings that are formed in plants from phenylalanine, tyrosine and malonate 
(Figure 7). Variations on the basic 
structure of flavonoids yield different 
classes. Most common flavonoids 
include flavones, flavonols and 
flavanones (Bravo, 1998; Manach et al., 
2004; Pietta, 2000). They are widespread 
constituents of plants, especially 
common in leaves, flowering tissues, 
stems and barks, and they are important 
in the plant for normal growth 
development and defence against 
infection and injury (Kähkönen et al., 
1999; Manach et al., 2004). 

The increasing interest in polyphenols is 
due to their antioxidant properties and multi-target biological actions (Daglia, 2012; 
Koeberle and Werz, 2014; Spatafora and Tringali, 2012). Epidemiological, clinical, and 
animal studies support a role of polyphenols in the prevention of various chronic 
diseases, including cardiovascular, inflammatory, metabolic and neurodegenerative 
diseases, and some cancers (Middleton et al., 2000). Furthermore, consistent studies 
have shown that polyphenols could have a therapeutic effect against periodontal disease 
(Al-Shaher et al., 2004; Ara et al., 2010; Feghali et al., 2012; Gutiérrez-Venegas and 
Contreras-Sánchez, 2013; Gutiérrez-Venegas et al., 2014, 2007; Hosokawa et al., 2011; 
Palaska et al., 2013; Petti and Scully, 2009; Zhao et al., 2013). 

Quercitrin (quercetin 3-O-rhamnoside) is a pigment found in many plants and foods 
(Alvarez et al., 2012; Fabjan et al., 2003; Hamoudová et al., 2004; Qiao et al., 2014; 

Figure 7. Basic flavonoid structure. 
 



 

13 
 

Slimestad et al., 2007). It was originally isolated from oaks (from Latin Quercus), and 
used as a brilliant yellow dye (from citron, lemon for its colour).  Beyond its antioxidant 
and anti-inflammatory properties (Babujanarthanam et al., 2011; Dai et al., 2013; Ding 
et al., 2010; Luo et al., 2015; Totilo, 2007; Yin et al., 2013), quercitrin has shown 
antiproliferative and apoptotic effects on cancer cells (Cincin et al., 2014; Ham et al., 
2012) and antiviral activity (Alvarez et al., 2012; X. Chen et al., 2011). 

Taxifolin (dihydroquercetin) is a flavonoid commonly found in onions, milk thistle and 
pine bark (Rohdewald, 2002; Slimestad et al., 2007; Wallace et al., 2005). It is used in 
different complex preparations such as silymarin, approved for the prevention of 
recurrent hepatitis C by the European Medicaments Agency (European Medicines 
Agency, 2011).  Furthermore, it shows certain anti-cancer mechanisms and antiviral 
activity due to its antioxidant capacity (Weidmann, 2012). 

 

1.6 Dental implants 

Dental implants have been widely used to replace missing teeth since Brånemark 
introduced them (Brånemark et al., 1969). A single-tooth implant is usually composed 
of a crown, an abutment and an implant screw (Figure 8). The integration of the 
implant screw with the hard tissue, a process termed osseointegration, provides 
mechanical support to the dental implant. Furthermore, peri-implant soft tissue 
integration to the abutment is also essential in order to protect bone and implant from 
bacterial penetration.  

 

Figure 8. Comparison of a natural tooth and a dental implant. Adapted from (Gruber and 
Bosshardt, 2015). 
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The attachment of a tooth and a dental implant to the surrounding bone is completely 
different, as the implant surface directly contacts the bone and lacks a periodontal 
ligament that connects teeth and bone. The biomaterials capability to allow bone growth 
on their surface is termed “osteoconductivity” (Gruber and Bosshardt, 2015; Sculean et 
al., 2014).  

1.6.1 Soft tissue integration to dental implants 

Soft tissue integration is fundamentally the result of wound healing around the dental 
implant, which should establish a biological seal between the oral environment and the 
bone-surrounded implant (Figure 9). The soft tissue around a dental implant is 
composed of a barrier epithelium that resembles the junctional epithelium around the 
tooth, and the connective tissue. Connective tissue around the implants differs from that 
around teeth in the higher amount of collagen fibres, which are not attached to 
cementum, and in the lower number of fibroblasts and blood vessels. Furthermore, most 
studies revealed a collagen fibre orientation parallel to the implant surface, although a 
perpendicular direction may also occur (Figure 9) (Berglundh et al., 1991; Gruber and 
Bosshardt, 2015; Sculean et al., 2014).  

Figure 9. The soft tissue integration protects bone and implant from the microbial 
challenges in the oral cavity. Image adapted from (Gruber and Bosshardt, 2015). 

 

1.6.1.1 Wound healing around a dental implant 

Peri-implant soft tissue healing follows the four overlapping phases of wound healing, 
i.e., haemostatic, inflammatory, new tissue formation and remodelling phases. After an 
implant placement a blood coagulum is formed which provides a provisional fibrin-
network matrix for cell migration. Inflammatory cells migrate, phagocytise bacteria and 
necrotic tissue and release inflammatory mediators to either finalise the inflammation or 
to amplify it. Fibroblasts then invade the fibrin network and produce collagen-rich 
connective tissue in contact to the implant surface. Some fibroblasts undergo 
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transformation into myofibroblasts and express α-smooth muscle actin to contract the 
wound. The final phase involves collagen remodelling which can produce either a 
scarred (repaired) tissue or a structural and functional regenerated tissue, depending on 
the microenvironmental signals. During this process, the adsorption of saliva to the 
implant surface induces bacterial accumulation (dental plaque formation), which 
triggers the inflammatory process (Sculean et al., 2014; Villar et al., 2011). 

Inflammation is necessary for the effective defence against pathogens and to set in 
motion tissue repair following injury (Gurtner et al., 2008). However, excessive 
inflammation has been shown to delay healing and to result in increased scarring, 
compromising tissue regeneration (Eming et al., 2007). 

1.6.2 Peri-implant diseases 

Infection and inflammation on the implant surface and peri-implant tissues cause soft 
tissue destruction and bone loss, which result in implant failure (Jung et al., 2008; 
Sculean et al., 2014), in a process similar to that observed in periodontal disease (Bullon 
et al., 2004; Carcuac and Berglundh, 2014; Tonetti et al., 2015a). There are two types of 
peri-implant diseases, which are infectious in nature. Peri-implant mucositis describes 
an inflammatory lesion that resides in the gingiva (similar to gingivitis). In some cases, 
this situation can progress to peri-implantitis, in which the supporting bone around 
osseotintegrated implants is also affected (similar to periodontitis) (Lindhe and Meyle, 
2008; Tonetti et al., 2015a). Recent meta-analyses have estimated that the weighted 
mean prevalence of peri-implant mucositis and peri-implantitis is 43% and 22%, 
respectively (Derks and Tomasi, 2015). These inflammatory processes are one of the 
largest concerns jeopardizing the long-term efficacy of implants.  

The sequence of microbial colonization on dental implants and biofilm formation is 
similar to that of teeth (Tanner et al., 1997). Surface roughness plays a crucial role in 
this process. Increased surface roughness facilitates biofilm formation at the implant-
soft tissue interface (Subramani et al., 2009), although changes in surface roughness 
below 200 nm do not influence it (Teughels et al., 2006).  

1.6.3 Abutment modification for improvement of soft tissue 
integration 

1.6.3.1 Abutment materials 

Commonly used abutment materials include titanium, gold, porcelain, aluminium and 
zirconium (Rompen et al., 2006; Sculean et al., 2014). Only titanium, zirconium and 
aluminium have shown biocompatibility and allowed the formation of a soft tissue on 
long-term studies while dental porcelain or gold are less biocompatible (Abrahamsson 
and Cardaropoli, 2007; Abrahamsson et al., 1998; Rompen, 2012). Apart from gold 
abutments, which showed increased bacterial colonization than other abutment materials 
(Kim et al., 2012), the mechanical properties and biocompatibility are the most 
important factors for selecting dental abutment materials.  

Titanium (Ti) is the most widely used material in implantology because of its 
mechanical strength, resistance to corrosion and excellent biocompatibility 
(Steinemann, 1998). Furthermore, Ti is covered with an oxide layer, spontaneously 
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formed in presence of oxygen molecules, a process known as passivation. This titanium 
dioxide (TiO2) surface layer is chemically stable in the body and protects Ti from 
corrosion (Liu et al., 2004). However, Ti mechanical properties are limited in the case 
of small diameter implants when placed in a narrow bone space (e.g. maxilla front) 
(Saulacic et al., 2012). To enhance its strength, Ti can be alloyed with other elements, 
such as zirconium (Zr), niobium, tantalum, palladium, indium and vanadium. Among 
the Ti alloys, a titanium-aluminum-vanadium alloy, also known as Ti-6Al-4V, is one of 
the most popular alloys although the release of toxic vanadium and aluminium ions 
poses safety risks (Grandin et al., 2012).  

Titanium-Zirconium alloys have shown improved tensile and fatigue strength and 
corrosion resistance than Ti (Ho et al., 2008; Khan et al., 1999; Kobayashi et al., 1995; 
Thoma et al., 2011) with improved biocompatibility and similar osseointegration 
properties (Grandin et al., 2012; Linkevicius and Apse, 2008; Pae et al., 2009). 
Therefore, TiZr has been selected to develop small diameter implant applications. 

1.6.3.2 Abutment topography 

The surface properties of implants influence adhesion and differentiation of cells 
surrounding implants, including gingival fibroblasts (Rompen et al., 2006). Fibroblasts 
prefer smooth than rough surfaces (Ponsonnet et al., 2002; Wieland et al., 2002), 
although finely grooved surfaces perform better than smooth ones (Chou et al., 1995; 
Den Braber et al., 1998; Guillem-Marti et al., 2013; Kokubu et al., 2009; Wieland et al., 
2002). In other studies, fibroblast proliferation increased on micro-grooved rough 
surfaces compared with smooth surfaces (Guida et al., 2013; Kim et al., 2009; Lee et al., 
2009). In vivo studies indicate that a certain surface roughness is required for the 
formation of a stable soft tissue seal around the abutments (Brunette and Chehroudi, 
1999; Schwarz et al., 2007a, 2007b). This disagreement on the effect of roughness could 
be due to the interference of surface texture, which also influences fibroblast growth. 
The rough surfaces that improve fibroblast growth more than smooth ones have a 
microgrooved texture. Microgrooved surfaces have been shown to enhance fibroblast 
apposition compared to smooth ones (Den Braber et al., 1998; Guillem-Marti et al., 
2013; Kokubu et al., 2009; Wieland et al., 2002). The positive effect of microgrooved 
surfaces on fibroblast growth may be related to the contact guidance by the grooved 
texture (Brunette et al., 1983; Dunn and Brown, 1986; Kearns et al., 2013; Manwaring 
et al., 2004). Furthermore, micro-textured surfaces perpendicularly oriented to the 
migration direction of epithelial tissue impede its downgrowth (Chehroudi et al., 1990). 

1.6.3.3 Abutment biofunctionalization 

Research efforts have focused the modification of implant surfaces to enhance 
osseointegration. There are a limited number of studies that focus surface 
functionalization for enhanced soft tissue integration, which have been summarized in 
Table 1. 
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Table 1. Strategies for surface functionalization to enhance soft tissue integration. 

Coating Cell culture 
model Cell response References 

Biomimetic strategies 

Collagen Primary human 
fibroblasts 

Increased cell adhesion and 
activation 

(Marín-Pareja et 
al., 2014; Nagai 

et al., 2002) 

Laminin 
Primary human 
fibroblasts and 

in vivo 
Increased cell adhesion (Dean et al., 

1995) 

Fibronectin 

Primary human 
fibroblasts and 

hamster 
fibroblasts 

Slightly increased cell 
adhesion 

(Cannas et al., 
1988; Dean et 

al., 1995) 

RGD-sequences Primary human 
fibroblasts 

Increased cell adhesion and 
viability 

(Zhao et al., 
2006) 

Antimicrobial 
peptide 

(GL13K) 

Primary human 
fibroblasts 

Biocompatible. Increased cell 
adhesion and viability. 

(Holmberg et 
al., 2013; Zhou 

et al., 2015) 
Growth factors 

PDGF, EMD In vivo Increased speed and quantity 
of soft tissue healing 

(Bates et al., 
2013) 

CNN2 Primary human 
fibroblasts 

Increased cell adhesion and 
viability 

(Wei et al., 
2012) 

RGD-sequences 
+ bFGF 

Primary human 
fibroblasts 

Increased cell adhesion and 
viability (Jin et al., 2012) 

Small molecules 

H Primary human 
fibroblasts 

Increased cell adhesion and 
cell function 

(Gomez-Florit et 
al., 2014) 

Ca, Mg 
Fibroblastic 

NIH3T3 mouse 
cells 

Increased cell adhesion and 
expression of adhesion 

proteins 

(Okawachi et 
al., 2012) 

TiN, ZrN Primary human 
fibroblasts Increased cell adhesion 

(Grössner-
Schreiber et al., 

2006) 
Antibacterial coatings 

Ag 
Fibroblast-like 
HT1080 cells 

 
No effect (Mei et al., 

2014) 

ZnO2 
Primary human 

fibroblasts Decreased cell compatibility (Chang et al., 
2012) 

Polyethylene 
glycol-like Fibroblasts No effect 

(Buxadera-
Palomero et al., 

2015) 
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A number of modified surfaces with integrated antibiotics, growth factors, biomimetic 
peptides or complex formulations of artificial extracellular matrix components have 
been developed in order to improve soft tissue integration to dental implants (Table 1). 
However, biocompatibility of most anti-bacterial surfaces is still uncertain while the 
lack of stability of growth factors after implantation are the main reasons for the 
absence of such a product from the current implant market (Bhatavadekar, 2012; 
Busscher et al., 2012; Campoccia et al., 2013). On the other hand, surface modification 
with proteins, hydrogen, calcium, magnesium, TiN or ZrN promoted fibroblast adhesion 
but no other beneficial effects have been described (Table 1). Therefore, there is a need 
to develop a new generation of bioactive dental implant surfaces to improve soft and 
hard tissue integration (Gruber and Bosshardt, 2015). 
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2 OBJECTIVES 
 

Taking into account that the etiology and clinical manifestations of periodontal and peri-
implant diseases have many features in common, it stands to a reason that those 
molecules that induce the regeneration of periodontal and peri-implant tissues while 
controlling bacterial infection and inflammation would be useful for the management of 
both, periodontal and and peri-implant diseases. In addition, functionalization of dental 
implant abutments with such molecules may improve soft tissue integration to the 
implant abutment, mimicking natural gingiva around tooth and preventing the 
penetration of oral bacteria and therefore avoiding peri-implant disease. 

In this thesis, the following specific aims were defined, which are outlined in Figure 10: 

1. To select potential antioxidant biomolecules to improve periodontal/peri-
implant regeneration. 

First we screened in vitro among different natural biomolecules with antioxidant and 
anti-inflammatory activity for potential beneficial effects on diseased periodontal and 
peri-implant tissues.  

The effects of two groups of biomolecules on human gingival fibroblasts and bacterial 
growth were evaluated: pineal methoxyindoles (melatonin and 5-methoxytryptophol) 
[Paper I] and flavonoids (chrysin, diosmetin, galangin, quercitrin and taxifolin) [Paper 
II]. The results derived from this screening pointed to melatonin and quercitrin as 
candidates to improve periodontal regeneration. In a second stage, an inflammatory 
model was set to mimic the environment of periodontal and peri-implant diseases in 
vitro. For these studies, quercitrin was selected to evaluate its effects on human gingival 
fibroblasts and on human mesenchymal stem cells [Paper III]. 

 

2. To evaluate metal implant surfaces to increase soft tissue integration. 

To achieve the second aim, the response of human gingival fibroblasts to two materials 
and three topographies was firstly evaluated [Paper IV]. Then, from the outcome of the 
first objective, quercitrin was used to biofunctionalise titanium surfaces and the 
behaviour of human gingival fibroblasts and bacteria on them was analysed [Paper V]. 
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Figure 10. Outline of the experimental design followed in this thesis. 
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3 METHODOLOGICAL CONSIDERATIONS 

 

This chapter intends to discuss the methods used during this thesis by providing the 
advantages or disadvantages of the selected methods with regards to the aim of research. 
For a detailed description of the equipment, materials and specific methods used, see the 
“Material and Methods” section of each individual paper [Appendix 1]. 

 

3.1 Biomolecule selection 

Emerging data from clinical studies show that antioxidant supplementation has 
beneficial effects on periodontal disease status (Hirasawa et al., 2002; Hrishi et al., 
2015; Iwasaki et al., 2013, 2012; Maruyama et al., 2011; Mathur et al., 2013; Staudte et 
al., 2005; Tomofuji et al., 2009). Here, the effects of different antioxidants were 
screened for their potential in periodontal applications, specially focused in periodontal 
and peri-implant tissue regeneration. 

3.1.1 Flavonoids 

Structural diversity in each flavonoid family arises from the various hydroxylation, 
methoxylation, and glycosylation patterns of ring substitution. Flavonoids usually occur 
as glycosides in plants because the effect of glycosylation renders the flavonoid less 
reactive and more water soluble, permitting its storage in the cell vacuole. The activity 
of flavonoids is closely linked to their structure. Flavonoid structure-activity studies 
point to the ortho-dihydroxy (3’,4’-diOH, i.e. catechol) functionality in the B-ring, the 
C2-C3 double bond (in conjugation with the 4-oxo group) and both 3-OH and 5-OH 
groups as responsible of high antioxidant capacity, inhibitory activity of prooxidant 
enzymes and anti-inflammatory activity (Amić et al., 2007; Kim et al., 2004; Rice-
Evans et al., 1996). In this thesis, two flavones (chrysin and diosmetin), two flavonols 
(galangin and quercitrin), a flavanone (taxifolin), representing the most common 
flavonoids, were selected to evaluate its potential in periodontal applications (Figure 
11). 

3.1.2 Pineal methoxyindoles 

Melatonin and 5-methoxytryptophol, which are synthesized in the pineal gland, are 
involved in numerous biological actions (Brzezinski, 1997; Ouzir et al., 2013). Both 
have been shown as free radical scavengers or antioxidants and immunomodulatory 
agents due to their similar molecular structures (Allegra et al., 2003; García et al., 2000; 
Lissoni et al., 1997; Reiter et al., 2000). However, they show variable effectiveness and 
potency depending on the different substituents and position (Figure 12). 
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Figure 11. Structure of the flavonoids used in the study. Adapted from paper II. 

 

Figure 12. Structure of melatonin and 5-methoxytryptophol. 
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3.2 Biological characterization 

3.2.1 Selection of in vitro models 

Many in vivo models aim at simulating, as closely as possible, human exposure to a 
certain treatment (Clift et al., 2011). However, the ethical issues regarding animal 
experimentation, the time required to obtain results and the costs associated to this 
research, limits it for a first screening and characterization of response to a certain 
stimuli (Habibovic et al., 2007). In vitro assays have been developed as a simplified 
reflection of the in vivo situation in controlled and well-defined conditions, in order to 
reduce the need for animal experimentation, giving results at a lower cost, more quickly 
and being more reproducible (Clift et al., 2011). Obviously, in vitro models also have 
limitations: they assay narrow aspects of complex processes, ignoring the holistic nature 
of life. Despite these shortcomings, the establishment of an in vitro model is attractive 
and useful for a first characterization of the biological effects of a specific biomolecule 
or a new biomaterial. 

Primary cell culture refers to cells that are placed in culture directly from the tissue of 
origin. On the other hand, cell lines are derived from primary cell cultures that have 
been immortalised and, therefore, they escape the normal control of cell cycle. Although 
primary cell cultures have a limited life span compared to cell lines, they provide data of 
much greater value than cell lines (Stacey et al., 2009). It is widely accepted that 
multiple donors need to be investigated to consider donor-to-donor variability. Pooling 
the cells from various donors might result in an average of very different populations 
and the result might describe a population that does not exist, losing a lot of valuable 
information. On the other hand, performing an experiment with similar responding 
donors may bias the data towards one population and exclude donor populations 
(Stoddart et al., 2012). In this thesis, commercial human primary cells from different 
donors have been used for testing the biomolecules and novel implant surfaces, as 
detailed below. 

Human gingival fibroblasts 

Fibroblasts are mesenchymal cells with many vital functions during development and in 
adult organisms. They synthesize much of ECM components in connective tissues, play 
key roles in wound healing and are involved in the maintenance of tissue homeostasis. 
Within gingival connective tissue, gingival fibroblasts account for most connective 
tissue cells and are responsible for maintenance of tissue homeostasis as well as for 
wound healing and are also involved in different regulatory processes, including 
inflammation (Bartold et al., 2000). Furthermore, after installation of a dental implant, 
fibroblasts from the oral connective tissue are the preferred cells to form a collagen-rich 
connective tissue to repopulate the wound (Palaiologou et al., 2001). 

In order to overcome the shortcomings of monolayer cultures, different high-order in 
vitro models have been suggested. Complex interactive co-cultures of gingival 
keratinocytes and gingival fibroblasts have been used to test biomolecules for 
periodontal regeneration and dental biomaterials (Moharamzadeh et al., 2007; Schulz et 
al., 2012). Also, three-dimensional models with fibroblasts or keratinocytes embedded 
or cultured on matrices have also been used. However, these systems have been used to 
a very limited extent (Weinreb and Nemcovsky, 2015). Moreover, co-cultures or three-



24 
 

dimensional systems are not the optimal test system to perform screening analysis. For 
these reasons, in this thesis, experiments were performed with monolayer cultures of 
primary human gingival fibroblasts. 

Human gingival fibroblasts were initially [paper I, II, IV] cultured with commercial 
culture media supplemented with foetal bovine serum, as recommended by the supplier. 
When studying the expression of collagens, some treatments increased their messenger 
RNA (mRNA) levels while protein quantification did not change (see section 3.2.8). 
This discrepancy can be explained by the lack of ascorbic acid in culture media. 
Ascorbic acid or vitamin C is essential for the synthesis of hydroxyproline, which is 
necessary to stabilise the collagen triple-stranded helix (Alberts et al., 2002). Therefore, 
lack of ascorbic acid leads to the accumulation of unprocessed procollagen in the cell 
culture medium, which is discarded with every media change (Chen and Raghunath, 
2009). To enhance the deposition of secreted collagen, ascorbic acid was added to cell 
culture media in papers III and V. 

Human mesenchymal stem cells 

Mesenchymal stem cells (MSCs) are multipotent cells that can differentiate along a 
variety of cell lineages, such as chondrocytes, osteoblasts and adipocytes (Pittenger et 
al., 1999) when receiving the appropriate signals. Different studies have shown that 
bone-marrow MSCs have the capacity to promote the regeneration of alveolar bone, 
cementum and periodontal ligament (Kawaguchi et al., 2004; Li and Jin, 2015). 
Periodontal ligament derived MSCs are an obvious alternative for periodontal 
regeneration studies. However, the difficulty of collecting enough periodontal ligament 
MSCs from the same donor limits its use for the treatment of periodontal disease (Li 
and Jin, 2015). Furthermore, periodontal ligament MSCs are comparable to bone 
marrow MSCs since they have a similar differentiation capacity and ability to 
regenerate periodontal bone (F. M. Chen et al., 2011; Monsarrat et al., 2014). Actually, 
bone marrow MSCs showed periodontal ligament-like cell features when cocultured 
with the periodontal ligament in vivo (Kramer et al., 2004). In this thesis, human bone 
marrow derived MSCs were selected as in vitro model to test the osteogenic potential of 
quercitrin [paper III]. 

To create the osteogenic media, we used ascorbic acid, β-glycerophosphate and 
dexamethasone, as previously described (Jaiswal et al., 1997). As explained before, 
ascorbic acid is essential for collagen synthesis. β-glycerophosphate is a source of 
organic phosphate used by alkaline phosphatase needed for the mineralization process. 
Finally, the precise mechanism by which dexamethasone induces osteogenesis is 
unknown although it prevents cell apoptosis and promotes hMSCs proliferation 
(Langenbach and Handschel, 2013). 

Inflammatory model 

We used the inflammatory mediator IL-1β to mimic the inflammatory process in 
periodontal disease [paper III] and after an implant placement [paper V]. IL-1β is an 
important mediator in inflammatory responses, broadly used to induce experimental 
inflammation and to enhance the proinflammatory response (Furuhashi et al., 2005; 
Kida et al., 2005; Ono et al., 2011), imitating the inflammatory pathways activated in 
response to oral pathogens (Yucel-Lindberg and Båge, 2013). The concentrations used 
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are in the range with the IL-1β levels usually found in patients with periodontitis 
(Nokhbehsaim et al., 2011). The major disadvantages when using IL-1β are that the 
stimulation that induces may be, in some cases, too potent due to positive feedback 
mechanisms (Ghosh and Hayden, 2008) and that the only addition of IL-1β does not 
reflect the entire inflammatory process in periodontal disease. 

Bacterial lipopolysaccharide (LPS) is a component of gram-negative bacterial cell wall 
that is also widely used to induce experimental inflammation by stimulation of toll-like 
receptors. However, it is a thermostable and UV-resistant molecule that can induce 
inflammatory reactions in very low concentrations (Lieder et al., 2013). Therefore, it 
could resist conventional cleaning and sterilization methods, contaminate a cell culture 
cabin and induce undesired responses in other on-going experiments. 

3.2.2 Cell toxicity 

Lactate dehydrogenase (LDH) is a stable cytoplasmatic enzyme present in all cells that 
catalyses the conversion of lactate to pyruvate. LDH is rapidly released into the cell 
supernatant upon damage of the plasma membrane, so it can be used to quantify 
cytotoxicity in cell cultures. By performing this assay, it is possible to measure the 
adverse effects induced by different treatments and/or by a biomaterial in contact with 
the cells. In this thesis, LDH release was measured as an index of biomolecules toxicity 
[paper I, II, II] but also as an index of biocompatibility of the tested biomaterials [paper 
IV, V]. 

Alternatively, the cytotoxicity of treatments and biomaterials can be measured through 
assessment of changes in membrane integrity by trypan blue exclusion or by nucleic 
acid staining using propidium iodide or through assessment of the metabolic activity by 
the tetrazodium salt assay or by resazurin dye. However, many of them are destructive 
assays while the advantage of non-destructive assays (LDH and resazurin) is that cell 
culture can continue after collecting the culture media for the assay. 

3.2.3 Cell visualization 

Fluorescence imaging is one of the most basic tools used in biological sciences for the 
visualization of cells and tissues. In this thesis, conventional fluorescence microscopy 
[paper V] and confocal microscopy [paper IV, V] were used. The most important 
feature of a confocal microscope is the capability of isolating and collecting only light 
from a focal plane within a sample, allowing image capture at higher resolution without 
out-of-focus signal compared to conventional fluorescent microscopy. This allows 
observing the fine detail in the samples, for example, when immunostaining protocols 
are used [paper IV, V]. On the other hand, the advantage of conventional fluorescence is 
that the entire thickness of the sample is excited at the same time allowing a complete 
and faster visualization of the specimen, necessary when larger areas are processed 
[paper V]. 

As described above, another alternative to visualize cell morphology on biomaterials is 
using scanning electron microscopy. This technique is useful when evaluating cell 
coverage of the surface and cell orientation although it does not allow distinguishing 
cell parts.  
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3.2.4 Cell quantification 

By quantification of the DNA content it is possible to get an estimation of the number of 
cells. Among the different methods for DNA quantification, the specific DNA dye 
Hoechst was used [paper IV]. This method is an accurate, sensitive and specific method 
for quantifying DNA in which fluorescence units are correlated with the cell number 
using a linear standard curve (Rao and Otto, 1992). This quantitative method was 
supplemented with cell imaging. However, when using these two methods a lot of 
samples are required. For this reason, in paper V, cells on the disks were stained and 
visualized through fluorescence microscopy. Two pictures from each sample were 
taken, covering a large area of the sample, and nuclei were counted using ImageJ 
software (National Institutes of Health, Bethesda, MD, USA). Using this technique, cell 
morphology visualization and cell number quantification can be performed at the same 
time although one shortcoming is that cell counting is more time-consuming than DNA 
quantification.  

Alternatively, the number of cells can be related to DNA absorbance measurement at 
260 nm although interfering molecules can introduce high variability and error in the 
method. Also, the number of cells can be related to the metabolic activity, as described 
previously.  

3.2.5 Wound healing assay 

Wound healing assay is a classic and commonly used method for studying cell 
migration and the biology underlying it (Lampugnani, 1999). To perform a wound 
healing assay, a cell monolayer is scratched using an object such as a pipette tip or 
syringe needle. The monolayers recover and heal the wound in a process that can be 
observed overtime (Figure 13) (Yarrow et al., 2004). There are a number of limitations 
of this scratch assay compared to other available methods, such as Boyden chamber 
assays (where cells move from one compartment to another). The scratch assay takes a 
relatively longer time to perform, a relatively large amount of cells and chemicals are 
required and open-area quantification is manual and highly subjective (Liang et al., 
2007). Despite these limitations, the scratch assay was used in this thesis because it is 
easy to set up, does not require any specialized equipment and all materials required for 
the assay are available in any laboratory that performs cell culture. In this thesis, the 
effect of biomolecules [paper I, II] and surfaces [paper IV] on wound healing of human 
gingival fibroblasts was evaluated. To overcome the subjective open-area 
quantification, an automated software for the analysis of wound healing assays was used 
(Gebäck et al., 2009). For this, cells were followed taking live pictures of the same area 
over time. However, for the experiments with surfaces, a qualitative end-point analysis 
was performed since cells on surfaces could not be followed live.  
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Figure 13. Wound healing assay with human gingival fibroblasts on plastic multiwell plates. 
(A) Initial scratch; (B) 24 h after scratching; (C) 48 h after scratching. Dotted line indicates 

scratch mark. Scale bar = 500 µm. 

 

3.2.6 Real-time RT-PCR 

Real-time reverse transcription-polymerase chain reaction (real-time RT-PCR) provides 
a quantitative, sensitive and fast technique for detection of specific mRNA sequences. It 
detects mRNA sequences from very tiny amounts of sample (nanogram level), reduces 
the probabilities of variability and contamination, and does not need post-reaction 
analyses (Ginzinger, 2002). Before performing a gene expression measurement by real-
time RT-PCR, total RNA is first isolated by using the guanidine thiocyanate method 
(Chomczynski and Sacchi, 1987). After RNA isolation, the same amount of total RNA 
is retro-transcripted to its complementary DNA (cDNA). The cDNA synthesized is then 
used as template for real-time PCR amplification of reference and target genes. The 
amount of product formed is monitored during the course of the reaction using 
fluorescent dyes introduced into the reaction. The increase in fluorescence signal is 
proportional to the amount of DNA synthesized during each amplification cycle. Each 
reaction is characterized by the cycle fraction at which fluorescence first arise a 
statistically significant increase in fluorescence, a parameter known as the crossing 
point (Cp), which correlates with the initial amount of cDNA target, i.e. low Cp values 
are correlated to high levels of cDNA template. In this thesis, SYBR Green dye was 
used to monitor the amount product formed. It binds specifically to double-stranded 
DNA and it exhibits little fluorescence when unbounded. During each elongation cycle 
the number of double-stranded DNA formed is increased and, consequently, the amount 
of SYBR Green that binds to it also increases. SYBR Green detection is the simplest 
method to detect real-time PCR products. However, SYBR Green may bind to any 
double-stranded DNA, including primer-dimer and other non-specific reaction products 
although the specificity of the reaction was assessed through melting curve analysis and 
agarose gels to determine the product size (Bustin, 2000).  

To allow relative quantification after real-time PCR, reaction efficiencies are calculated 
from standard curves constructed using Cp values of cDNA serial dilutions. Then, Cp 
values for each of the unknown samples are used to calculate the expression levels using 
the ΔCp method (Pfaffl, 2001). Samples were normalized by the geometric mean of the 
expression levels of reference genes, to minimize differences in extraction yield, and 
amplification efficacy, thus enabling comparisons across different samples 
(Vandesompele et al., 2002).  
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By definition, a reference gene is a constitutive gene that is required for the 
maintenance of basic cellular functions and expressed in all cells of the organism under 
normal and pathological conditions. These genes should have constant mRNA levels in 
all samples and they should not vary by the experimental treatment. Stability of 
reference genes was calculated using a statistical tool (BestKeeper, Technical 
University of Munich, Weihenstephan, Germany) (Pfaffl et al., 2004). The target genes 
analysed in this thesis were related to ECM organization and turnover, cell adhesion and 
structure, inflammation and wound healing (Table 2). The function and importance of 
the proteins encoded by the genes analysed through the different studies are described 
below. 
 

Table 2. Function and importance of the different target genes studied in this thesis. 

 Protein (Gene) Function References 

EC
M

 o
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an
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at
io

n 
an

d 
tu

rn
ov

er
 

Collagens 
(COL1A1, 
COL3A1, 
COL4A2, 
COL5A1, 

COL12A1) 

The gingival connective tissue consists of a 
dense network of collagen fibrils bundles that 
provide firmness to the gingiva and attach it 
to the tooth and alveolar bone. Type I, III and 
V are fibrillar collagens; type XII is a fibril-
associated collagen; and type IV is a network 
forming collagen. Collagen type I account for 
90% of body collagen and type III is 
associated with scarless responses. 

(Alberts et al., 
2002; Bartold 
et al., 2000; 
Satish and 
Kathju, 2010) 

Decorin (DCN) 

A small dermatan sulfate proteoglycan that 
binds to type I collagen fibres and 
transforming growth factor-β. Lack of 
decorin inhibits collagen fibril formation and 
organization.  

(Alberts et al., 
2002; 
Häkkinen et 
al., 2000a) 

Matrix 
metalloproteinase-

1 (MMP1) 

MMPs degrade matrix proteins such as 
collagen and fibronectin in normal 
physiological processes. However, MMPs are 
upregulated during inflammation, which 
leads to an accelerated ECM destruction. 
Specifically, MMP-1 is a secreted MMP that 
breaks down collagen type I and III. 

(Birkedal-
Hansen, 
1993) 

Tissue inhibitor of 
MMP-1 (TIMP1) 

MMPs are inhibited by TIMPs. TIMP-1 binds 
to secreted MMPs, like MMP-1. 

(Brew et al., 
2000) 
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Table 2. Continuation. 
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Versican (VCAN) It is a large ECM proteoglycan. It participates 

in cell adhesion, migration and proliferation.  
(Zimmermann 
et al., 1994) 

Vimentin (VIM) 

VIM is an intermediate filament that is 
constitutively expressed in cells. As an 
intermediate filament, VIM is a major 
component of the cytoskeleton. Its 
downregulation may reveal impaired cell 
growth. 

(Alberts et al., 
2002) 

Osteonectin 
(SPARC) 

SPARC is a glycoprotein related to adhesion, 
proliferation and ECM mineralization. It is 
able to mediate integrin-dependent cell 
adhesion. 

(Häkkinen et 
al., 2000b) 

Fibronectin-1 
(FN1) 

Is an ECM protein involved in cell adhesion 
to the matrix and in cell guidance. Integrins 
on the cell surface are receptors for 
fibronectin.  

(Alberts et al., 
2002; Chou et 
al., 1995) 

Integrins (ITGA2, 
ITGA8, ITGB3) 

The α2 integrin subunit is collagen receptor 
while α8 subunit is a fibronectin receptor. 
Integrin β3 subunit is a vitronectin receptor, a 
molecule involved in focal contacts whose 
upregulation enhanced gingival fibroblasts 
attachment. 

(Hormia and 
Könönen, 
1994; 
Palaiologou et 
al., 2001) 

In
fla

m
m

at
io

n 

Interleukin-6 and 
interleukin-8 

(IL6, IL8) 

IL-6 and IL-8 mediate important signals in 
the proinflammatory cytokine network, 
including in periodontal disease. 

(Bartold and 
Narayanan, 
2006; Cekici 
et al., 2014) 

Cyclooxigenase-2 
(COX2) 

COX2 is an inducible enzyme that converts 
free arachidonic acid into prostaglandins, 
such as prostaglandin E2 (proinflammatory 
mediators). COX2 is upregulated during 
inflammation.  

(Noguchi and 
Ishikawa, 
2007) 

Tumor necrosis 
factor-alpha 

(TNFα) 

It is a multifunctional proinflammatory 
cytokine involved in periodontal disease. 

(Bartold and 
Narayanan, 
2006; Cekici 
et al., 2014) 

Interleukin-10 
(IL10) 

IL10 plays a major role in suppressing 
immune responses. It plays a protective role 
in tissue destruction and upregulates TIMPs 
expression. 

(Cekici et al., 
2014) 
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Table 2. Continuation. 
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Alpha-smooth 
muscle actin 

(ACTA2) 

It is a highly contractile protein that is the 
hallmark of activated fibroblasts or 
myofibroblasts. Myofibroblasts are 
contractile cells that, over time, bring the 
edges of a wound together. Its expression is 
necessary for wound healing although 
excessive fibroblast activation is typical of 
fibrosis and scarring. 

(Hinz et al., 
2007, 2003) 

Transforming 
growth factor- 

beta 1 (TGFB1) 

It is a multifunctional cytokine that regulates 
multiple processes. In fibroblats, TGF-β 
induces the expression of ACTA2 and 
prompt the conversion to the myofibroblast 
phenotype. 

(Hinz et al., 
2007, 2003) 

Endothelin-1 
(EDN1) 

Its accumulation initiates the differentiation 
of fibroblasts into myofibroblasts. 

(Hinz et al., 
2007, 2003) 

 

3.2.7 Enzyme-linked immunosorbent assay 

Enzyme-linked immunosorbent assay (ELISA) is a widely used sensitive immunoassay 
that uses an enzyme linked to an antibody or antigen as a marker for the detection of a 
specific immunogen (Lequin, 2005). To allow quantification, a standard curve with 
known amounts of the immunogen of interest is run in every assay. It is an accurate and 
quantitative method, but it requires a proper setting up of the assay (depending on the 
range of detection and sensibility) to get a successful detection. The limitation of the 
ELISA lies in the specificity of the primary antibody. ELISA was used to detect MMP-
1, TIMP-1 [papers I, II, IV] and PGE2 [papers III, V].  

3.2.8 Collagen quantification 

Collagens constitute the main component of ECM (Alberts et al., 2002), therefore it was 
of interest to quantify collagen production. Collagen can be found soluble in the culture 
medium or mostly entrapped in the ECM (Chen and Raghunath, 2009). The Sirius Red 
dye method for collagen quantification is based on the selective binding of Sirius Red 
F3BA to collagen. Subsequent elution with sodium hydroxide and read-out at 540 nm 
can be done in cuvettes, in microplates with collagen extract adsorbed to the plastic and 
using microplate readers (Chen and Raghunath, 2009; Walsh et al., 1992). This method 
was used in this thesis in papers I and II. However, it requires many replicates and a lot 
of sample, which was not available in the studies performed with the surfaces due to the 
small size of the implants. Furthermore, even under acid ascorbic supplementation, 
fibroblasts secrete minimal amounts of collagen that is discarded with every medium 
change (Chen and Raghunath, 2009). For this reasons, the analysis of collagen mRNA 
levels was used to study collagen production in papers III, IV and V.  
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There are different methods to study total and specific collagens. Before using the Sirius 
Red dye method, quantification of collagen from culture media was tested using ELISA, 
although the sensibility of the kit was not enough to detect it. 

3.2.9 Oxidative stress assay 

As more extensively explained in previous sections, oxidative stress lies at the heart of 
periodontal and peri-implant diseases. In paper II, the antioxidant capacity of quercitrin 
and taxifolin, after exposure of human gingival fibroblasts to oxygen peroxide, was 
assayed. The cell-permeant 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), a 
chemically reduced form of fluorescein, was used as an indicator for ROS. The theory 
behind using DCFH-DA is that oxidative non-fluorescent fluorescein derivatives will 
emit fluorescence after being oxidized by hydrogen peroxide. The emitted fluorescence 
is directly proportional to the concentration of hydrogen peroxide. When applied to 
intact cells, DCFH-DA crosses cell membranes and is hydrolyzed enzymatically by 
intracellular esterases to nonfluorescent DCFH. In the presence of ROS, DCFH is 
oxidized to highly fluorescent DCF. One shortcoming of the method is that DCFH can 
be photooxidised to DCF. To overcome this problem, a fluorescent microplate reader 
with fast light excitation and measurement was used. Therefore, the intracellular DCF 
fluorescence is a direct measure of overall oxidative stress in cells (Wang and Joseph, 
1999). Alternative methods to assess oxidative damage include the measurement of lipid 
peroxidation products and DNA adducts although they do not measure oxidative stress 
directly.  

3.2.10 Alkaline phosphatase activity and calcium quantification 

In paper III, the effect of quercitrin on the osteogenic differentiation of hMSCs was 
evaluated. For this purpose, alkaline phosphatase (ALP) activity, an enzyme present in 
the cell membrane necessary for initiating bone mineralization (E. E. Golub et al., 
1992), was determined, and calcium, the hallmark of osteoblast differentiation, was 
quantified.  

Determination of ALP activity is based on a colorimetric method that follows the 
hydrolization of p-Nitrophenyl phosphate with the formation of a yellow end product 
that can be measured spectrophotometrically. To determine ALP activity a previous step 
of cell membrane disruption with Triton X-100 (a surfactant) and freeze/thawing cycles 
was conducted. 

Calcium was determined by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). The major advantage of this method over commercial kits is that it is a 
highly sensitive and precise analytical technique for detection of the concentration of a 
wide range of elements present in a solution, calcium among others, based in the 
emission of electromagnetic radiation at characteristic wavelengths of each particular 
element from excited atoms by inductively coupled plasma. The concentration of 
calcium was calculated correlating the emission intensity of each sample to standard 
curves.  Special attention was taken to avoid contamination of the samples with calcium 
from other sources (autoclaved material and glass labware) since it is a very sensitive 
method. 
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3.3 Biomaterials 

The biomaterials tested in this thesis were coin-shaped Ti and TiZr samples. For in vitro 
studies, coin-shaped samples had a perfect fit in the multiwell plastic dishes used. With 
this arrangement, cells could not be followed with the available conventional inverted-
light microscopes used for cell culture, which allow live cell visualization. Instead of 
this, fluorescence, confocal and scanning electron microscopy was used to visualize 
cells cultured onto the biomaterials, as described above. Moreover, cells seeded onto 
tissue culture plastic were used to monitor each cell experiment with the inverted-light 
microscope.  

3.3.1 Polished, machined and acid-etched surfaces 

For paper IV, coin-shaped samples (diameter 4.39 mm, thickness 2 mm) made of grade 
IV titanium and titanium-zirconium alloy, containing 13-17% zirconium, were kindly 
provided by Institut Straumann AG (Basel, Switzerland) as machined and machined + 
acid etched (modMA) surfaces. The modMA surfaces were produced from machined 
surfaces acid etched in HCl/H2SO4 at 125-130 °C for 5 min, rinsed in NaCl under N2 
protection and stored in 0.9% NaCl solution (Rupp et al., 2006). Mechanical wet 
polishing was used to fabricate the polished surfaces from M surfaces. Polishing was 
performed using silicon carbide abrasives from coarse to fine ones. The final step was 
carried out on a neoprene cloth using suspension of colloidal silica with particle around 
30-100 nm. Polished samples were cleaned by ultrasonic baths with 40% NaOH and 
50% HNO3 to remove silicon carbide and silica (Lamolle et al., 2009). Samples were 
dipped in phosphate buffered saline before cell seeding.  

3.3.2 Functionalization of Ti surfaces with flavonoids 

For paper V, machined coin-shaped samples (diameter 6.2 mm, thickness 2 mm) made 
of grade IV Ti were purchased from Implantmedia (Lloseta, Spain). Polished surfaces 
were fabricated using wet mechanical polishing. Surfaces were cleaned as described 
above prior to functionalization with flavonoids.  

First, Ti surfaces were passivated in order to remove the superficial carbon layer 
(contamination) and create a layer of hydroxyls (Liu et al., 2004; Martin et al., 2007). 
The functionalization of the surfaces consisted in binding covalently quercitrin to 
titanium using an aminosilane as linker agent by reaction of the carbonyl group of the 
flavonoid with the terminal amino group of the aminosilane, forming a imine bond 
(Córdoba et al., 2015b). However, in aqueous dissolutions, imine bonds can be 
hydrolysed. For this reason, the coating was also treated with the reducing agent 
NaCNBH3 to irreversibly reduce the imine bond (-C=N-) to an amine (-C–N-) in order 
to decrease bond reactivity and increase the stability over time of the coating (Figure 
14) (Córdoba et al., 2015a). 
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Figure 14. (Left) Quercitrin-coated surfaces. (Right) Quercitrin-coated surfaces after reduction 

of the imine bond to an amine. Courtesy of Alba Córdoba. 

 

Silanes are widely used as coupling agents for surface modification (Treccani et al., 
2013). (3-Aminopropyl)triethoxysilane (APTES) was chosen as crosslinker since it 
forms biocompatible self-assembled monolayers on hydroxylated surfaces, such as TiO2 
(Bauer et al., 2013; Toworfe et al., 2009) and its amino terminal group allows its 
bonding with carboxylic groups. 

 

3.4 Surface characterization 

3.4.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a fast qualitative method that allows visualizing 
relatively large surface areas at high magnification. Materials of different electron 
density appear in different grey values; the higher the electron density the lighter the 
material appears on the image. SEM was used in this thesis for imaging surfaces [paper 
IV] and cell/bacteria morphology and distribution on the surfaces [paper IV, V]. 
Samples containing cells/bacteria need to be fixed and dried to preserve its structure 
under the vacuum conditions of the specimen chamber.  

3.4.2 Optical profilometry 

Optical profilometry is a rapid and reliable technique to examine surface topography 
and to give information on material roughness at high resolution. Surface roughness 
(Sa) is defined as the absolute average height deviation from the mean plane. It is a 
widely used parameter to describe surface topography (Figure 15). In this thesis, 
surface roughness was measured in paper IV. 



34 
 

 

Figure 15. (Left) Topographical image of machined Ti surfaces from profilometry (250 x 190 
µm). (Right) Schematic illustration of surface roughness assessed from topographical images. 

Profilometry image is a courtesy of Dr. Rui Xing. 

 

3.5 Bacterial experiments 

In this thesis two bacterial strains were used, Staphylococcus epidermidis and 
Streptococcus mutans. These two species are among the initial colonizers during the 
multistage dental plaque formation process (Sbordone and Bortolaia, 2003), preparing a 
favourable environment for late colonizers. Moreover, both are recognized biofilm 
forming bacteria (Ha et al., 2005; Lévesque et al., 2005; Mack et al., 2006). S. 
epidermidis plays a major role in infections of implants (Nablo et al., 2005) while S. 
mutans is considered the primary causative agent of dental caries (Lévesque et al., 
2005). Furthermore, both bacterial strains are innocuous compared to other bacterial 
strains used for the same purpose. Therefore, they represent a suitable and safe model to 
investigate the anti-bacterial effect and the biofilm formation. 

The methods used include the evaluation of S. epidermidis growth in the presence of 
different biomolecules [paper I, II] and the evaluation of S. mutans adhesion and biofilm 
formation on different surfaces [paper V].  

3.5.1 Bacterial growth 

There are different methods to measure bacterial growth such as absorbance 
measurement, colony count or adenosine triphosphate (ATP) measurement. To evaluate 
bacterial growth [paper I, II] in this thesis, bacterial suspensions were incubated with 
the different biomolecules in 96-well flat-bottomed plates for 24 h at 37˚C under 
shaking. At regular time intervals, the optical density was measured at 600 nm to 
determine bacterial proliferation. When absorbance is measured, increased bacterial 
number decreases transmission of light. The major advantages of this method include 
that it does not require special equipment (but the spectrophotometer), reagents or 
manual colony counting. 
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3.5.2 Bacterial adhesion  

Bacterial adhesion onto different biomaterial surfaces was carried out with artificial 
saliva (Gal et al., 2001) to mimic the physiologic conditions of S. mutans growth [paper 
V]. To evaluate bacterial adhesion, a flow system was used. Briefly, it was a modified 
Robbins device where disks were fixed to removable ports that allow contact between 
the surfaces under study and a flow of suspended bacteria in laminar conditions. Before 
each experiment, the whole system was filled with artificial saliva and preconditioned at 
37˚C. Afterwards, the bacterial suspension was allowed to flow through the system at a 
flow rate of 2 ml/min, corresponding to a shear rate at the wall of the flow chamber of 
0.97 s-1 (unpublished results). This shear rate is such that the specific interactions that 
could occur between the cells and the different substrata dominate over the drag force of 
the fluid flow. Bacteria adhered to the different surfaces were counted using a 
Live/Dead staining method in which live bacteria, with intact bacterial membranes, 
fluorescence green, while dead bacteria, with damaged membranes, fluorescence red. 
However, it has been shown that not all red-stained bacteria correspond to dead cells, as 
some of them are able to survive in a nutrient rich media. An alternative to this method 
would be colony counting although it requires removing bacteria from the surfaces, 
inoculating fresh media plates, incubating the plates and colony counting.  

3.5.3 Biofilm formation 

Bacterial suspension was cultured on the surfaces at 37˚C and gentle shaking (20 rpm). 
Biofilm formation was measured using a commercial kit based on ATP quantification 
[paper V].  A linear relationship has been described between the detected amount of 
bacterial ATP and the number of viable cells in the biofilm (Fan and Wood, 2007). 
Then, the biofilm formed on the different surfaces was observed with the SEM. 
Alternatively, safranin staining is also used to measure biofilm formation but it requires 
several washing steps and dye liberation, which introduce variability in the assay.  
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4 DISCUSSION 
 

Oxidative stress and inflammation lie in the middle of many diseases, including 
periodontal and peri-implant diseases. The biomolecules studied in this thesis were five 
flavonoids (chrysin, diosmetin, galangin, quercitrin and taxifolin) and two pineal 
methoxyindoles (melatonin and 5-methoxytryptophol), which were selected for their 
antioxidant and anti-inflammatory potential (Allegra et al., 2003; García-Lafuente et al., 
2009; Pietta, 2000; Reiter et al., 2000; Rodriguez et al., 2004; Rodriguez-Naranjo et al., 
2012; Tan et al., 2003; Williams et al., 2004).  

Periodontal and peri-implant diseases are the result of an excessive inflammatory 
process initiated by bacterial accumulation, which end in the destruction of periodontal 
and peri-implant tissues. Even though some differences exist between tissues supporting 
natural teeth and dental implants, the ideal periodontal/peri-implant treatment should 
decrease bacterial infection, damp down the host inflammatory response against 
bacteria, decrease the excessive production of proinflammatory mediators, destructive 
enzymes and free radicals and it should stimulate soft and hard tissue regeneration 
(Giannobile, 2008; Kinane et al., 2011; Preshaw, 2008). Furthermore, the same 
principles apply to peri-implant healing, i.e. the intended regenerative process may 
favour the soft and hard tissues integration, which guarantees dental implant success 
(Kantarci et al., 2015). 

 

4.1 Periodontal and peri-implant tissue regeneration 

The first step to achieve periodontal and peri-implant regeneration is to curb bacterial 
infection. Among the different biomolecules studied in this thesis, only quercitrin 
showed a moderate anti-bacterial effect on S. epidermidis [paper II, Figure 1]. However, 
previous studies showed that melatonin and different flavonoids have antibacterial 
effects against different gram-positive and gram-negative bacteria (Srinivasan et al., 
2012; Tekbas et al., 2008), indicating that further analysis should be done to confirm or 
discard the effects of the biomolecules on microbial growth. In a second stage, 
quercitrin was selected for the biofunctionalization of dental implant abutments. 
Quercitrin-functionalised surfaces may help to win the “race for the surface” between 
bacteria and host cells (Gristina, 1987) since they decreased S. mutans adhesion while 
increasing human gingival fibroblast attachment [paper V, Figures 1-2]. It is interesting 
to highlight that in a sterile implant surgery, the total number of bacteria that infect a 
wound/surface reaches up to 270 bacteria/cm2 (Busscher et al., 2012). Therefore, the 
effect of decreasing bacterial adhesion while increasing cell adhesion may guarantee 
implant success.  

To shift from disease conditions to periodontal and peri-implant tissues regeneration it 
is required to shorten or minimize the inflammation caused by the continuous presence 
of pathogens in the oral cavity. Among the different biomolecules screened in a first 
stage, quercitrin and melatonin showed the strongest anti-inflammatory effects. As 
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periodontal and peri-implant diseases occur in an inflammatory environment, in a 
second stage, the effects of quercitrin in inflammatory conditions were evaluated. Using 
this approach, quercitrin decreased the release of the pro-inflammatory PGE2 when 
added to the cell culture media [paper III, Figure 2] and when grafted to Ti surfaces 
[paper V, Figure 4], suggesting its potential use as anti-inflammatory agent for 
periodontal/peri-implant diseases management (Kats et al., 2013; Tipton et al., 2003). 
This result is supported by previous studies where quercitrin had anti-inflammatory 
effects on LPS-stimulated macrophages (Fang et al., 2008) and in vivo in different 
animal models under inflammation (Comalada et al., 2005; Totilo, 2007; Yin et al., 
2013). Both quercitrin and commonly used non-steroidal anti-inflammatory drugs 
inhibit COX2, an enzyme necessary for PGE2 synthesis. Therefore, the anti-
inflammatory effects of quercitrin could be compared with those of non-steroidal anti-
inflammatory drugs, which have shown beneficial effects in the conventional treatment 
of periodontal disease in different clinical trials (Kirkwood et al., 2007; Noguchi and 
Ishikawa, 2007; Salvi and Lang, 2005). However, these treatments only focus on 
decreasing inflammation while the ultimate goal of periodontal treatment is not only to 
cease it, but also to regenerate the soft and hard periodontal tissues (Chantarawaratit et 
al., 2014). 

Another objective for periodontal and peri-implant regeneration is to prevent soft tissue 
breakdown and to promote new tissue formation. The results from this thesis suggest 
that melatonin, 5-methoxytryptophol, quercitrin and taxifolin may promote soft tissue 
formation since they increased different ECM related-markers [paper I, II]. In addition, 
melatonin and quercitrin decreased the levels of pro-fibrotic markers, suggesting that 
they may produce a structural and functional regenerated tissue rather than a scarred 
(fibrotic) tissue. Another interesting finding is that melatonin and quercitrin decreased 
MMP/TIMP ratio, which is related to a reduced MMP-mediated collagen degradation 
(Soell et al., 2002). Furthermore, quercitrin also showed potential beneficial effects on 
soft tissue re-arrangement in inflammatory conditions, both, when added to the cell 
culture media [paper III, Figure 1] and when grafted to Ti surfaces [paper V, Figure 3]. 
The effects of quercitrin, inhibiting MMP, may be compared to those of doxycycline, a 
MMP inhibitor that reduced periodontal disease and inhibited early stage bone 
resorption in different clinical trials. However, prolonged use of doxycycline, even at 
sub-antimicrobial doses, can lead to the development of antibiotic resistance (Preshaw, 
2008; Preshaw et al., 2004). Therefore, quercitrin may represent a safer option for 
periodontal and peri-implant tissue regeneration. 

Quercitrin’s anti-inflammatory effect may also promote soft tissue regeneration since 
excessive inflammation delays regeneration and wound healing processes, resulting in 
increased scarring and compromising tissue regeneration (Eming et al., 2007; Sculean et 
al., 2014). Much research efforts in soft tissue regeneration have focused on the direct 
delivery of growth factors or through gene therapy with promising results. However, the 
unpredictability of the clinical outcomes probably due to the lack of stability of growth 
factors has awaked the necessity for alternative options (Anusaksathien and Giannobile, 
2002; Li and Jin, 2015; Ramseier et al., 2012; Shin et al., 2015). In this context, 
quercitrin may represent a promising option to improve soft tissue regeneration.  

Further progression of gingivitis and peri-implant mucositis leads to periodontitis and 
peri-implantitis, which is characterised by alveolar bone resorption. For this reason, it is 
also important to promote hard tissue formation to achieve a satisfactory periodontal 
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regeneration treatment. The anabolic action of melatonin on bone metabolism has been 
proved both in vitro and in vivo, as it promotes osteoblast proliferation and 
differentiation, decreases osteoclast-related bone resorption and accelerates 
osseointegration of dental implants (Cutando et al., 2008; Liu et al., 2013). Since the 
effects of melatonin on bone formation seem very clear, the potential of quercitrin to 
enhance bone regeneration was studied in this thesis. Quercitrin enhanced the 
osteogenic differentiation and increased the mineralization of hMSCs in basal, 
osteogenic and inflammatory conditions [paper III, Figure 3]. This is in agreement with 
previous reports where different flavonoids promoted osteoblast differentiation (Choi, 
2011; Jeong et al., 2011; Jia et al., 2003; Lee et al., 2011). Quercitrin has also been 
shown to decrease osteoclast formation in vitro (Satué et al., 2013); and to promote the 
differentiation of MSCs when grafted to Ti surfaces (Córdoba et al., 2015b), suggesting 
that quercitrin could enhance the osseointegration process of dental implants. These 
results together with the findings presented in this thesis, point to quercitrin as a 
potential biomolecule to enhance bone regeneration in periodontitis and peri-implantitis 
patients. 

Biological activity of flavonoids is related to its antioxidant activity, which depends on 
the substitution pattern of the rings (Amić et al., 2007; Rice-Evans et al., 1996). In fact, 
quercitrin possesses structural characteristics that have been related to high antioxidant 
and anti-inflammatory activity. Quercitrin’s B-ring catechol group is capable of readily 
donating hydrogen (electron) to stabilise ROS. Furthermore, its C2-C3 double bound 
and the 4-oxo group are also important for its antioxidant function. On the other hand, 
the catechol group together with the 3-OH can chelate transition metal ions such as 
copper and iron. In this thesis, quercitrin decreased oxidative stress in human gingival 
fibroblasts [paper II, Figure 4]. Furthermore, flavonoids can also exert its antioxidant 
activity via the activation and/or upregulation of antioxidant detoxifying enzymes. 
Actually, quercitrin has been shown to increase enzymatic antioxidant defence systems 
in different in vitro and in vivo models (Babujanarthanam et al., 2011; Kim et al., 2015; 
Yin et al., 2013). However, flavonoids antioxidant activity is unlikely to be the sole 
explanation for their cellular effects (Williams et al., 2004). Accumulating evidence 
suggests that their effects are mediated by interactions with signalling pathways (Kim et 
al., 2004; Trzeciakiewicz et al., 2009). In particular, quercitrin has been shown to have 
an inhibitory effect on AP-1 and NF-κB pathways, which have central roles regulating 
cell differentiation and inflammation, among other downstream targets (Dai et al., 2013; 
Ding et al., 2010). This may explain the positive effects of quercitrin on periodontal 
tissues regeneration.  

 

4.2 Considerations on soft tissue integration to dental 
implants 

Soft tissue integration can prevent the penetration of oral pathogens towards the bone, 
protecting bone and implant from biomaterial-related infections and increasing dental 
implant long-term success. In this thesis, two strategies were used to modify the surface 
properties of dental implant abutments to enhance soft tissue integration. First, the 
behaviour of human gingival fibroblasts on Ti and TiZr with different topographies was 
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compared. In a second stage, taking into account benefits of quercitrin on soft and hard 
tissue cells, it was used to biofunctionalise Ti surfaces. 

When comparing, the response of human gingival fibroblasts to Ti and TiZr surfaces 
with different topographies, cells preferred polished and machined smooth surfaces that 
modMA rough surfaces [paper IV, Figure 3-5], in agreement with previous studies 
(Ponsonnet et al., 2002; Rompen et al., 2006; Wieland et al., 2002). Furthermore, 
machined surfaces performed better than polished ones probably due to the cell 
alignment and the less inflammatory and more regenerative profile induced by 
machined surfaces. Hence, abutment surface with grooved structures may be more 
promising than polished surfaces in terms of soft tissue regeneration. Moreover, cells 
aligned to a specific pattern also produce aligned collagen fibre bundles (Kearns et al., 
2013). Regarding the material, both Ti and TiZr showed similar biocompatibility, in 
agreement with previous reports (Linkevicius and Apse, 2008; Pae et al., 2009). 
Although TiZr showed slightly higher cell adhesion, it also increased MMP/TIMP ratio 
[paper IV, Figure 7], which is related to collagen breakdown. For this reason and since 
the availability of TiZr was limited, Ti was used for further studies. Nevertheless, in the 
case of small diameter implants, TiZr achieves good osseointegration and high success 
rates both in animal and in clinical studies (Grandin et al., 2012).  

Among the different biomolecules studied in this thesis, quercitrin showed the most 
promising activities in periodontal and peri-implant tissue regeneration. Therefore, the 
second strategy to improve soft tissue integration consisted in evaluating quercitrin 
grafted to Ti surfaces. As detailed above, the results suggest that quercitrin-fuctionalised 
surfaces may decrease bacterial attachment while increasing human gingival fibroblast 
adhesion. Furthermore, quercitrin-fuctionalised surfaces may also prevent tissue 
destruction and inflammation while promoting new collagen synthesis. Compared with 
often-reported monofunctional surface coatings on which bacterial adhesion and biofilm 
formation is discouraged or they promote host tissue integration, but not both at the 
same time (Busscher et al., 2012; He et al., 2015), quercitrin-functionalised surfaces 
have shown multifunctional activities. Furthermore, quercitrin-functionalised surfaces 
may overcome many shortcomings related to the biocompatibility of some antibiotic-
coated surfaces or the lack of stability of growth factors (Anusaksathien and Giannobile, 
2002; Zhao et al., 2009). 

 

4.3 Future perspectives and potential applications  

The translation of in vitro studies to human use requires its confirmation following well-
established stages. First, the pre-clinical development should be completed with in vivo 
studies, which should confirm the results of this thesis. A single animal model that 
represents all aspects of human anatomy and physiology does not exist (Kantarci et al., 
2015). Different animal models have been developed to test different aspects of 
periodontal diseases and wound healing around implants. For example, mouse, rat and 
rabbit represent cheap and well-defined systems to study inflammation on soft and hard 
tissues. On the other hand, miniature pigs and dogs are more suitable for biomaterial 
testing since periodontal tissues and the size of teeth are, in general, similar to those in 
humans (Kantarci et al., 2015; Schwarz et al., 2007b). Finally, the clinical development 
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of a product consists in human studies and efficacy evaluation that must accomplish all 
required criteria for its approval and launch (Trofin et al., 2013). 

Inflammation and oxidative stress are behind periodontal disease (Chapple and 
Matthews, 2007; Waddington et al., 2000). The beneficial effects of antioxidant 
supplementation (Hirasawa et al., 2002; Hrishi et al., 2015; Iwasaki et al., 2013, 2012; 
Maruyama et al., 2011; Mathur et al., 2013; Staudte et al., 2005; Tomofuji et al., 2009) 
and treatment with anti-inflammatory drugs (Kirkwood et al., 2007; Noguchi and 
Ishikawa, 2007; Salvi and Lang, 2005) on periodontal disease status have been 
demonstrated in different clinical trials. Unlike these options, however, quercitrin may 
have a broad range of actions rather than single antioxidant and/or anti-inflammatory 
activity. Taking into account the results presented in this thesis, it seems possible that 
quercitrin could promote periodontal and peri-implant tissues regeneration. Different 
options could be considered for the administration of quercitrin such as toothpastes, 
mouthrinses or topical application. In fact, antioxidants added to oral hygiene products 
improve periodontal disease indexes (Battino et al., 2005; Palaska et al., 2013). 
Furthermore, quercitrin could be used in combination with other biomaterials, i.e. gels, 
or scaffolds required in severe cases of periodontal and peri-implant diseases. 

Taken all together, the results derived from this thesis suggest that antioxidants in 
general and quercitrin in particular may have a clinical use for periodontal and peri-
implant regeneration (Figure 16).  

 

 

Figure 16. Ideal sequence to achieve periodontal/peri-implant regeneration and potential effects 
of quercitrin. 

 

Keep tooth/implant 

Aid tissue regeneration 

Prevent tissue destruction  

Reduce inflammatory 
response 

Eliminate bacterial infection 

Quercitrin 
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CONCLUSIONS 

 

I. Melatonin and quercitrin decrease the inflammatory response and show 
beneficial effects in extracellular matrix formation and regeneration in human 
gingival fibroblasts. In addition, quercitrin causes the same positive effects in an 
inflammatory environment.  

 

II. Quercitrin increases the differentiation of human mesenchymal stem cells in 
basal, osteogenic and inflammatory conditions. 

 

III. Titanium and titanium-zirconium surfaces are biocompatible with human 
gingival fibroblasts. Regarding the surface texture, human gingival fibroblasts 
prefer microgrooved surfaces than polished and rough surfaces, inducing cell 
alignment and a less inflammatory and more regenerative profile.  

 

IV. Biofunctionalization of titanium with quercitrin decreases Streptococcus mutans 
adhesion while increases human gingival fibroblasts adhesion. Quercitrin-
functionalised surfaces also show anti-inflammatory effects and induce 
extracellular matrix formation and remodelling. 

 

V. All in all, these findings suggest quercitrin as a potential bioactive molecule to 
enhance both soft and hard periodontal tissue regeneration. 
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1. Introduction

The periodontium is composed of hard (cementum and bone)
and soft tissue (periodontal ligament and gingiva), which maintain
teeth function [1]. Periodontal disease is directly related to an
increased production of free radicals by periodontopathic bacteria
[2] and is indirectly caused by inflammation and by an immune
response against these bacteria that results in destruction of
periodontal tissues and, in severe cases, is accompanied by the loss
of alveolar bone with eventual loss of the tooth [3]. Gingival
fibroblasts are the major constituents of gingival and maintain
tissue integrity by regulating collagen and proteoglycan metabo-
lism [1]. Together with matrix metalloproteinases, free radicals
induce collagen degradation and cell damage [4], in addition to be
pro-inflammatory [5].

Melatonin (MEL) is synthesized from serotonin in the pineal
gland and in a variety of other tissues. Many of its effects differ to
its primary neurohormonal functions owing to its properties as
anti-inflammatory, effective free radical scavenger and stimulator
of antioxidant enzymes [6–9]. The anabolic action of MEL on bone
metabolism has been proved both in vitro and in vivo [10], as it

promotes osteoblast proliferation and differentiation [11,12],
decreases osteoclast-related bone resorption [13,14] and accel-
erates osseointegration of dental implants [15]. Once in blood, MEL
reaches saliva and protects the oral cavity from oxidative stress-
related tissue damage [16–18]. Moreover, MEL levels correlate
with the periodontal health status indicating that it may have a
protective role against periodontal disease [19–21]. In vitro, MEL
decreases dental materials’ toxic effects on gingival fibroblasts
[22]. Thus, many authors have suggested potential beneficial
effects of MEL in dentistry, for instance, on periodontal disease or
in dental implantology [17,18,23,24].

Although MEL effects on bone metabolism seem to be clear, the
effects on gingival fibroblasts remain unstudied. The objective of
the present research was study the effects of MEL on primary
human gingival fibroblasts (HGF) and on the growth rate of
Staphyloccocus epidermidis and compare them with the effect of 5-
methoxytryptophol (5-MTX), an indole derivative related to MEL.
5-MTX is also present at the pineal gland [25], prevents the
oxidative damage in vitro [26], inhibits osteoclastogenesis and
promotes osteoblast differentiation in a higher degree than MEL
[27]. Thus, it may also affect HGF in a different manner than MEL.

In the present study, we aimed at evaluating the effect of MEL
and 5-MTX for potential use in periodontal applications. Therefore,
we systematically compared the effect of increasing doses of the 5-
methoxyindoles on the growth rate of S. epidermidis and screened
their effect on cell viability and on gene expression in human
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gingival fibroblasts. Then, selected doses were further evaluated by
measuring their effect on collagen production, wound healing and
matrix metalloproteinase-1 and tissue inhibitor of metalloprotei-
nases 1 production.

2. Material and methods

2.1. Treatments

All chemical reagents were obtained from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise specified. MEL and 5-MTX were
dissolved in absolute ethanol (Scharlab, Barcelona, Spain),
aliquoted and stored at �20 8C. MEL and 5-MTX were further
dissolved in culture media, prior to each media change. Final
concentration of ethanol (0.88%) was included as vehicle control
group in the experiments.

2.2. Culture and proliferation assay of Staphylococcus epidermidis

S. epidermidis 4814 (CECT, Valencia, Spain) were grown from
frozen stocks in LB broth (Scharlab). Following an overnight
incubation, 0.2 mL of bacterial suspensions (1 � 106 bacteria/mL)
were incubated with the different treatments in 96-well flat-
bottomed plates for 24 h. Vehicle control groups served as negative
control and 6 mg/mL vancomycin served as positive control for
bacterial growth inhibition. Plates were incubated in a microplate
reader (PowerWave HT, Biotek, Winooski, VT, USA) with tempera-
ture control and shaking function at 37 8C for 24 h. At regular time
intervals, the optical density was measured at 600 nm to
determine bacterial proliferation. The assays were carried out in
triplicate, with three replicates at each condition. Bacterial growth
rate (m) was calculated during the exponential growth phase
following the equation ln ODt � ln OD0 = m(t � t0).

2.3. Cell culture

Three different donors of primary human gingival fibroblasts
(Provitro GmbH, Berlin, Germany) were used: HGF-A (27 years,
Caucasian, female, lot number 313X100401), HGF-B (19 years,
Caucasian, male, lot number 322X070501) and HGF-C (47 years,
Caucasian, male, lot number 323X070501). HGF cells were
routinely cultured at 37 8C in a humidified atmosphere of 5%
CO2, and maintained in fibroblast growth medium (Provitro
GmbH) supplemented with 10% fetal calf serum (FCS), 50 ng
amphotericin/mL and 50 mg gentamicin/mL (Provitro GmbH).
Cells were subcultured 1:4 before reaching confluency using PBS
and trypsin/EDTA (PAA Laboratories GmbH, Pasching, Austria), as
recommended by suppliers. Experiments were performed with
HGF cells at between passages 7 and 8 after isolation. Trypan blue
stain was used to determine total and viable cell number.

Three replicate wells for each donor were seeded in 48-well
plates at a density of 1.0 � 104 cells/well for all control and test
samples (n = 9). For collagen quantification, cells from one donor
were seeded in 96-well plates at a density of 7.0 � 103 (n = 6). Cells
were treated 48 h after seeding with 0.001 to 2.5 mM MEL or 5-
MTX. Cells were grown for 2 days (cytotoxicity and wound healing
assay) and for 14 days (gene expression and protein quantifica-
tion).Treatments were added at every media change (every other
day).

2.4. Determination of cytotoxicity

The presence of LDH activity in the culture media after 48 h of
cell culture was used as an index of cell death. LDH activity was
determined spectrophotometrically after 30 min of incubation at
25 8C of 50 mL of culture media and 50 mL of the reaction mixture,

by measuring the oxidation of NADH at 490 nm in the presence of
pyruvate, according to the manufacturer’s kit instructions (Cyto-
toxicity Detection kit, Roche Diagnostics, Mannheim, Germany).
Results from all the samples were presented relative to the LDH
activity in the medium of cells treated with the vehicle control (low
control, 0% of cell death) and of cells treated with 1% Triton X-100
(high control, 100% cell death). The percentage of LDH activity was
calculated using the following equation: Cytotoxicity (%) = (exp.
value � low control)/(high control � low control) � 100.

2.5. RNA isolation and real-time RT-PCR analysis

Total RNA was isolated after 14 days of cell culture using
Tripure (Roche Diagnostics), according to the manufacturer’s
protocol. Total RNA was quantified at 260 nm using a Nanodrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). The same amount of RNA (0.2 mg) was reverse transcribed
to cDNA at 42 8C for 60 min using High Capacity RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA, USA), according to the
protocol of the supplier. Aliquots of each cDNA were frozen
(�20 8C) until the PCR reactions were carried out.

Real-time PCR was performed for two reference genes,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-
actin (ACTBL2), and target genes, collagen III a1 (COL3A1), decorin
(DCN), integrin a2 (ITGA2), interleukin-6 (IL6), matrix metallo-
proteinase-1 (MMP1), tissue inhibitor of metalloproteinases 1
(TIMP1), a-smooth muscle actin (ACTA2), endothelin-1 (EDN1)
and transforming growth factor-b1 (TGFB1). Real-time PCR was
performed in the Lightcycler 4801 (Roche Diagnostics) using SYBR
green detection. Primer sequences and real-time conditions are
described elsewhere [28]. Target genes are covering different
aspects of gingival fibroblast function like extracellular matrix
(ECM) production and organization, regulation of cell adhesion and
inflammation.

All samples were normalized by the geometric mean of the
expression levels of ACTBL2 and GAPDH and fold changes were
related to the control groups using the mathematical model
described by Pfaffl [29]:

ratio ¼ Etarget
DCp target ðmean control�sampleÞ=

Ereference
DCp target ðmean control�sampleÞ

where Cp is the is the crossing point of the reaction amplification
curve as determined by the LightCycler 480 software. Stability of
reference genes was calculated using the BestKeeper tool [30]. The
crossing point variation of the reference genes among samples was
lower than 0.28. Moreover, a good consistence of the bestkeeper
index was proved as its contributing reference genes were tightly
correlated with it (0.815 < r < 0.822), with a significance level of
P = 0.001 for all reference genes.

2.6. Collagen quantification

After 14 days of cell culture, cells were washed with PBS and
dryed overnight at 37 8C in a humidified atmosphere plus 24 h at
37 8C in a dry atmosphere. Collagen was stained with Sirius Red
F3BA 0.1% in saturated picric acid for 1 h. Unbounded dye was
removed with 10 mM HCl washes and dye was solibilized with
100 mM NaOH. Absorbance was measured with a microplate
reader at 540 nm. Readings were compared with a calf-skin
collagen standard included in the assay.

2.7. Wound healing assay

48 h after seeding, the monolayer was scraped in a straight line
to create a scratch, with a 200 mL sterile pipette tip, and cells were
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washed once with growth medium to remove debris and detached
cells. Cells were then treated with 0.1 and 1 mM MEL or 5-MTX.
Immediately after treatment and 48 h later, images of the same
areas were taken using a brightfield inverted microscope (Leica DM
IRB, Wetzlar, Germany). Then, culture media was removed and
RNA was isolated as described before to study gene expression of
MMP1, ACTA2, EDN1 and TGFB1. The images were quantitatively
analyzed with TScratch software using the default parameter
settings [31]. The open wound area (%) was defined as
100 � (uncovered image area at 48 h/uncovered image area at 0 h).

2.8. Enzyme-linked immunosorbent assays (ELISA)

The detection of TIMP1 and MMP1 was performed from cell
culture media after 14 d of cell culture (n = 9) by commercially
available ELISA kits according to the manufacturer instructions
(Sigma-Aldrich).

2.9. Statistics

All data are presented as mean values � SEM (standard error of the
mean). The Kolmogorov–Smirnov test was done to assume parametric
or non-parametric distributions for the normality tests. Differences
between treatment and control groups were assessed by Mann–
Whitney-test, Wilcoxon test, Student t-test or by paired t-test. SPSS1
program for Windows, version 17.0 (Chicago, IL, USA) was used. Results
were considered statistically significant at p-values (P) � 0.05.

3. Results

First, we evaluated the effect of MEL and 5-MTX on S.

epidermidis growth. Increasing concentrations of both MEL and
5-MTX did not affect S. epidermidis growth when compared with
control (Fig. 1). However, bacterial growth rate increased with
0.01 mM 5-MTX compared with vehicle control and with 0.01 mM
MEL. Vancomycin, used as a positive control for bacterial growth
inhibition, totally inhibited the growth of bacteria (data not
shown).

LDH activity, an index of cytotoxicity, showed that the highest
doses (2.5 mM) of both biomolecules and the lowest dose
(0.001 mM) of 5-MTX produced a higher LDH release compared
with control on HGF (Fig. 2). LDH activity was higher for 5-MTX
compared to MEL for the same doses used. LDH activity values
were in all cases under 12%.

Then, we analyzed the effect of the molecules on gene expression
in HGF. We found that 0.1 and 1 mM MEL and 5-MTX produced the
most relevant changes at mRNA level of the different studied genes
(Fig. 3). The higher dose of 5-MTX (2.5 mM) was not analyzed for
gene expression due to their higher cytotoxic effects and visual
inspection of HGF after 14 days of cell culture. COL3A1 mRNA levels
significantly increased in cells cultured with 1 mM MEL and 0.1 mM
5-MTX compared with control group. However, 0.1 and 1 mM 5-
MTX stimulated COL3A1 in a lower degree than the corresponding
MEL doses. Similarly, 0.1 and 1 mM MEL and 0.1 mM 5-MTX
increased DCN gene expression. While MMP1 expression decreased
in cells cultured from 0.01 to 2.5 mM MEL and from 0.1 mM to 1 mM
5-MTX compared with control group, TIMP1 expression only
increased with MEL treatments. Thus, for both MMP1 and TIMP1
mRNA levels greater effects of MEL over 5-MTX were found in the
corresponding doses. IL6 and ITGA2 expression remained statisti-
cally steady until 1 mM MEL compared with control, and decreased
or increased, respectively, with 2.5 mM MEL. For the same genes,
0.01 and 0.1 mM 5-MTX decreased IL6 and 0.1 and 1 mM increased
ITGA2 compared with control, and also when compared with MEL

Fig. 1. S. epidermidis growth rate cultured with 0.001 to 2.5 mM MEL and 5-MTX. Data represent the mean � SEM of three independent experiments (n = 9). Differences between

groups were assessed by Student t-test: aP < 0.05 treatment versus control (ethanol); bP � 0.05 MEL versus 5-MTX for the same dose.

Fig. 2. LDH activity measured in human gingival fibroblasts culture media collected

after 48 h of treatment with 0.001 to 2.5 mM MEL or 5-MTX. High control (100%

cytotoxicity) was cell culture media from cells treated with 1% Triton X-100. Low

control (0% cytotoxicity) was cell culture media from control vehicle cells. Values

represent the mean � SEM (n = 9). Paired t-test was performed to assess differences

between treatments and control groups: aP < 0.05 treatment versus control (ethanol);
bP � 0.05 MEL versus 5-MTX for the same dose.
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Fig. 3. Effect of 0.001 to 2.5 mM MEL or 5-MTX treatment for 14 days on the mRNA levels of COL3A1, DCN, MMP1, TIMP1, IL6, IL10 and ITGA2 in human gingival fibroblasts.

ND = not determined. Data were normalized to reference genes (beta-actin and GAPDH), expressed as percentage of control which was set to 100%. Values represent the

mean � SEM (n = 9). Paired t-test was performed to assess differences between treatments and control groups: aP � 0.05 treatment versus control (ethanol); bP � 0.05 MEL versus 5-

MTX for the same dose.
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for ITGA2. IL10 expression increased with all MEL doses when
compared with control, while 5-MTX showed no important effects
on IL10 mRNA levels.

Fig. 4 shows that total collagen remained statistically steady
compared with control group. However, 1 mM 5-MTX induced
more collagen deposition than 1 mM MEL. Regarding wound
healing assay, MEL and 5-MTX did not affect HGF wound healing
closure in the present study. However, 1 mM MEL significantly
decreased ACTA2, EDN1 and TGFB1 compared with control and
1 mM 5-MTX (Fig. 5).

Finally, we found that 1 mM MEL decreased MMP1 production
while it increased TIMP1 production resulting in a decreased

MMP1/TIMP1 ratio. Furthermore, cells treated with MEL showed
increased TIMP1 release than those treated with 5-MTX (Fig. 6).

4. Discussion

This study reports for the first time the effects of melatonin in
human gingival fibroblasts. We show that the treatment with MEL
is safe for HGF, it increases COL3A1, DCN, TIMP1, IL10 mRNA levels
while downregulates MMP1 expression, decreases the expression
of pro-fibrotic markers during wound healing and decreases
MMP1/TIMP1 protein ratio. Additionally, our results confirm
recent in vivo studies in which topical administration of MEL
showed favorable effects on the progression of periodontal disease
[32,33]. Moreover, we have compared the effects of MEL with a
biologically- and chemically-related 5-methoxyindole, 5-MTX,
which has shown lower potential than MEL for stimulated
periodontal regeneration.

In periodontal disease, the response to oral pathogens results in
a strong release of inflammatory mediators, such as ROS, IL6 and
MMPs, inducing collagen degradation which ends in tissue
destruction. Together with this process, failed tissue repair occurs,
resulting in fibrosis and scarring [1]. In searching for new agents for
potential use in periodontal disease treatment, those biomolecules
capable of (a) increasing collagen synthesis, (b) promoting scarless
tissue repair (c) decreasing ROS, (d) stimulating immune response,
(e) reducing the progressive loss of alveolar bone, in addition to (f)
antibacterial activity, might constitute potential therapeutic
agents. Since MEL is an endogen, non-toxic, powerful antioxidant,
it has anti-inflammatory and immunoenhancing actions and it
promotes proliferation and bone remodeling besides its antimi-
crobial effects, it may benefit the progression of periodontal
disease.

We found that MEL and 5-MTX were safe for human gingival
fibroblasts up to the concentration of 1 mM. The only side effect

Fig. 4. Effect of 0.1 and 1 mM MEL or 5-MTX treatment for 14 days on collagen

production in human gingival fibroblasts. Values represent the mean � SEM (n = 6).

Student’s t test was performed to assess differences between treatments and control

groups: aP � 0.05 treatment versus control (ethanol); bP � 0.05 MEL versus 5-MTX for

the same dose.

Fig. 5. Wound healing assay. Wound open area (A) and gene expression levels of

ACTA2, EDN1 and TGFB1 (B) after 48 h of healing in presence of 0.1 and 1 mM MEL

or 5-MTX. Data represent fold changes of target genes normalized to beta-actin and

GAPDH (reference genes) expressed relative to control group that was set to 100%

(dotted line). Values represent the mean � SEM (n = 9). Paired t-test was performed

to assess differences between treatments and control groups: aP � 0.05 treatment

versus control (ethanol); bP � 0.05 MEL versus 5-MTX for the same dose.

Fig. 6. Effect of 0.1 and 1 mM MEL or 5-MTX treatment for 14 days on MMP1 and

TIMP1 production (A) and on the MMP1/TIMP1 ratio (B) in human gingival

fibroblasts. Values represent the mean � SEM (n = 9). Significant differences were

assessed by paired t-test for MMP1 and TIMP1 production and by Wilcoxon test for the

MMP1/TIMP1 ratio: aP � 0.05 treatment versus control (ethanol); bP � 0.05 MEL versus

5-MTX for the same dose.
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found for MEL long-term treatment is sleepiness following oral
ingestion [34]. Only 2.5 mM MEL and 5-MTX treatments increased
LDH activity by 6 and up to 11%, respectively, which may be related
to a higher metabolic activity after 48 h of culture. However, HGF
treatment with 2.5 mM 5-MTX for 14 d decreased cell viability, as
observed visually under the phase-contrast microscope.

The progression of periodontal disease is characterized by
increased collagen solubility and degradation taxes, producing a
net connective tissue loss [1]. We found that MEL and to a lesser
extend 5-MTX increase COL3A1 and DCN mRNA levels. Decorin, a
small leucine-rich proteoglycan highly expressed in human
gingiva [35], regulates fibril organization of collagens [36],
including type I and type III, the major protein components of
the gingival connective tissue ECM [35]. Furthermore, COL3A1
mRNA increases during human gingival fibroblasts differentiation
[28], which is associated with scarless wound healing [37]. In
periodontal disease, the breakdown of collagen parallels a decrease
in decorin [38]. Therefore, our mRNA expression results suggest a
potential use of MEL and 5-MTX in the maintenance of connective
tissue structure during periodontal disease. The mechanism of
action of MEL and its metabolites include melatonin membrane
receptors (MT1, MT2), cytosolic binding sites (MT3, calmodulin)
and nuclear receptors (retinoid-related orphan receptors), which
are expressed in gingival fibroblasts [39]. Previous studies suggest
that MEL activates melatonin membrane receptors which in turn,
stimulate collagen synthesis [40]. Despite of the increased COL3A1
mRNA levels, we found similar collagen production among groups.
This discrepancy can be explained by the lack of ascorbic acid in the
fibroblasts growth media, leading to the accumulation of unpro-
cessed procollagen in the cell culture medium and to a minimal
deposition of secreted collagen [41,42]. Under the described
culture media conditions collagen deposition was slowed down
[42], we consider that the gene expression results represent the
effect of MEL and 5-MTX on collagen production.

ECM undergoes through a constant turnover of its components,
in both normal and diseased conditions, mainly through MMP-
mediated collagen degradation [1]. Excess MMP production and
activity leads to an accelerated ECM degradation associated with
periodontitis [43]. The activity of MMPs is controlled by proteolytic
activation, production regulation and neutralization by TIMPs [44].
An imbalance of MMPs over their inhibitors results in a fibrolytic
situation [45]. In the present study, MEL treatment decreased
MMP1/TIMP1 mRNA and protein ratio, suggesting that MEL may
decrease MMP-related ECM destruction. Regulation the MMPs
through melatonin has been proposed as a therapeutic option [46],
since oxidative stress plays an important role in regulating the
activities of MMPs. Previous studies have shown that MEL
inhibited MMP-9 activity via binding to its active site [47] and
via MT1 receptor signaling pathway [48]. In addition, we also
found that ITGA2 expression, a collagen receptor needed for matrix
remodeling [49] and which increased levels are associated with a
fibrotic phenotype [50], was up-regulated for 5-MTX treatments,
while MEL did not increase it.

Wound healing response depends on the ability of fibroblasts to
produce and arrange new collagen and other ECM components in
similar quantities and ratios to unwounded tissue [37]. TGFB, the
major activator of ECM synthesis, plays a crucial role in healing by
activating the expression of collagen and other ECM components to
reconstitute the tissue matrix [1]. However, accumulation of TGF-
b1 and endothelin-1 initiates the differentiation of fibroblasts into
myofibroblasts, which express highly contractile proteins includ-
ing ACTA2 [51], a hallmark of fibrogenic conditions. This process can
produce either a scarred (repaired) tissue or a structural and
functional regenerated tissue [52,53]. Here, ACTA2, END1 and TGFB
mRNA levels after wound healing decreased for MEL treated cells,
suggesting a more-regenerative/less-scarring response that would

reduce tissue damage. In addition, we found that MEL up-regulated
IL10 expression, an anti-inflammatory and anti-fibrotic cytokine [1],
thus, contributing to decrease the inflammatory reaction, another
way to prevent and control periodontal disease [54]. The anti-
inflammatory properties of MEL [55] could explain this response
since scarless healing is characterized by markedly diminished or
minimal inflammatory response [37].

A marked characteristic of periodontal disease is a great
production of free radicals, derived from bacteria themselves or
from the immune system [2] that coexists with a decrease in the
antioxidant systems [18]. When balance between free radicals
and antioxidant systems is disrupted, oxidative stress occurs. In
the present research we did not study MEL and 5-MTX ROS-
scavenging properties. However, MEL also has receptor-inde-
pendent activity [39] and can directly neutralize a variety of free
radicals, indirectly inhibit expression and activity of nitric oxide
synthase and cyclooxigenase and increase gene expression and
activities of antioxidant enzymes [56–60]. MEL structurally-
related compounds showed different antioxidant properties
[26,61,62]. Moreover, MEL blocked oxidative stress, inflamma-
tion and tissue damage in periodontitis induced-rats [63] and
topical melatonin treatment decreased the extend of periodon-
tal disease, pocket depth and bone-related periodontitis markers
in humans [32,33]. Therefore, the antioxidant and anti-
inflammatory properties of MEL might justify its therapeutic
use in diseases in which free radical damage is a major aspect of
the condition, as periodontal disease [18] and might also explain
the differential effects of 5-MTX compared with MEL.

MEL showed antibacterial effects against gram-positive and
gram-negative bacteria by reducing intracellular substrates
availability, such as free iron and fatty acids [64,65]. However,
in the present study, MEL neither 5-MTX showed antibacterial
activity against S. epidermidis, one of the initial colonizers during
dental plaque formation and involved in implant surface biofilm
formation [66,67]. This finding may be attributed to the species
specificity of the antibacterial activity of the molecules tested or
the method used in the present study.

In summary, MEL increases collagen, decorin and IL10
expression, decreases the MMP1/TIMP1 ratio and promotes
scarless wound healing, in combination with its antioxidant
properties and beneficial effect on bone metabolism, all in all,
suggesting that it could contribute to protect and recover the
integrity of gingival tissues. However, further studies with oral
administration of MEL should confirm these findings at oral
mucosa level to evaluate its possible applications in the prevention
of periodontal disease and as coating for dental implant abutments
to improve soft tissue integration.
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Identification of Quercitrin as a Potential
Therapeutic Agent for Periodontal
Applications
Manuel Gómez-Florit,* Marta Monjo,* and Joana M. Ramis*

Background: Flavonoids are natural phenolic compounds
with antioxidant, anti-inflammatory, and antimicrobial ca-
pacity. This study aims to investigate the effects of different
flavonoids for potential use in periodontal applications.

Methods: Cultures of Staphylococcus epidermidis or pri-
mary human gingival fibroblasts (HGFs) were treated with
different doses of chrysin, diosmetin, galangin, quercitrin,
and taxifolin. The effect of these molecules was evaluated
on S. epidermidis growth rate and HGF viability, gene ex-
pression, collagen production, reactive oxygen species
(ROS) levels, wound healing, and production of matrix
metalloproteinase (MMP)-1 and tissue inhibitor of MMP-1
(TIMP1).

Results: Among all the screened flavonoids, quercitrin
showed the most promising biologic effects, in both
HGFs and S. epidermidis. Thus, quercitrin was not toxic
for HGFs; increased collagen IIIa1 and decorin levels;
downregulated interleukin-6 messenger RNA levels; de-
creased the expression of profibrotic markers during
wound healing; decreased ROS levels in basal and stimu-
lated conditions; and decreased the MMP1/TIMP1 ratio.
Quercitrin also decreased the bacterial growth rate.

Conclusions: Results suggest that quercitrin could con-
tribute to protect and recover the integrity of gingival tis-
sues, thus displaying a potential use for periodontal
disease treatment or to functionalize dental implant abut-
ments to improve soft tissue integration. Further studies
are required to confirm the role of quercitrin in gingival tis-
sues. J Periodontol 2014;85:966-974.

KEY WORDS

Antioxidants; fibroblasts; flavonoids; periodontal diseases;
TIMP1 protein, human; wound healing.

P
eriodontal disease is an inflam-
mation and infection of the gingiva
that leads to the breakdown of

periodontal tissues and, in severe cases,
is accompanied by the loss of alveolar
bone with eventual loss of the tooth.1

Gingival fibroblasts are the major constit-
uents of periodontal connective tissue.
They maintain gingival tissue integrity
by regulating collagen and proteoglycan
metabolism.2 The tissue damage in-
duced by periodontal disease is caused
directly by bacteria and indirectly by
inflammation and an immune response
against these bacteria. During the in-
flammatory process, large quantities of
reactive oxygen species (ROS) are pro-
duced3 that, together with matrix met-
alloproteinases (MMPs), cause the
breakdown of periodontal tissues. ROS
have been shown to induce collagen
degradation and cell damage4 in addition
to being pro-inflammatory.5

Those biomolecules capable of sup-
pressing ROS and promoting collagen
synthesis might constitute potential
therapeutic agents for periodontal dis-
ease. Flavonoids are natural phenolic
compounds present in fruit and vegeta-
bles with antioxidant,6 anti-inflamma-
tory,7 and antimicrobial capacity,8-12

among other biologic functions.13,14

Flavonoids have structures consisting
of three rings (two of them aromatic),
which are labeled A, B, and C (see
supplementary Fig. 1 in online Journal of
Periodontology). The various classes of

* Group of Cell Therapy and Tissue Engineering, Research Institute on Health Sciences
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flavonoids differ in the level of oxidation and pattern
of substitution of the C ring, whereas individual
compounds within a class differ in the pattern of
substitution of the A and B rings. Some flavonoids,
mixtures of them, or polyphenol plant extracts have
been shown to have beneficial effects on human
gingival fibroblasts (HGFs).15-21 In fact, cranberry
pro-anthocyanidins (a group of flavonoids) have
been suggested as natural weapons against peri-
odontal disease.22 However, to the best of the au-
thors’ knowledge, no previous data exist on the effect
of any of the selected flavonoids on HGFs. In-
terestingly, chrysin and diosmetin were selected as
candidate biomolecules due to their substantial
antimicrobial activity.12 Furthermore, it has been
shown that galangin has an antibacterial effect in
resistant strains of diverse bacteria,9-11,23 that
taxifolin enhances the efficacy of conventional
antibiotics in methicillin-resistant Staphylococcus
aureus,8 and that quercitrin has been used as an
antibacterial agent.24

In the present study, with the aim to identify po-
tential agents for periodontal applications, the au-
thors screened different flavonoids. Two flavones
(chrysin and diosmetin), two flavonols (galangin and
quercitrin), and a flavanone (taxifolin, also known as
dihydroquercetin) were tested for their effect on
HGFs (the major constituents of periodontal con-
nective tissue) and for their antimicrobial properties.

MATERIALS AND METHODS

Biomolecules Used for Testing
All reagents were obtained from one commercial
source,† unless otherwise specified. Galangin,
quercitrin, and taxifolin were dissolved in absolute
ethanol, and chrysin and diosmetin were dissolved in
dimethyl sulfoxide (DMSO). Treatment concentra-
tions were prepared by diluting stock solutions in
culture media before use. Final concentrations of
ethanol (1%) or DMSO (0.6%) were included as
vehicle control groups in the experiments.

Culture and Proliferation Assay of
Staphylococcus epidermidis
S. epidermidis 4184‡ were grown from frozen stocks
in lysogeny broth. After an overnight incubation,
0.2-mL bacterial suspensions (1 · 106 bacteria/mL)
were incubated with the different treatments in 96-
well flat-bottomed plates for 24 hours. Vehicle
control groups served as negative control, and 6-
mg/mL vancomycin served as positive control for
bacterial growth inhibition. Plates were incubated in
a microplate reader§ with temperature control and
shaking function at 37�C for 24 hours. At regular
intervals, the optical density (OD) was measured at
600 nm to determine bacterial proliferation. The

assays were carried out in triplicate, with three
replicates at each condition. Bacterial growth rate (m)
was calculated during the exponential growth phase
following the equation ln ODt - ln OD0 = m(t - t0).

Cell Culture
Three different donors of primary HGFsi were used:
HGF-A (aged 27 years, white, female, lot number
313X100401), HGF-B (aged 19 years, white, male,
lot number 322X070501), and HGF-C (aged 47
years, white, male, lot number 323X070501). All
donors provided written informed consent, and the
investigators were not able to ascertain the identity of
the donors. The study was conducted in accordance
with the Helsinki Declaration of 1975, as revised in
2000. HGF cells were routinely cultured at 37�C in
a humidified atmosphere of 5% CO2 and maintained
in fibroblast growth medium supplemented with 10%
fetal calf serum, 50 ng amphotericin/mL, and 50 mg
gentamicin/mL.¶ Cells were subcultured 1:4 before
reaching confluence using phosphate-buffered saline
(PBS) and trypsin/EDTA,# as recommended by the
suppliers. Experiments were performed with HGF
cells between passages 7 and 8 after isolation. Try-
pan blue stain was used to determine total and viable
cell number.

Three replicate wells for each donor were seeded in
48-well plates at a density of 1.0 · 104 cells/well for
all control and test samples (n = 9). For collagen and
ROS quantification, cells from one donor were seeded
in 96-well plates at a density of 7.0 · 103 (n = 6).
Forty-eight hours after seeding, cells were treated
with different doses (ranging from 0.1 to 500 mM) of
the selected flavonoids diluted in complete fibroblast
growth medium. Medium was changed every other
day. Treatments were added at every medium
change to keep the concentration of biomolecules in
solution throughout the whole experiment.

Determination of Cytotoxicity
The presence of lactate dehydrogenase (LDH) ac-
tivity in the culture media after 48 hours of incubation
was used as an index of cell death. LDH activity was
determined spectrophotometrically after 30 min of
incubation at 25�C of 50 mL culture medium and
50 mL reaction mixture, by measuring the oxidation
of nicotinamide adenine dinucleotide at 490 nm in
the presence of pyruvate, according to the kit
manufacturer’s instructions.** Results from all the
samples were presented relative to the LDH activity in
the medium of cells treated with the vehicle control

† Sigma-Aldrich, St. Louis, MO.
‡ Colección Española de Cultivos Tipo, Valencia, Spain.
§ PowerWave HT, Biotek Instruments, Winooski, VT.
i Provitro, Berlin, Germany.
¶ Provitro.
# Provitro.
** Cytotoxicity Detection kit, Roche Diagnostics, Mannheim, Germany.
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for each case, 1% ethanol or 0.6% DMSO (low con-
trol, 0% of cell death), and of cells treated with 1%
non-ionic surfactant†† (high control, 100% cell
death). The percentage of LDH activity was calcu-
lated using the following equation: cytotoxicity (%) =
[(expected value – low control)/(high control – low
control)] · 100.

RNA Isolation and Real-Time Polymerase Chain
Reaction
Total RNA was isolated after 14 days of incubation
using an isolation reagent,‡‡ according to the
manufacturer’s protocol. Total RNA was quantified
at 260 nm using a nanodrop spectrophotometer.§§

The same amount of RNA (0.2 mg) was reverse
transcribed to complementary DNA (cDNA) at 42�C
for 60 min, according to the protocol of the sup-
plier.ii Aliquots of each cDNA were frozen (-20�C)
until the polymerase chain reaction (PCR) was
carried out.

Real-time PCR was performed for two reference
genes, GAPDH and b-actin (ACTBL2), and target
genes, collagen III a1 (COL3A1), decorin (DCN),
integrin a2 (ITGA2), interleukin-6 (IL6),MMP1, tissue
inhibitor of MMP-1 (TIMP1), a-smooth muscle actin
(ACTA2), endothelin-1 (EDN1), and transforming
growth factor-b1 (TGFB1). Real-time PCR was per-
formed in a thermocycler¶¶ using SYBR green de-
tection. Each reaction contained 7 mL master mix,##

0.5 mM of each gene (except 0.25 mM for COL3A1
and ITGA2), the sense and antisense specific primers
(see supplementary Table 1 in online Journal of
Periodontology), and 3 mL cDNA dilution in a final
volume of 10 mL. The amplification program con-
sisted of a preincubation step for denaturation of the
template cDNA (5 minutes at 95�C), followed by 45
cycles consisting of a denaturation step (10 seconds
at 95�C), an annealing step (10 seconds at 60�C),
and an extension step (10 seconds at 72�C). After
each cycle, fluorescence was measured at 72�C. A
negative control without cDNA template was run in
each assay.

All samples were normalized by the geometric
mean of the expression levels of ACTBL2 and
GAPDH, and fold changes were related to the control
groups using the mathematic model described by
Pfaffl:25 ratio = Etarget

DCp target (mean control – sample)/
Ereference

DCp reference (mean control – sample), where Cp is the
crossing point of the reaction amplification curve as
determined by the software.*** Stability of reference
genes was calculated using a statistical tool.††† The
crossing point variation of the reference genes
among samples was <0.56. Moreover, a good con-
sistency of the pair-wise correlation index‡‡‡ was
proved by the fact that its contributing reference
genes were tightly correlated with it (0.831< r < 0.917),

with a significance level of P = 0.001 for all reference
genes.

Collagen Quantification
After 14 days of incubation, cells were washed with
PBS and dried overnight at 37�C in a humidified
atmosphere plus 24 hours at 37�C in a dry atmo-
sphere. Collagen was stained with Sirius red F3BA
0.1% in saturated picric acid for 1 hour. Unbound
dye was removed by washing with 10 mM HCl, and
dye was solubilized with 100 mM NaOH. Absor-
bance was measured with a microplate reader at
540 nm. Readings were compared with a calfskin
collagen standard included in the assay.

ROS Assay
When they reached confluence, cells were incubated
for 0.5 hours with 100 mM H2O2 (H2O2-stimulated
group) or in normal conditions (basal group). Before
treatment, cells were washed with PBS and treated
with quercitrin, taxifolin, or vehicle control overnight
under standard cell culture conditions. Growth
medium was removed, and cells were stained with
10 mM dichlorodihydrofluorescein diacetate§§§

(H2DCF-DA) in growth medium without fetal calf
serum for 0.5 hours at 37�C. Then, a fluorometeriii

was set to record fluorescence of H2DCF-DA ac-
cording to the manufacturer’s protocol.

Wound Healing Assay
Forty-eight hours after seeding, the monolayer was
scraped with a 200-mL sterile pipette tip in
a straight line to create a scratch, and cells were
washed once with growth medium to remove debris
and detached cells. Cells were then treated with 200
and 500 mM quercitrin or 10 and 100 mM taxifolin.
Immediately after treatment and 48 hours later,
images of the same areas were taken using
a bright-field inverted microscope.¶¶¶ Then, culture
medium was removed, and RNA was isolated as
described previously to study gene expression of
MMP1, ACTA2, EDN1, and TGFB1. The images were
quantitatively analyzed### using the default pa-
rameter settings.26 The open wound area (%) was
defined as 100 · (uncovered image area at 48
hours/uncovered image area at 0 hours).

†† Triton X-100, Sigma Aldrich.
‡‡ TriPure, Roche Diagnostics.
§§ NanoDrop Technologies, Wilmington, DE.
ii High Capacity RNA-to-cDNA kit, Applied Biosystems, Thermo Fisher

Scientific, Waltham, MA.
¶¶ LightCycler 480, Roche Diagnostics.
## LightCycler 480 SYBR Green I Master, Roche Diagnostics.
*** LightCycler 480 software, Roche Diagnostics.
††† BestKeeper software, Technical University of Munich, Weihenstephan,

Germany.
‡‡‡ BestKeeper software, Technical University of Munich.
§§§ Molecular Probes, Thermo Fisher Scientific.
iii Cary Eclipse, Agilent Technologies, Santa Clara, CA.
¶¶¶ Leica DM IRB, Wetzlar, Germany.
### TScratch, Swiss Federal Institute of Technology, Zürich, Switzerland.
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Enzyme-Linked Immunosorbent Assays
The detection of proteins TIMP1 and MMP1 was
performed from cell culture media after 14 days of cell
culture (n = 9) by commercially available enzyme-
linked immunosorbent assay kits according to the in-
structions.

Statistical Analyses
All data are presented as mean values – SEM. The
Kolmogorov–Smirnov test was done to test parametric
or non-parametric distributions for the normality tests.
Effect of dose was assessed by analysis of variance
(ANOVA) test. Differences between treatment and
control groups were assessed byMann–WhitneyU test,
Wilcoxon test for ratio, Student t test, or paired t test.
A specific computer program**** was used. Results
were considered statistically significant at P £0.05.

RESULTS

Effect of the Different Flavonoids on
S. epidermidis Growth
To calculate the growth rate, the exponential growth
phase was set from 8 to 16 hours of culture (data
not shown). Although some chrysin, diosmetin, and
quercitrin doses inhibited bacterial growth rate (9%,
12% to 16%, and 33% inhibition, respectively), gal-
angin and 200 mM taxifolin increased it (Fig. 1).
Vancomycin, used as a positive control for bacterial
growth inhibition, totally inhibited the growth of
bacteria (data not shown).

Effect of the Different Flavonoids on Cytotoxicity
and Cell Morphology in HGFs
Figure 2 shows that treatment with quercitrin in-
duced a significantly lower release of LDH compared
with low control (cells treated with the vehicle
control). On the other hand, 100 and 200 mM
chrysin, 500 mM galangin, and doses ‡10 mM taxi-
folin produced a significantly higher release of LDH
to the culture media compared with their respective
vehicle low controls. However, visual observation of
cell morphology (data not shown) indicated that
doses of 100, 200, and 500 mM galangin and of 100
and 200 mM chrysin were toxic, since cells had
a round and not a fibroblastic shape. For that reason,
those treatments were not further processed. Al-
though no toxic effect was found after 48 hours of
treatment, cell morphology and cell number indicated
that treatment for 14 days with doses >10 mM dio-
smetin and 200 mM taxifolin was also toxic for the cells.

Effect of the Different Flavonoids on Gene
Expression in HGFs
COL3A1 messenger RNA (mRNA) levels signifi-
cantly increased in cells cultured with several con-
ditions (reaching a three-fold increase for 500 mM
quercitrin), although cells treated with 10 mM

chrysin showed decreased expression compared
with the control (Fig. 3). DCN expression increased
in cells treated with chrysin, galangin, quercitrin, and
taxifolin. Again, 500 mM quercitrin achieved the
highest expression increase, and 10 mM chrysin
decreased DCN expression compared with the

Figure 1.
S. epidermidis growth rate cultured with different doses of the selected
flavonoids. Data represent the mean – SEM of three independent
experiments (n = 9). Dotted line indicates control group growth rate.
Differences between groups were assessed by Student t test: *P <0.05
treatment versus control (DMSO for chrysin and diosmetin; ethanol for
galangin, quercitrin, and taxifolin).

Figure 2.
LDH activity measured in culture media collected after 48 hours of
treatment in HGFs. High control (100% cytotoxicity) was cell culture
media from cells treated with 1% non-ionic surfactant. Low control (0%
cytotoxicity) was cell culture media from control vehicle cells. Values
represent the mean – SEM (n = 9). Effect of dose was assessed by
ANOVA. Significant differences (P <0.05): C = effect of chrysin, G =
galangin, Q= quercitrin, T = taxifolin. Moreover, paired t test was
performed to assess differences between treatments and control groups:
*P <0.05 treatment versus control (DMSO for chrysin and diosmetin;
ethanol for galangin, quercitrin, and taxifolin).

**** SPSS for Windows, v.17.0, IBM, Chicago, IL.
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control. It was found that ITGA2 expression in-
creased in cells treated with galangin and taxifolin,
and to a lesser extent with quercitrin. IL6 and MMP1
achieved the highest expression levels in cells cul-
tured with 10 mM chrysin, being also upregulated
with taxifolin treatments. Cells treated with querci-
trin showed decreased IL6 and MMP1 expression
levels. On the other hand, cells treated with quer-
citrin and taxifolin showed increased TIMP1 ex-
pression levels.

Effects of Flavonoids on Collagen Deposition and
ROS Levels in HGFs
After 14 days, total collagen decreased in cells
treated with 10 mM taxifolin compared with control
(Fig. 4A). Quercitrin and taxifolin reduced the oxi-
dative stress in basal (0 mM H2O2) and stimulated
(100 mM H2O2) situations, compared with the
control group. Furthermore, 10 mM taxifolin de-
creased oxidative stress compared with 1 mM taxi-
folin (Fig. 4B).

Figure 3.
Effect of treatment with flavonoids for 14 days on the mRNA levels of COL3A1,DCN,MMP1, TIMP1, ITGA2, and IL6 in HGFs. ND = not determined.
Data were normalized to reference genes (b-actin andGAPDH), expressed as percentage of control, which was set to 100%. Values represent themean–
SEM (n = 9). Effect of dose was assessed by ANOVA. Significant differences (P <0.05): C = effect of chrysin, G = galangin, Q= quercitrin, T = taxifolin.
Paired t test was performed to assess differences between treatments and control groups: *P £0.05 treatment versus control (DMSO for chrysin and
diosmetin; ethanol for galangin, quercitrin, and taxifolin).
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Effects of Flavonoids on Wound Healing in HGFs
The effects of 200 mM quercitrin and 10 mM taxifolin
on wound healing were analyzed. Although 200 mM
quercitrin increased open wound areas compared
with control groups (Fig. 5), it significantly decreased
the expression of EDN1 and MMP1 after 48 hours of
healing, whereas taxifolin only decreased MMP1
expression compared with untreated cells.

Effects of Flavonoids on TIMP1 and MMP1
Production in HGFs
Production of TIMP1 increased by treatment with 200
mM quercitrin and 10 mM taxifolin, whereas the
MMP1/TIMP1 ratio only decreased in cells treated
with 200 mM quercitrin compared with control
(Fig. 6).

DISCUSSION

This study demonstrates for the first time that
quercitrin displays a potential use for periodontal
disease treatment; the authors show that quercitrin
is not toxic for HGFs, increases collagen IIIa1 and

decorin levels, downregulates IL-6 mRNA levels,
decreases the expression of profibrotic markers
during wound healing, decreases ROS levels in basal
and stimulated conditions, and decreases the MMP1/
TIMP1 ratio. Quercitrin also decreases the bacterial
growth rate.

In periodontal disease, the response to oral
pathogens results in a strong release of inflammatory
mediators, such as ROS, IL6, and MMPs, inducing
collagen degradation, which ends in tissue break-
down. Together with this process, failed tissue repair
occurs, resulting in fibrosis and scarring.2 In searching
for new agents for potential use in periodontal disease
treatment, those biomolecules capable of: 1) in-
creasing collagen synthesis; 2) promoting scarless
tissue repair; and 3) decreasing ROS, in addition to 4)
antibacterial activity, might constitute potential ther-
apeutic agents. Flavonoids can act as antioxidant,
anti-inflammatory, and ROS-scavenging molecules.
However, their effects on gingival fibroblasts are un-
known.

Figure 4.
Effects of quercitrin and taxifolin on collagen production (A) and ROS
levels (B). AU= arbitrary units. Values represent themean– SEM (n= 6).
ROS were evaluated in basal (0 mM H2O2) and stimulated (100 mM
H2O2) situations. Student t test was performed to assess differences
between treatments and control groups: *P £0.05 treatment versus
control (ethanol).

Figure 5.
Wound healing assay. Wound open area (A) and gene expression levels
of ACTA2, EDN1,MMP1, and TGFB1 (B) after 48 hours of healing in
the presence of quercitrin and taxifolin. Data represent fold changes of
target genes normalized to b-actin and GAPDH (reference genes)
expressed relative to a control group that was set to 100%. Values
represent themean– SEM (n= 9). Paired t test was performed to assess
differences between treatments and control groups: *P £0.05 treatment
versus control (ethanol).
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The progression of periodontal disease is char-
acterized by increased collagen solubility and deg-
radation rate, producing a net connective tissue
loss.2 Quercitrin and taxifolin increased COL3A1 and
DCN mRNA levels. Decorin, a small leucine-rich
proteoglycan highly expressed in human gingiva,27

regulates fibril organization of collagens,28 including
type I and type III, the major protein components of
the gingival connective tissue extracellular matrix
(ECM).27 Furthermore, COL3A1 mRNA increases
during HGF differentiation,29 which is associated with
scarless wound healing.30 In periodontal disease, the
breakdown of collagen parallels a decrease in de-
corin.31 Therefore, the present mRNA expression
results suggest a potential use of quercitrin and
taxifolin in periodontal disease treatment. Despite the
COL3A1 mRNA levels, collagen production was
similar among groups. This discrepancy can be ex-
plained by the lack of ascorbic acid in the fibroblast
growth media, leading to the accumulation of un-
processed procollagen in the cell culture medium
and a minimal deposition of secreted collagen.32,33

Under the described culture media conditions,
collagen deposition was slowed down;33 therefore,
gene expression results represent the effect of the
studied flavonoids on collagen production.

ECM undergoes a constant turnover of its com-
ponents, in both normal and diseased conditions,
mainly through MMP-mediated collagen degrada-
tion.2 Excess MMP production leads to accelerated
ECM degradation associated with periodontitis.34

The activity of MMPs is controlled by proteolytic
activation, production regulation, and neutralization
by TIMPs.35 An imbalance of MMPs over their in-
hibitors results in a fibrolytic situation.36 In the
present study, quercitrin treatment decreased MMP1/
TIMP1 mRNA and protein ratios, suggesting that
quercitrin may decrease MMP-related ECM break-
down, as previously suggested for other flavonoids.37

Targeting the MMPs has been used as a therapeutic
option38 because in vivo studies suggest that sub-
antimicrobial doses of doxycycline, an MMP activity
inhibitor, in combination with surgery reduce peri-
odontal disease and inhibit early-stage bone re-
sorption.39 In addition, quercitrin downregulated IL6
expression, thus contributing to a decrease in the
inflammatory reaction, another way to prevent and
control periodontal disease,40 since increased IL6
levels are associated with periodontal disease–
related bone resorption.20

Wound healing response depends on the ability
of fibroblasts to produce and arrange new collagen
and other ECM components in similar quantities and
ratios to unwounded tissue.30 This process can pro-
duce either a scarred (repaired) tissue or a structural
and functional regenerated tissue.41,42 Furthermore,
contrary to scarring, efficient regeneration requires
inhibition of inflammation and wound contraction.43

Here, the mRNA levels of the profibrotic markers
END1 and MMP1 after wound healing decreased for
cells treated with 200 mM quercitrin, and IL6 mRNA
levels decreased, together with a slowed-down
wound healing, suggesting amore-regenerative/less-
scarring response. In addition, expression of ITGA2—
a collagen receptor needed for matrix remodeling,44

increased levels of which are associated with a fi-
brotic phenotype45—was upregulated for taxifolin
treatments, whereas 200 mM quercitrin did not in-
crease it.

Quercitrin and taxifolin decrease oxidative stress
levels on HGFs in the present research, as previously
demonstrated with other antioxidants.46 Prolonged
ROS release produces tissue damage and contributes
to the development of many chronic inflammatory
diseases. Previous studies have shown that selected
phenolic compounds protect tissues from ROS-
mediated damage to proteoglycans, lipids, colla-
gens, and TIMPs.47 Future work should explore the

Figure 6.
Effect of quercitrin and taxifolin onMMP1and TIMP1production (A) and
on the MMP1/TIMP1 ratio (B) after 14 days of cell culture. Values
represent the mean – SEM (n = 9). Significant differences were assessed
by paired t test forMMP1and TIMP1production and byWilcoxon test for
the MMP1/TIMP1 ratio: *P £0.05 treatment versus control (ethanol).
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effects of the flavonoids selected in the present study
in oxidation products.

In addition, the different flavonoids exhibited dif-
ferent antibacterial properties toward S. epidermidis,
which is one of the initial colonizers during dental
plaque formation and is involved in implant surface
biofilm formation.48,49 Among the tested bio-
molecules, 200 mM quercitrin showed the strongest
bacterial growth inhibition, although it diminished at
higher concentrations, probably because of solubility
problems of flavonoids at high concentrations.9

Previous studies have hypothesized that the hy-
droxylation degree might affect the antibacterial
activity of phenolic compounds,50 which is in
agreement with the present finding with quercitrin.
However, it was not the scope of the present research
to study structure–activity relationships.

CONCLUSIONS

In summary, quercitrin increases collagen and de-
corin expression, decreases the MMP1/TIMP1 ratio
and IL-6 and ROS levels, and promotes scarless
wound healing, all in all suggesting that it could
contribute to protect and recover the integrity of
gingival tissues. Furthermore, quercitrin also de-
creases the S. epidermidis growth rate. Further
studies are required to evaluate the possible appli-
cations in the prevention of periodontal disease and
as coating for dental implant abutments to improve
soft tissue integration.
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Abstract 

Periodontal disease (PD) is the result of an infection and chronic inflammation of the 
gingiva that may lead to its destruction and, in severe cases, alveolar bone and tooth 
loss. The ultimate goal of periodontal treatment is to achieve periodontal soft and hard 
tissues regeneration. We previously selected quercitrin, a catechol-containing flavonoid, 
as a potential agent for periodontal applications. In this study, we tested the effects of 
quercitrin as a bioactive molecule to address periodontal regeneration on primary 
human gingival fibroblasts (hGF) and primary human mesenchymal stem cells (hMSC) 
cultured under basal and inflammatory conditions. To mimic PD inflammatory status, 
interleukin-1 beta (IL-1β) was used. The expression of different genes related to 
inflammation and extracellular matrix were evaluated and prostaglandin E2 (PGE2) 
production was quantified in hGFs; alkaline phosphatase activity and calcium content 
were analysed in hMSCs. Quercitrin decreased the release of the inflammatory mediator 
PGE2 and partially re-established the impaired collagen metabolism induced by IL-1β 
treatment in hGFs. Quercitrin also increased ALP activity and mineralization in hMSCs, 
thus, it increased hMSCs differentiation towards the osteoblastic lineage. These findings 
suggest quercitrin as a novel bioactive molecule to enhance both soft and hard tissue 
regeneration of the periodontium. 
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1. Introduction 

Periodontal disease (PD) is the result from an infection and chronic inflammation of 
tooth supporting tissues. Gingival inflammation or gingivitis is the first manifestation, 
which may lead to soft tissue destruction. In some subjects, this progresses to 
periodontitis, which is defined by alveolar bone and in severe cases tooth loss [1]. 
Current strategies for PD treatment are generally successful in eliminating active 
disease and some of them have achieved a certain degree of regeneration. To eliminate 
the active disease, mechanical and antimicrobial approaches [2] are used although the 
effects of local antimicrobial therapy are modest and mostly temporary, while the use of 
systemic antibiotics can induce the development of bacterial resistance [3]. 
Furthermore, these strategies alone are insufficient since PD is the result of destructive 
inflammation; thus, if successful, treatment frequently results in a process of gingival 
fibrosis and limited bone remodelling, rather than in true regeneration of the periodontal 
tissues [4], [5]. In fact, there is considerable data of successful results in periodontal 
regeneration using guided tissue regeneration, enamel matrix derivative and platelet-
derived growth factor, although the outcomes of such modalities are not always 
predictable [6]–[8].  

The ideal periodontal treatment should damp down the inflammatory response to either 
decrease the excessive production of proinflammatory mediators, destructive enzymes 
and free radicals and/or to stimulate tissue regeneration, allowing for the restoration of 
soft tissue attachment and bone formation [9]. Tissue engineering, which involves the 
use of appropriate cells, signals and engineering materials, provides an alternative 
approach to further facilitate and optimize periodontal regeneration [5]. Recent 
strategies for periodontal regeneration include the use of graft materials, barrier 
membranes, gene therapy or growth factors through topical delivery. However, gene 
therapy may have undesired host immune reactions or potential tumorigenesis and 
growth factors are unstable and have short half-life [10], [11]. Hence, there is an urgent 
need for finding bioactive molecules with both soft and hard tissue healing activities for 
periodontal tissue regeneration applications.   

Nature is often a source of inspiration for finding new bioactive molecules. Natural 
phenolic compounds, such as flavonoids, are ubiquitous, abundant and offer a range of 
properties and an array of functions [12] such as antioxidant [13], anti-inflammatory 
[14] and antimicrobial capacity [15], [16], among others [17]. Actually, in two 
independent previous screenings we searched for candidate molecules for soft [18] and 
hard [19] tissue applications. From both studies, quercitrin was selected as the one 
showing better performance. Quercitrin decreased extracellular matrix (ECM) 
degradation, reduced oxidative stress levels, promoted scarless wound healing in human 
gingival fibroblasts and showed antibacterial properties [18]. Furthermore, it also 
stimulated the differentiation of mouse pre-osteoblastic cells and inhibited 
osteoclastogenesis from mouse monocytes, which could prevent bone resorption [19].  

Moreover, as a catechol-containing flavonoid, quercitrin could help to control the 
inflammatory response in PD progression, since molecules with catechol moieties have 
shown potent anti-inflammatory effects [20]–[22]. 

In the present study, we hypothesized that quercitrin could address different aspects of 
periodontal regeneration due to its positive effects on soft and hard tissue. Thus, we set 
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an inflammatory environment, mimicking PD, and we investigated the effects of 
quercitrin on primary human gingival fibroblasts (hGF) and primary human 
mesenchymal stem (hMSC) cells. 

 

2. Materials and Methods 
 
2.1. Cell culture 

Three different donors of primary human gingival fibroblasts (hGF; Provitro GmbH, 
Berlin, Germany) were used (range 19-47 years; male:female ratio 2:1). Provitro 
assured that cells were obtained ethically and legally and that all donors provided 
written informed consent. Cells were routinely cultured at 37˚C/5% CO2, and 
maintained in fibroblast growth medium (FGM; Provitro GmbH) supplemented with 
10% foetal calf serum, 50 ng/ml amphotericin and 50 µg/ml gentamicin (Provitro 
GmbH). Experiments were performed with hGF between passages 7 and 8 after 
isolation. Three replicate wells for each donor were seeded in 96-well plates at a density 
of 7.0x103 cells per well. Media was supplemented with ascorbic acid (100 µM; Sigma-
Aldrich, St. Louis, MO, USA). Experiments were run in duplicate (n=18).  

Two different donors of human bone marrow-mesenchymal stem cells (hMSCs; 
Stemcell Technologies, Grenoble, France) were used (20 years; male:female ratio 0:2). 
Stemcell Technologies assured that cells were obtained ethically and legally and that all 
donors provided written informed consent. Cells were routinely cultured at 37˚C/5% 
CO2, and maintained in low glucose DMEM GlutaMAX (Life Technologies, Carlsbad, 
CA, USA) supplemented with 10% stem cell-tested foetal bovine serum (Biosera, 
Boussens, France), 100 U/ml penicillin and 100 µg/ml streptomycin (Biowest, Nuaille, 
France). Experiments were performed with hMSCs between passages 5 and 7 after 
isolation. Six replicate wells for each donor were seeded in 48-well plates at a density of 
8.5x103 cells per well and grown for 2 days prior to media supplementation without 
(control) or with additives. Experiments were run in duplicate (n=12).  

2.2. Establishment of an inflammatory stimulus 

At confluence (three days after seeding), hGF were treated for 1 d with 0.1, 1 and 10 
ng/ml of interleukin-1 beta (IL-1β; R&D systems, Abingdon, UK) diluted in complete 
FGM. After 1 d of treatment, cells were harvested for gene expression analysis. After 
the analysis, 1 ng/ml IL-1β concentration was selected for further studies.  

2.3. Effect of quercitrin on hGF cultured under an inflammatory stimulus 

Quercitrin (PubChem CID: 5280459; Sigma-Aldrich) was dissolved in absolute ethanol 
and kept at -20 ºC. Stock solutions were further dissolved in culture medium, prior to 
use. Final concentration of ethanol (1%) was included as vehicle control group in all the 
experiments.  

At confluence (three days after seeding), hGF were treated for short (1 and 3 d) and 
long term (14 d) with 200 µM quercitrin diluted in complete FGM. Quercitrin was 
added at every media change (3 times per week). The inflammatory stimulus was 
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created by the addition of 1 ng/ml IL-1β. Four different scenarios were set either using a 
therapeutic (T) or a preventive approach (P) (Figure 1 A): Treatment for 1d with IL-1β 
and quercitrin; treatment for 3 d with IL-1β and quercitrin; treatment with quercitrin for 
14 d plus IL-1β during the first 3 d (T); and treatment with quercitrin for 14 d plus IL-
1β during the last 3 d (P). 

2.4. Effect of quercitrin on osteogenic differentiation of hMSCs 

hMSCs were grown under six different conditions: basal media (control); basal media 
with 200 µM quercitrin (QUER); osteogenic media (OS) containing 50 µg/ml ascorbic 
acid, 10 nM dexamethasone and 10 mM β-glycerol phosphate (Sigma-Aldrich); 
osteogenic media with 200 µM quercitrin (OS+QUER); osteogenic media supplemented 
with IL-1β (OS+IL-1β); and osteogenic media supplemented with IL-1β and quercitrin 
(OS+IL-1β+QUER). Supplements were added at every media change for 19 days and 
cells were harvested after 19 days for analysis. 

2.5. RNA isolation and real-time RT-PCR analysis 

Total RNA was isolated using Tripure (Roche Diagnostics, Mannheim, Germany), 
according to the manufacturer's protocol. Total RNA was quantified at 260 nm using a 
nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The 
same amount of RNA (0.2 µg) was reverse transcribed to cDNA at 42 ºC for 60 min, 
according to the protocol of the supplier (High Capacity RNA-to-cDNA kit, Applied 
Biosystems, Foster City, CA, USA). Aliquots of each cDNA were frozen (-20 °C) until 
the PCR reactions were carried out.  

Real-time PCR was performed for two reference genes, glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and beta-actin (ACTBL2), and target genes (Table 1).  Real-
time PCR was performed in a thermocycler (Lightcycler 480, Roche Diagnostics) using 
SYBR green detection. Each reaction contained 7 μl of master mix (Lightcycler 480 
SYBR Green I Master, Roche Diagnostics), 0.5 μM of each, the sense and the antisense 
specific primers and 3 μl of the cDNA dilution in a final volume of 10 μl. The 
amplification program consisted of a pre-incubation step for denaturation of the 
template cDNA (5 min 95°C), followed by 45 cycles consisting of a denaturation step 
(10 s 95 °C), an annealing step (10 s 60 °C) and an extension step (10 s 72 °C). After 
each cycle, fluorescence was measured at 72 °C. A negative control without cDNA 
template was run in each assay.  

All samples were normalized by the geometric mean of the expression levels of 
ACTBL2 and GAPDH and fold changes were related to the control groups using the 
following equation: ratio = Etarget

ΔCp target (mean control – sample) / Ereference
ΔCp reference (mean control – 

sample), where Cp is the is the crossing point of the reaction amplification curve and E the 
effciency from the given slopes using serial dilutions, as determined by the  software 
(Lightcycler 480 software, Roche Diagnostics). Stability of reference genes was 
calculated using a statistical tool (BestKeeper software, Technical University of 
Munich, Weihenstephan, Germany).  
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Table 1. Sense (S) and antisense (A) primers used in the real-time PCR of reference and target 
genes. 

Gene Primer sequence (5´- 3´) 
Product size 

(bp) 

Beta-actin (ACTBL2) 
S: CTGGAACGGTGAAGGTGACA 

136 
A: AAGGGACTTCCTGTAACAATGCA 

Collagen III α1 (COL3A1) 
S: GGCCTACTGGGCCTGGTGGT 

190 
A: CCACGTTCACCAGGGGCACC 

Cyclooxygenase-2 (COX2) 
S: ATGGGGTGATGAGCAGTTGT 

221 
A: GAAAGGTGTCAGGCAGAAGG 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
S: TGCACCACCAACTGCTTAGC 

87 
A: GGCATGGACTGTGGTCATGAG 

Interleukin-6 (IL6) 
S: AGGAGACTTGCCTGGTGAAA 
A: GCATTTGTGGTTGGGTCAG 

196 

Interleukin-8 (IL8) 
S: GGTGCAGTTTTGCCAAGGAG 
A: TTCCTTGGGGTCCAGACAGA 

183 

Matrix metalloproteinase-1 (MMP1) 
S: TGTCAGGGGAGATCATCGGGACA 

177 
A: TGGCCGAGTTCATGAGCTGCA 

Metalloproteinase inhibitor-1 (TIMP1) 
S: TTCCGACCTCGTCATCAGGG 

144 
A: TAGACGAACCGGATGTCAGC 

 

2.6. Enzyme-linked immunosorbent assays (ELISA) 

Commercially available ELISA kits were run to quantify interleukin-8 (eBioscience, 
San Diego, CA, USA), and prostaglandin E2 (PGE2; Thermo Scientific, Rockford, IL, 
USA) from cell culture media according to supplier instructions. 

2.7. Alkaline phosphatase (ALP) activity and calcium quantification 

Cells were washed with PBS and lysated with 0.1% Triton X-100. ALP activity was 
quantified by measuring the cleavage of p-Nitrophenyl Phosphate (pNPP; Sigma-
Aldrich) in a soluble yellow end product that absorbs at 405 nm. Twenty-five 
microliters of sample were incubated with 100 μl of pNPP. In parallel to the samples, a 
standard curve with calf intestinal alkaline phosphatase (Promega, Madison, WI, USA) 
was constructed. On the other hand, two-hundred microliters of sample were incubated 
with 1 N HCl overnight, followed by centrifugation at 500 xg for 2 min for the 
subsequent determination of Ca2+ content in the supernatant by inductively coupled 
plasma atomic emission spectrometer (ICP-AES) Optima 5300 DV (PerkinElmer, 
Waltham, MA, USA). Data were compared with CaCl2 standards included in the assay. 

2.8. Statistical analysis 

All data are presented as mean values ± standard error of the mean (SEM). The 
Kolmogorov-Smirnov test was done to assume parametric or non-parametric 
distributions. Differences between groups were assessed by paired t-test or Wilcoxon 
test, depending on data distribution. A specific computer program (SPSS version 17.0, 
Chicago, IL, USA) was used. Results were considered statistically significant at P ≤ 
0.05. 

 

 



 7

3. Results 

3.1. IL-1β induces the expression of inflammatory markers on hGFs 

The addition of IL-1β for 1 day significantly stimulated the expression of IL6, IL8 and 
MMP1, reaching a plateau at 1 ng/ml IL-1β (Table 2). Moreover, hGF viability, 
measured by the lactate dehydrogenase activity released to culture media, as described 
in [18], after 1 and 3 days of stimulation with IL-1β remained similar to the controls 
(data not shown). Based on this data, we selected 1 ng/ml IL-1β as inflammatory 
stimulator for the subsequent experiments. 

 

Table 2. Effect of IL-1β stimulation on human gingival 
fibroblasts. Data were normalized to reference genes, 
expressed as percentage of control (no stimulation) which was 
set to 100%. Values represent the mean ± SEM of two 
independent experiments. Differences between treatment and 
control groups: *P ≤ 0.05 treatment versus control. 

IL-1β 
(ng/ml) 

mRNA levels (% of control) 

IL6 IL8 MMP1 

0 100±8 100±9 100±4 

0.1 3952±509* 81456±12260* 333±27* 

1 3832±477* 80414±11765* 369±37* 

10 3709±410* 76026±11161* 362±36* 

 

3.2. Quercitrin decreases damage on hGFs in an inflammatory environment 

First, we studied the expression of genes related to ECM (Figure 1 B). We found that 
quercitrin treatment downregulated MMP1 IL-1β-induced expression at day 1 and 14, 
and upregulated TIMP1 IL-1β-decreased expression at day 3 and 14, resulting in a 
decreased MMP1/TIMP1 mRNA ratio at short- and long-term (data not shown). Also, 
we found that COL3A1 expression increased in all quercitrin-treated groups. 
Furthermore, quercitrin prevented the decrease in TIMP1 and COL3A1 after IL-1β 
stimulation (preventive approach). 

COX2 mRNA was highly upregulated after IL-1β stimulation. Treatment with 
quercitrin significantly decreased the COX2 IL-1β-induced expression at day 1 and 
14for both, the therapeutic and the preventive scenarios (Figure 1 B). Furthermore, to 
assess whether the effect of quercitrin on COX2 expression was functionally significant, 
the release of PGE2, a proinflammatory COX2 end product, was determined. Our 
results show that quercitrin decreased the release of PGE2 on all IL-1β treated groups 
(Figure 2). 
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Figure 1. Effect of quercitrin on hGF stimulated with IL-1β. (A) Experimental design: four 
different inflammatory scenarios were set either using a therapeutic (T) or a preventive 
approach (P) by treating with IL-1β (stripped pattern); treatment for 1d with IL-1β; treatment 
for 3 d with IL-1β; treatment with IL-1β during the first 3 d and culturing the cells for 14 d (T); 
and culturing the cells for 14 d plus IL-1β treatment during the last 3 d (P). The effect of 
quercitrin treatment during the entire culture period under these four scenarios was evaluated 
and compared to vehicle treatment (control). (B) Gene expression results: cells were treated 
with quercitrin (grey bars) or without (white bars), following the experimental design. Data 
were normalized to reference genes, expressed as percentage of control (vehicle), which was set 
to 100%. Values represent the mean ± SEM of two independent experiments. Differences 
between treatment and control groups: *P ≤ 0.05 treatments versus control (vehicle without IL-
1β); #P ≤ 0.05 quercitrin versus vehicle in the presence of IL-1β for each time point. 
Abbreviations: quercitrin (QUER), interleukin-1 beta (IL-1β). 
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We also studied the gene expression of different inflammatory markers (Figure 1 B). 
IL-1β highly upregulated the mRNA levels of IL6 and IL8 at short- and long-term. This 
increased gene expression was not reversed by quercitrin treatment but for IL8 mRNA 
levels at short-term (days 1 and 3). However, IL-8 protein levels remained unchanged 
among groups (data not shown). 

 

Figure 2. Quercitrin decreased PGE2 release on hGF stimulated with IL-1β. Cells were 
treated with IL-1β with (grey bars) or without quercitrin (white bars). Four different scenarios 
were set either using a therapeutic (T) or a preventive approach (P): treatment for 1d with IL-1β 
and quercitrin; treatment for 3 d with IL-1β and quercitrin; treatment with quercitrin for 14 d 
plus IL-1β during the first 3 d (T); and treatment with quercitrin for 14 d plus IL-1β during the 
last 3 d (P). Values represent the mean ± SEM of two independent experiments. Differences 
between treatment and control groups: *P ≤ 0.05 quercitrin versus vehicle in the presence of IL-
1β for each time point. Abbreviations: quercitrin (QUER), interleukin-1 beta (IL-1β). 

 

3.3. Quercitrin increases osteogenic differentiation of hMSCs 

Analysis of ALP showed significantly increased ALP activity in quercitrin treated cells 
on basal and osteogenic situations. Additionally, quercitrin increased cell calcium 
content in osteogenic and inflammatory situations. No significant differences were 
observed in calcium content of cells treated with quercitrin in basal media compared to 
control. As expected, culture of hMSCs with osteogenic media induced a significant 
increase of both, ALP activity and calcium content compared to control. Furthermore, 
IL-1β stimulation significantly induced an increase in cell calcium content although no 
significant changes were seen in ALP activity (Figure 3). 
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Figure 3. Quercitrin increased the osteoblastic differentiation of hMSCs. (A) ALP activity 
and (B) calcium content determined after 19 days of hMSCs growth under six different 
conditions: basal media (control); basal media with 200 µM quercitrin (QUER); osteogenic 
media (OS); osteogenic media with 200 µM quercitrin (OS+QUER); osteogenic media 
supplemented with IL-1β (OS+IL-1β); and osteogenic media supplemented with IL-1β and 
quercitrin (OS+IL-1β+QUER). Values represent the mean ± SEM of two independent 
experiments. Differences between treatment and control groups: *P ≤ 0.05 treatment versus 
control (vehicle); #P ≤ 0.05 quercitrin versus vehicle; §P ≤ 0.05 inflammation groups versus OS 
group. 

 

4. Discussion 

In this study we demonstrate the positive effects of quercitrin on soft and hard tissue 
under inflammatory conditions using an in vitro model with human primary cultures of 
gingival fibroblasts and mesenchymal stem cells.  We show that quercitrin decreases the 
release of the inflammatory mediator PGE2 and partially re-establishes the impaired 
collagen metabolism induced by IL-1β stimulation on primary human gingival 
fibroblasts. Furthermore, quercitrin enhances human mesenchymal stem cells 
differentiation towards the osteoblastic lineage. These findings suggest quercitrin as a 
novel bioactive molecule to address soft and hard tissue regeneration of the 
periodontium. 

The presence of pathogens in the oral cavity causes the activation of a inflammatory 
response that stimulates the recruitment of immune cells and the production of 
cytokines, chemokines, cyclooxygenase products and MMPs, which enhance the 
inflammatory process [2]. As a consequence, the gingival connective tissue is 
substituted by a chronic inflammatory infiltrate that can ultimately spread to deeper 
periodontal tissues leading to soft and hard tissues destruction [4]. Here we used the 
inflammatory mediator IL-1β to mimic in vitro the inflammatory process in PD 
progression. IL-1β is broadly used to induce experimental inflammation and to enhance 
the proinflammatory response [23]–[25], imitating the inflammatory pathways activated 
in response to oral pathogens [26]. The concentrations used here are in in the range with 
the IL-1β levels usually found in patients with periodontitis [27]. However, although the 
stimulation of IL-1β with periodontal characteristics was used here to simulate a 



 11

periodontitis condition, the only addition of IL-1β does not reflect the entire chronic 
inflammatory process in periodontal disease in vivo, and can only help to investigate in 
vitro the effects of quercitrin. Here, the addition of IL-1β produced a potent up-
regulation of IL6, IL8 and MMP1 mRNA levels in hGF, key inflammatory mediators in 
the progression of periodontal disease [26] and consistent with previous reports in the 
literature [25], [28]. Modifying the local environment to reduce inflammation is one 
requirement to achieve complete periodontal regeneration [29]. Inducible COX2 and 
PGE2 production are highly related to PD status [30]. Here we show that quercitrin 
treatment effectively inhibited COX2 expression and its functional product PGE2 under 
an inflammatory stimulus, in agreement with a previous study with LPS-stimulated 
HGF with different flavonoids [31]. Moreover, previous studies showed that quercitrin 
can also downregulate inducible nitric oxide synthase, an enzyme highly expressed by 
inflammatory stimuli that produces the inflammatory mediator NO [32], [33]. 
Unexpectedly, the upregulation of IL6 and IL8 induced by IL-1β was not reversed by 
quercitrin treatment contrary to what was previously shown in LPS-stimulated 
macrophages [34] and in vivo [32]. This finding might be explained by the stimulation 
with IL-1β that activates the complex NF-κB signalling pathway and positive and 
negative feedback mechanisms that regulate cytokines expression [35], [36], thus, 
masking quercitrin anti-inflammatory effect. Furthermore, different investigations have 
provided strong evidence that phenolic compounds act by direct modulation of mitogen-
activated protein kinase/activator protein-1 and NF-κB pathways, which have central 
roles regulating cell differentiation and inflammation, among other downstream targets 
[37], [38]. 

During the progress of gingivitis, the inflammatory process results in connective tissue 
breakdown as the result of an imbalance of MMPs over their inhibitors, TIMPs [39]. 
Here, our IL-1β inflammatory in vitro model decreased COL3A1 mRNA expression 
and increased MMP1/TIMP1 mRNA ratio, mimicking the molecular events observed in 
PD. Our results show that quercitrin treatment partially re-established the control 
expression levels of COL3A1 and the MMP1/TIMP1 mRNA ratio under an 
inflammatory stimulus in line with our previous results without IL-1β stimulation [18]. 
Therefore, quercitrin could contribute to the regeneration of functional connective tissue 
destroyed by inflammation. 

Further progression of gingivitis leads to periodontitis, which is characterised by 
alveolar bone resorption. This study proves that quercitrin increases ALP activity in 
basal and osteogenic media, and mineralization in osteogenic and inflammatory 
situations in hMSCs; thus, quercitrin enhanced the osteoblastic differentiation of MSCs, 
another requisite for complete periodontal regeneration [29]. This finding is supported 
by our previous study with mouse pre-osteoblasts [19]. Under IL-1β stimulation, we 
observed that final calcium content increased while ALP activity decreased. During 
osteoblastic differentiation, ALP peaks at the maturation phase and decreases at the 
mineralization phase. Therefore, the decreased ALP activity together with the increased 
mineralization point to a shifted hMSCs differentiation to earlier time points in the 
presence of IL-1β and osteogenic media, in agreement with previous reports [40], [41].  
It has been demonstrated that IL-1β without osteogenic media increases osteoblast 
mineralization through an atypical biochemical mechanism without differentiating into 
osteoblasts [42] and that when osteogenic media is added, the combination of stimuli 
leads to additive effects, where dexametasone leads to an increase in ALP activity, 
whereas IL-1β leads to increased calcification [40], [41]. Here, quercitrin addition to the 
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IL-1β-stimulated osteogenic group increased the final calcium content almost 20%, 
while quercitrin addition to the osteogenic group increased it 80%. This result indicates 
that quercitrin increases mineralization of hMSCs even in the presence of IL-1β, 
although the mineralization mechanism of IL-1β might have obscured any direct effect 
that quercitrin might have had.  Therefore, our results suggest that quercitrin may 
enhance bone formation even in inflammatory conditions. 

 Though periodontal ligament derived MSCs would have been the preferred cells for 
this study, it has been demonstrated that bone-marrow MSCs have the capacity to 
promote the regeneration of alveolar bone, cementum and periodontal ligament [11], 
[43] and that bone marrow MSCs are comparable to periodontal ligament MSCs in their 
differentiation capacity and ability to regenerate periodontal bone [44], [45]. Actually, 
bone marrow MSCs showed periodontal ligament-like cell features when cocultured 
with the periodontal ligament in vivo [46].  

Current research in periodontal regeneration is focused in discovering new bioactive 
molecules, improving stem cell implantation and developing biomaterials that act as 
scaffolds or as drug delivery systems [47]. Quercitrin might have different applications 
in periodontal regeneration since it is a bioactive molecule with antibacterial, anti-
oxidant and anti-inflammatory properties and it promotes soft and hard tissue 
regeneration [18], [19], [34], [48]. Besides, quercitrin could decrease the antibiotic 
administration and increase the safety of anti-inflammatory drugs currently used for 
periodontal disease treatment [2]. Regarding to bone regeneration, stem cell-based 
periodontal regeneration is a promising therapeutic option [11]. Furthermore, the 
inhibition of osteoblastic differentiation of bone progenitor cells from the periodontal 
tissue has been suggested to be dependent on the local environment [47], [49]. Here, we 
have shown that quercitrin promotes the osteoblastic differentiation of hMSCs even in 
an inflammatory situation; therefore quercitrin could help hard tissue to regenerate 
itself. Furthermore, previous results of our group show that quercitrin decreased 
osteoclast formation in RAW264.7 cells [19], together with the present results, 
quercitrin might show an anabolic effect on bone formation. Regarding the development 
of new biomaterials, we have also used quercitrin to functionalize Ti-surfaces, showing 
promising results [50]. Therefore, we hypothesize that quercitrin could be used in 
combination with other biomaterials to further improve periodontal regeneration.  
Future studies should confirm the effects of quercitrin in vivo.  

 

5. Conclusion 

Quercitrin decreased the release of the proinflammatory mediator PGE2 under 
inflammatory stimulus and also reversed the collagenolitic situation created by IL-1β by 
increasing COL3A1 expression and decreasing MMP1/TIMP1 mRNA ratio in human 
gingival fibroblasts. Furthermore, quercitrin increased the osteoblastic differentiation of 
mesenchymal stem cells in basal, osteogenic and inflammatory conditions. Our data 
suggest quercitrin as a bioactive molecule that could create a microenvironment suitable 
for soft and hard tissue regeneration and therefore enhance periodontal regeneration. 
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Background and Objective: Gingival fibroblasts are responsible for the constant

adaptation, wound healing and regeneration of gingival connective tissue. New

titanium-zirconium (TiZr) abutment surfaces have been designed to improve soft

tissue integration and reduce implant failure compared with titanium (Ti). The

aim of the present study was first to characterize a primary human gingival

fibroblast (HGF) model and secondly to evaluate their differential response to

Ti and TiZr polished (P), machined (M) and machined + acid-etched (modMA)

surfaces, respectively.

Material and Methods: HGF were cultured on tissue culture plastic or on the

different Ti and TiZr surfaces. Cell morphology was evaluated through confocal

and scanning electron microscopy. A wound healing assay was performed to

evaluate the capacity of HGF to close a scratch. The expression of genes was

evaluated by real-time RT-PCR, addressing: (i) extracellular matrix organization

and turnover; (ii) inflammation; (iii) cell adhesion and structure; and (iv) wound

healing. Finally, cells on Ti/TiZr surfaces were immunostained with anti-ITGB3

antibodies to analyze integrin b3 production. Matrix metalloproteinase-1

(MMP1) and inhibitor of metallopeptidases-1 (TIMP1) production were ana-

lyzed by enzyme-linked immunosorbent assays.

Results: On tissue culture plastic, HGF showed no differences between donors

on cell proliferation and on the ability for wound closure; a-smooth muscle

actin was overexpressed on scratched monolayers. The differentiation profile

showed increased production of extracellular matrix components. Ti and TiZr

showed similar biocompatibility with HGF. TiZr increased integrin-b3 mRNA

and protein levels, compared with Ti. Cells on TiZr surfaces showed higher

MMP1 protein than Ti surfaces, although similar TIMP1 protein production. In

this in vitro experiment, P and M surfaces from both Ti and TiZr showed better

HGF growth than modMA.

Conclusion: Taking into account the better mechanical properties and bioactivity

of TiZr compared with Ti, the results of the present study show that TiZr is a

potential clinical candidate for soft tissue integration and implant success.
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Soft tissue integration (STI) is one of

the critical points for dental implant

success as it establishes an effective

biological seal between the oral cavity

and the implant. This integration at

the dental implant’s abutments pro-

tects bone and implant from bacterial

penetration, avoiding gingival reces-

sion and inflammation-driven bone

resorption (1), and inhibits epithelial

downgrowth (2). A soft tissue barrier,

with gingival tissue attached to the

implant’s abutment, may improve this

protective function.

Several cell types have been identi-

fied within gingival connective tissue,

among these, gingival fibroblasts

account for most connective tissue

cells. They synthesize many extracellu-

lar matrix (ECM) components and

are responsible for the constant adap-

tation of gingival connective tissue as

well as for wound healing repair and

regeneration (3,4). Fibroblasts are

mesenchymal cells with many vital

functions during development and in

adult organisms. Although fibroblasts

are among the most accessible mam-

malian cells to culture in vitro, they

remain poorly defined in molecular

terms. Cultured fibroblasts from

diverse sites displayed different and

characteristic transcriptional patterns

although they showed similar mor-

phology, appearing as spindle-shaped

cells, positive for vimentin immuno-

staining and without markers for

other cell lineages, thus, suggesting

that fibroblasts at different locations

in the body should be considered dif-

ferentiated cell types (5).

Titanium (Ti) is the most widely

used material in implantology because

of its mechanical strength, resistance

to corrosion and excellent biocompat-

ibility (6). However, its mechanical

properties are limited in the case of

small diameter implants when placed

in a narrow bone space (e.g. maxilla

front) (7). To enhance its strength, Ti

can be alloyed with other elements. Ti

alloys containing zirconium (Zr) have

shown improved tensile and fatigue

strength than Ti (8–10) and with simi-

lar biocompatibility (11,12). The

surface properties of implants influ-

ence adhesion and differentiation of

cells surrounding implants, including

gingival fibroblasts (13,14). Different

modifications, such as generation of

nano-topographies and surface rough-

ness, have been used to improve

osteoblast cell attachment and osseo-

integration of oral dental implants

(15). Unlike osteoblasts, nano-topog-

raphy reduces the adhesion and

spreading of fibroblasts and epithelial

cells, which have a higher affinity for

smooth or finely grooved surfaces

(1,16).

Although the same surface modifi-

cations can be applied to Ti and TiZr,

it is possible that these two materials

may end up with different surface

characteristics. The physicochemical

surface characteristics of TiZr implant

abutments might thus elicit different

fibroblastic responses compared with

Ti. The purposes of the present

research were to characterize three

different donors of primary human

gingival fibroblasts (HGF) through

analysis over time of cell attachment,

growth, morphology, wound healing

and gene expression of several genes

to establish a valuable model for

screening new abutment surfaces,

addressing: (i) ECM organization and

turnover; (ii) cell adhesion and struc-

ture; (iii) inflammation; and (iv)

wound healing. Then, the response of

HGF to surface-modified TiZr

implant abutments was compared to

Ti surfaces.

Material and methods

Ti and TiZr discs

Coin-shaped samples (diameter 4.39

mm, thickness 2 mm) made of grade

IV Ti and TiZr, containing 13–17%
zirconium, were kindly provided by

Institut Straumann (Basel, Switzer-

land) as machined (M) and machined

+ acid-etched (modMA) surfaces.

Mechanical polishing was used to fab-

ricate the polished (P) surfaces.

The P samples were prepared by

grinding and polishing M surfaces

using a polishing machine (Phoenix

4000; Buehler GmbH, Dusseldorf,

Germany), and then washed in ultra-

sonic baths with NaOH (40 wt.%)

and HNO3 (50 wt.%) as reported ear-

lier (17). The modMA surfaces were

produced from M surfaces acid-etched

in HCl/H2SO4 at 125–130°C for

5 min. They were then rinsed in NaCl

under N2 protection and stored in

0.9% NaCl solution, producing a

hydrophilic surface (18). All samples

were dipped in phosphate-buffered

saline (PBS) before placing them in

wells before cell seeding.

Surface characterization

Scanning electron microscope (Quanta

200F, Eindhoven, The Netherlands)

was used to visualize surface topogra-

phy of the modified samples.

Topographical parameters were

recorded by using a blue light laser

profilometer (Pll 2300; Sensofar, Ter-

rassa, Spain) to scan areas of

255 9 191 lm2. Two samples from

each group were scanned on four areas

randomly selected. Surface area

roughness (Sa, absolute average height

deviation from a mean plane) was cal-

culated from the scanned areas with

SensoMap software (SensoMap Plus

4.1; Sensofar).

Cell culture

Three different donors of primary

HGF (Provitro GmbH, Berlin, Ger-

many) were used: HGF-A (27 years,

Caucasian, female, lot number

313X100401), HGF-B (19 years, Cau-

casian, male, lot number 322X070501)

and HGF-C (47 years, Caucasian,

male, lot number 323X070501). HGF

cells were cultured at 37°C in a

humidified atmosphere of 5% CO2,

and maintained in fibroblast growth

medium (Provitro GmbH) supple-

mented with 10% fetal calf serum and

50 ng amphotericin/mL and 50 lg
gentamicin/mL (Provitro GmbH).

Culture media was changed every

other day. Cells were subcultured

before reaching confluence using PBS

and trypsin/EDTA, as recommended

by the supplier. Trypan blue stain was

used to determine total and viable cell

number. Experiments were performed

with HGF cells between passages 7

and 8 after isolation.

To characterize different HGF

donors, 2.0 9 104 cells were seeded

on to tissue culture plastic surfaces

2 G�omez-Florit et al.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



(TCPS, ø 1.9 cm2). HGF cells were

maintained in complete fibroblast

growth medium and harvested after 1,

7, 14, 21 or 28 d to perform the

experiments.

To test the performance of the dif-

ferent surfaces, coin-shaped implant

abutments were placed in 96-well half

area plates (Corning, Lowell, MA,

USA). HGF-A was used to perform

the experiments and 3.5 9 103 cells

were seeded on each coin-shaped

implant. The same number of cells was

cultured in parallel on TCPS. HGF

cells were maintained up to 14 d in

complete fibroblast growth medium.

Cell number determination by DNA

quantification

Culture media was removed from

wells, and 100 or 200 lL of distilled

water were added to each well for cells

on implant abutments or on TCPS,

respectively. Plates were incubated for

1 h at room temperature. Plates were

frozen at �80°C to lysate cells. Plates

were thawed until reaching room tem-

perature and 100 or 200 lL of Hoechst

33258 (Sigma-Aldrich, St. Louis, MO,

USA) at 20 lg/mL in TNE buffer were

added, for cells on implant abutments

or on TCPS, respectively. Two hundred

lL aliquots were transferred to 96-well

fluorescence plates and a spectropho-

tometer was set to record fluorescence.

Relative fluorescence units are corre-

lated with the cell number using a linear

standard curve.

Cell cytotoxicity: lactate

dehydrogenase activity in the

culture media

The presence of lactate dehydrogenase

(LDH) activity in the culture media

after 24 h of incubation of HGF on

the implant abutment surfaces was

used as an index of cell death. LDH

activity was determined spectrophoto-

metrically after 30 min of incubation

at 25°C of 50 lL of culture media

and 50 lL of the reaction mixture, by

measuring the oxidation of NADH at

490 nm in the presence of pyruvate,

according to the manufacturer’s kit

instructions (Roche Diagnostics,

Mannheim, Germany). Toxicity was

presented relative to the LDH activity

in the media of cells seeded on TCPS

without treatment (low control, 0%

of cell death) and on cells grown on

TCPS treated with 1% Triton X-100

(high control, 100% of death), using

the following equation:Cytotoxicity

(%) = (exp. value � low control)/(high

control � low control) 9 100.

Immunofluorescence

Cells grown for 2 and/or 14 d on the

surfaces were fixed for 15 min with

4% formaldehyde in PBS at room

temperature. For actin cytoskeleton

visualization, cells were stained with

phalloidin–fluorescein isothiocyanate

5 lg/mL (Sigma, St. Louis, MO,

USA) in PBS with Triton X-100 0.2%

for 30 min. For integrin beta-3 visuali-

zation, cells were incubated with 0.1%

Triton X-100 for 5 min, 1% bovine

serum albumin for 30 min and then

with anti-integrin beta-3 antibody

(AB47584, Abcam, Cambridge, UK)

for 1 h at 1 : 50 dilution in PBS. Then,

a Cy3-conjugated goat antirabbit IgG

(Molecular Probes, Eugene, OR,

USA) was used as secondary antibody

for 1.5 h at 1 : 200 dilution in PBS.

Cells were washed with PBS and coin-

shaped samples were placed on slides.

Finally, a drop of FluoroshieldTM with

DAPI (Sigma) was added and cover

glasses were mounted on the samples.

Two samples of each group were

used to perform the experiment and

two images of each sample were taken

with the confocal microscope (Leica

DMI 4000B equipped with a Leica

TCS SPE laser system).

RNA isolation and real-time RT-PCR

analysis

Total RNA was isolated using Tri-

pure� (Roche Diagnostics) and was

quantified at 260 nm using a Nano-

drop spectrophotometer (NanoDrop

Technologies, Wilmington, DE,

USA). The same amount of RNA

was reverse transcribed to cDNA at

42°C for 60 min using High Capacity

RNA-to-cDNA kit (Applied Biosys-

tems, Foster City, CA, USA), accord-

ing to the protocol of the supplier.

Aliquots of each cDNA were frozen

(�20°C) until the PCR reactions were

carried out.

Real-time PCR was performed for

two reference genes, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH)

and beta-actin (ACTBL2), and several

target genes (Table 1). Real-time PCR

was performed in the Lightcycler 480�

(Roche Diagnostics) using SYBR

green detection. Each reaction con-

tained 7 lL Lightcycler-FastStart

DNA MasterPLUS SYBR Green I

(containing Fast Start Taq polymerase,

reaction buffer, dNTPs mix, SYBR-

Green I dye and MgCl2), 0.5 lM
(except for COL3A1, COL5A1 and

ITGA2 that was 0.25 lM) of each, the
sense and the antisense specific primers

(Table 1) and 3 lL of the cDNA dilu-

tion in a final volume of 10 lL. The
amplification program consisted of a

pre-incubation step for denaturation of

the template cDNA (5 min 95°C), fol-
lowed by 45 cycles consisting of a

denaturation step (10 s 95°C), an

annealing step (10 s 60°C, except for

ITGB3, which was 62°C) and an exten-

sion step (10 s 72°C). After each cycle,

fluorescence was measured at 72°C. A
negative control without a cDNA tem-

plate was run in each assay.

Real-time efficiencies (E) were cal-

culated from the given slopes in the

LightCycler 480 software using serial

dilutions, showing all the investigated

transcripts high real-time PCR effi-

ciency rates, and high linearity when

different concentrations were used.

PCR products were subjected to a

melting curve analysis on the Light-

Cycler and subsequently 2% agarose/

TAE gel electrophoresis to confirm

amplification specificity, Tm and

amplicon size, respectively.

All samples were normalized by the

geometric mean of the expression

levels of ACTBL2 and GAPDH and

fold changes were related to the con-

trol groups using the mathematical

model described by Pfaffl (19), where

Cp is the crossing point of the reac-

tion amplification curve as determined

by the LightCycler 480 software. The

stability of reference genes was calcu-

lated using the BestKeeper tool (20).

The Cp variation of the reference

genes among samples was lower than

0.6. Moreover, a good consistence of
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the BestKeeper index was proved, as

its contributing reference genes were

tightly correlated with it (0.841 < r

< 0.894), with a p value of 0.001 for

both reference genes.

For each gene, the coefficient of

variation (CV) of the expression was

calculated. The CV equals the stan-

dard deviation divided by the mean

(expressed as a percentage). The CV

is used as a statistic for comparing

the degree of variation between genes,

even if the mean expressions are dras-

tically different from each other (21).

Wound healing assay and scanning

electron microscopy

When HGF cells were confluent, the

monolayer was scraped in a straight

line to create a scratch. Two hundred

lL sterile pipette tips were used to

scratch the monolayers grown on

24-well plates, and 10 lL tips to scratch

monolayers grown on coin-shaped

implant abutments. Then, monolayers

were washed once with growth medium

to remove debris and detached cells.

A bright field inverted microscope

(Leica DM IRB, Wetzlar, Germany)

Table 1. Sense (S) and antisense (A) primers used in real-time PCR of reference and target genes

Related function Gene Primer sequence (5′–3′)
Product

size (bp)

GenBank

accession

number

ECM component Collagen I a1 (COL1A1) S: AGAGCATGACCGATGGATTC 122 NM_000088.3

A: TTCTTGAGGTTGCCAGTC

ECM component Collagen III a1 (COL3A1) S: GGCCTACTGGGCCTGGTGGT 190 NM_000090.3

A: CCACGTTCACCAGGGGCACC

ECM component Collagen IV a2 (COL4A2) S: CCAGAGCGTCTTGGCGGGTG 176 NM_001846.2

A: TACGTCCCTGCAGTCCCGGG

ECM component Collagen V a1 (COL5A1) S: CTCCAGCAGGCCAGGTTGGC 198 NM_000093.3

A: ATCACTCCCAGCCCGACCCC

ECM component Collagen XII a1 (COL12A1) S: GCGGCCCTGCTCCTGTCTTC 159 NM_004370.5

A: AGGCCCATCCGTTGTAGGGTCC

ECM component Decorin (DCN) S: ATCTCAGCTTTGAGGGCTCC 146 NM_001920.3

A: GCCTCTCTGTTGAAACGGTC

ECM component Versican (VCAN) S: GCCGCCTTCCAAGGCCAAGA 129 NM_004385.4

A: GAGAGGGAGCCCCTCACCGG

ECM component Osteonectin (SPARC) S: GCGGTCCTTCAGACTGCCCG 138 NM_003118

A: CTTGCTGAGGGGCTGCCAAGG

ECM turnover Matrix metalloproteinase-1

(MMP1)

S: TGTCAGGGGAGATCATCGGGACA 177 NM_002421.3

A: TGGCCGAGTTCATGAGCTGCA

ECM turnover Metallopeptidase

inhibitor 1 (TIMP1)

S: TTCCGACCTCGTCATCAGGG 144 NM_003254.2

A: TAGACGAACCGGATGTCAGC

ECM component/cell

adhesion

Fibronectin (FN1) S: CGGAGAGACAGGAGGAAATAGCCCT 150 NM_212482.1

A: TTGCTGCTTGCGGGGCTGTC

Cell adhesion Integrin a2 (ITGA2) S: AGCCTCGGCTTGATCCTCACCA 170 NM_002203.3

A: GGGCAGGGCTGAGTTGCAGG

Cell adhesion Integrin a8 (ITGA8) S: GCCCGCACAGCGAGTGTCTT 124 NM_003638.1

A: TCTGCCTGCACTGCGCAGAC

Cell adhesion Integrin b3 (ITGB3) S: GAGGCGGACGAGATGCGAGC 192 NM_000212.2

A: GCCCAGAGGCAGGGCCTCAT

Cell structure Vimentin (VIM) S: GGCCGCCTGCAGGATGAGATTC 153 NM_003380.3

A: CAGAGAAATCCTGCTCTCCTCGC

Pro-inflamatory cytokine Interleukin-6 (IL6) S: AGGAGACTTGCCTGGTGAAA 196 NM_000600.3

A: GCATTTGTGGTTGGGTCAG

Pro-inflamatory cytokine Tumor necrosis

factor-alpha (TNF)

S: CTATCTGGGAGGGGTCTTCC 181 NM_000594.3

A: GGGGGTAATAAAGGGATTGG

Anti-inflammatory cytokine Interleukin-10 (IL10) S: TTATCTTGTCTCTGGGCTTGG 139 NM_000572.2

A: ATGAAGTGGTTGGGGAATGA

Wound healing/fibrogenic a-smooth muscle actin

(ACTA2)

S: TAAGACGGGAATCCTGTGAAGC 184 NM_001141945.1

A: TGTCCCATTCCCACCATCAC

Wound healing/fibrogenic Transforming growth

factor-b1 (TGFB1)

S: TGTCACCGGAGTTGTGCGGC 131 NM_000660.4

A: GGCCGGTAGTGAACCCGTTG

Wound healing/fibrogenic Endothelin-1 (EDN1) S: ACGGCGGGGAGAAACCCACT 147 NM_001955.4

A: ACGGAACAACGTGCTCGGGA

Reference gene Beta-actin (ACTBL2) S: CTGGAACGGTGAAGGTGACA 136 NM_001101.3

A: AAGGGACTTCCTGTAACAATGCA

Reference gene Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH)

S: TGCACCACCAACTGCTTAGC 87 NM_002046.3

A: GGCATGGACTGTGGTCATGAG

ECM, extracellular matrix.
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was used to take images 0, 24 and

48 h after the scratch of the same

areas from cells grown on TCPS.

Then, culture media was removed and

RNA was isolated as described before

to study gene expression. The images

were quantitatively analyzed with

TScratch software using the default

parameter settings (22). The open

wound area (%) at a time point was

defined as 100 9 (uncovered image

area at 24 or 48 h/uncovered image

area at 0 h).

A scanning electron microscope

(Hitachi S-3400N, Krefeld, Germany)

using back-scattered electrons, 40 Pa

of pressure and 10 kV of voltage was

used to acquire images of cells grown

on samples. Cells were washed twice

with PBS and fixed with glutaralde-

hyde 4% in PBS for 2 h. The fixative

solution was removed, and the cells

were washed with distilled water three

times. At 30 min intervals, the cells

were dehydrated by the addition of

50%, 70%, 90% and 100% ethanol

solutions. Finally, the ethanol was

removed, and the cells were left at

room temperature to evaporate the

remaining ethanol before analysis.

Enzyme-linked immunosorbent

assays

The detection of TIMP1 and MMP1

was performed from cell lysates after

14 d of cell culture (n = 6) by com-

mercially available ELISA kits

(Sigma) according to kit instructions.

Briefly, cells were washed with PBS

and lysed with 1% Nonidet P-40,

20 mM Tris–HCl pH 7.4, 100 mM

NaCl and protease inhibitors (Com-

plete; Roche Diagnostics). The absor-

bance was measured with a

microplate reader at 450 nm.

Statistical analysis

All data are presented as

means � SEM. The Kolmogorov–
Smirnov test was done to assume

parametric or non-parametric distribu-

tions for the normality tests. Differ-

ences between groups were assessed by

two-way analysis of variance (ANO-

VA) test followed by post-hoc pairwise

comparisons using the DMS test.

When data were not parametric or

ANOVA test was not suitable, the

Mann–Whitney test or Student t-test

were run depending on their normal

distribution. CV over time was calcu-

lated to analyze stability of gene

expression. To measure correlation

among variables, Pearson or Spear-

man correlation analysis were used.

SPSS� program for Windows, version

17.0 (SPSS Inc., Chicago, IL, USA)

was used. Results were considered sta-

tistically significant at p ≤ 0.05.

Results

Human gingival fibroblasts

characterization

We first characterized HGF from three

different donors through the analysis

over time of cell number, cell adhesion,

gene expression and a wound healing

assay. Cells reached confluence after

7 d of culture and continued to prolif-

erate as multilayers until day 21. No

differences between the three donors

were found in cell proliferation on

TCPS (data not shown).

The expression of different target

genes was studied over time (Fig. 1).

Only VIM and ITGA8 expression was

maintained over time. Although the

ANOVA test revealed significant dif-

ferences in gene expression between

donors, it can be observed that the

three donors followed similar expres-

sion patterns for all the genes ana-

lyzed. Expression of genes coding for

ECM proteins followed different pat-

terns during differentiation. Thus,

while relative mRNA levels of

COL3A1, COL5A1, COL12A1, DCN,

VCAN, SPARC and TIMP1 increased

over time, the mRNA levels of

COL4A2 and MMP1 decreased. It is

noteworthy that COL3A1 and DCN

were highly upregulated over time (up

to eightfold at the last time point) and

that the MMP1/TIMP1 mRNA ratio

decreased over time (Fig. S1A).

Regarding expression of genes

involved in cell adhesion and cell

integrity, the expression levels of VIM

together with FN1 and ITGA8 tended

to be stable over time (CV of 21%,

25% and 19%, respectively). Never-

theless, gene expression of ITGA2 and

ITGB3 was upregulated after 7 d of

cell culture. Among the pro-fibrotic-

related genes, while EDN1 expression

decreased, ACTA2 expression

increased after 7 d of cell culture.

To study the recovery of the mono-

layer after a scratch, a wound healing

assay was performed (Fig. S2).

We found that the percentage of open

wound area after 24 and 48 h was

statistically lower than the initial

scratched area at 0 h (Fig. S2A). In the

healed monolayer, 48 h after the

scratch, ACTA2 expression increased

and MMP1 expression decreased, while

EDN1 and TGFB1 did not change,

compared with the unscratched mono-

layer (Fig. S2B).

Surface characterization

Six candidate surfaces were created by

three methods and two materials with

different surface area roughness (Sa)

(Fig. 2). Roughness of M surfaces

was not statistically different when

comparing Ti and TiZr. However,

despite the same treatment, P and

modMA surfaces displayed signifi-

cantly different Sa depending on the

material, but, while roughness was

higher in TiZr compared with Ti for

P treatment, modMA Ti was higher

(above 1 lm) compared with modMA

TiZr (190 nm).

In accordance to Sa values, scan-

ning electron microscope images

(Fig. 2) revealed similar grooved tex-

tures on M Ti and M TiZr surfaces

and different smooth surfaces for P Ti

and P TiZr samples. For modMA

surfaces, scanning electron microscope

images showed that TiZr preserved

the original grooved morphology of

M and was less roughened than mod-

MA Ti.

Cell behavior on Ti- and TiZr-

modified surfaces

Performance of TiZr surfaces was

compared with that of Ti surfaces

through the analysis of cell cytotoxic-

ity, DNA content, morphology,

recovery after a scratch and gene

expression.

We found no differences in cell tox-

icity when comparing Ti and TiZr
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Fig. 1. Gene expression levels at different times of COL1A1, COL3A1, COL4A2, COL5A1, COL12A1, DCN, VCAN, SPARC, TIMP1,

VIM, ITGA2, ITGA8, ITGB3, FN1, MMP1, IL6, IL10, TNF, ACTA2, EDN1 and TGFB1 of HGF cells seeded on to tissue culture plas-

tic surfaces. Data represent fold changes of target genes normalized to beta-actin and GAPDH (reference genes) expressed relative to cells

at day 1 that were set at 100%. Values represent the mean � SEM (n = 6 for each donor). (t) effect of time (p ≤ 0.05); (d) effect of donor

(p ≤ 0.05), as assessed by ANOVA. HGF, human gingival fibroblasts.
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surfaces (Fig. 3A). Cytotoxicity was

lower than 20% in all cases although

modMA Ti and modMA TiZr showed

less cytotoxicity than M Ti. Moreover,

M and P Ti and TiZr surfaces sup-

ported better cell attachment after

48 h than did modMA surfaces

(Fig. 3B). Images show the same cell

behavior within each group for both

Ti and TiZr surfaces (Fig. 4). HGF

showed spindle-shaped morphology in

M and P surfaces. However, while cells

grew aligned to M surfaces cells grew

disorderly on P surfaces. On modMA

surfaces, few HGF were found and

showed round-shaped morphology,

indicating poor cell attachment, in

agreement with cell number results.

When cell monolayers on the

implant abutment surfaces were con-

fluent (time 0), they were scratched.

After 48 h, wounds in cell monolayers

were healed with no differences

among Ti/TiZr in M and P surfaces.

Very few cells grew on modMA sur-

faces, either on Ti or TiZr; therefore,

wound healing closure could not be

assessed (Fig. S3).

Expression of different genes was

analyzed after 14 d of cell culture on

the different surfaces (Fig. 5). This

time point was chosen based on previ-

ous characterization of HGF cultured

on TCPS, where most changes in gene

expression were observed and consid-

ering that HGF were still proliferating

in multilayers until 21 d (data not

shown). First, we compared gene

expression of HGF cultured on Ti to

the expression on TiZr for the same

surface modification. ITGB3 expres-

sion was significantly increased in all

TiZr surfaces (fourfold on average)

compared with Ti surfaces. For M

surfaces, gene expression response to

Ti and TiZr followed a similar pat-

tern, except for ITGB3. For P sur-

faces, several genes were upregulated

on P TiZr compared with P Ti sur-

faces, including some collagens and

TIMP1. For modMA surfaces, the

expression of COL5A1, VIM, FN1,

TGFB1, EDN1 and ACTA2 was sig-

nificantly downregulated in TiZr com-

pared with Ti.

When comparing different surfaces

with M Ti, modMA were the surfaces

where more changes on gene expres-

sion were seen. While gene expression

of several ECM components decreased

in both Ti and TiZr modMA surfaces

(including TIMP1), the expression of

COL4A2, MMP1, ITGA2, ITGA8

and ACTA2 increased in modMA Ti/

TiZr surfaces. Both Ti and TiZr P sur-

faces behaved similarly to M Ti

although some differences were found.

Relative mRNA levels of COL1A1,

COL12A1 and TGB1 significantly

decreased in P Ti, while the mRNA

levels of ITGB3 significantly increased

in P TiZr, compared with M Ti. It is

worth highlighting that expression of

interleukin 6 (IL6), MMP1 and

TIMP1 increased in both Ti and TiZr

P surfaces compared with M Ti,

though it was only significant for

TIMP1 in both surfaces and IL6 in P

TiZr. The MMP1/TIMP1 mRNA

ratio statistically increased on modMA

Ti and TiZr surfaces compared with M

Ti (Fig. S1B).

Consistent with the observation

that ITGB3 expression was increased

on TiZr surfaces after 14 d of cell cul-

ture, cells on TiZr showed increased

integrin b3 protein levels, except on

Fig. 2. Scanning electron microscope images and surface roughness (nm) of the Ti and

TiZr surfaces. Data represent mean � SEM. Significant differences were assessed by Stu-

dent t-test: (a) p ≤ 0.05 Ti vs. TiZr for the same surface modification. Bar scale = 10 lm.

M, machined; modMA, machined + acid-etched; P, polished.

A

B

Fig. 3. Analysis of cytotoxicity (A) and

proliferation (B) of human gingival fibro-

blast cells seeded on Ti and TiZr surfaces.

(A) Lactic dehydrogenase activity

measured from culture media of human

gingival fibroblast cells seeded on Ti and

TiZr implants after 24 h of cell culture.

Positive control (100%) was cell culture

media from cells seeded on to plastic cul-

ture dishes and incubated with Triton X-

100 at 1%. Negative control (0%) was cell

culture media from cells seeded on plastic

culture dishes without any treatment. Val-

ues represent the mean � SEM (n = 12).

M Ti surfaces were compared against

other surfaces; significant differences were

assessed by the Mann–Whitney test: (a)

p ≤ 0.05. (B) DNA content after 48 h was

determined by fluorimetric DNA quantifi-

cation. Values represent the mean � SEM

(n = 4). M Ti surfaces were compared

against the other surfaces, significant dif-

ferences were assessed by Student t-test:

(a) p ≤ 0.05. M, machined; modMA,

machined + acid-etched; P, polished.
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modMA TiZr surfaces (Fig. 6). M Ti/

TiZr surfaces showed similar integrin

b3 after 2 d of cell culture, although

after 14 d its presence decreased on

M Ti while on M TiZr was main-

tained. P TiZr increased ITGB3 levels

after 2 and 14 d of cell culture com-

pared with P Ti. In general, ITGB3

immunostaining was low on modMA

surfaces, as there were few cells.

MMP1 production significantly

increased on TiZr surfaces compared

with Ti (1.5 vs. 0.9 ng/mL) although

TiZr did not affect TIMP1 production

compared with Ti. Compared with M

Ti, MMP1 increased on M TiZr,

modMA TiZr and P Ti/TiZr surfaces

(Fig. 7A); TIMP1 decreased on mod-

MA Ti (Fig. 7B); and the MMP1/

TIMP1 ratio increased on modMA

Ti/TiZr and on M TiZr (Fig. 7C).

Interestingly, the production of

TIMP1 was higher than the produc-

tion of MMP1 (an average of 55 ng/

mL for TIMP1 vs. 1.2 ng/mL for

MMP1), as also found at mRNA lev-

els (a difference of sixfold, taking into

account similar PCR efficiencies for

both pairs of primers).

Discussion

STI and hard tissue integration is

mandatory for dental implant success.

While over the past years, research

and development of dental implant bi-

omaterials has been focused on osseo-

integration, nowadays STI is gaining

ground, as dental implants require a

soft tissue barrier to prevent bacterial

penetration and inhibit epithelial

downgrowth. After installation of a

dental implant, fibroblasts from the

oral connective tissue are the pre-

ferred cells to form a collagen-rich

connective tissue to repopulate the

wound (23). In the present research,

we first established an in vitro model

with primary HGF for later evalua-

tion of their biological response to

surface-modified TiZr implant abut-

ments and compare it with the gold

standard in implantology, Ti.

We show that HGF produce an

organized ECM, do not tend to fibro-

lytic or proinflammatory situations

and have the capacity for in vitro

differentiation into myofibroblasts.

This was characterized by increased

gene expression over time of ECM

constituents such as several collagens,

proteoglycans and glycoproteins

(production of an organized ECM);

decreased MMP1/TIMP1 mRNA ratio

over time [lack of tendency to a fibro-

lytic situation (24)]; steady expression

of IL6 together with decreased expres-

sion of tumor necrosis factor-alpha

[lack of a proinflammatory situation

(25)]; re-establishment of the full

monolayer architecture in 48 h after a

wound scratch and increased expres-

sion of ACTA2 [hallmark of myofibro-

blast differentiation and fibrogenic

conditions (26)]. However, the elevated

levels of ITGA2 could be a feature of

a fibrotic phenotype (27).

Regarding the in vitro test system,

monolayers of either gingival epithe-

lial keratinocytes or fibroblasts have

been used to test STI (1). Complex

interactive co-cultures of gingival

keratinocytes and fibroblasts have

also been used as a test platform for

STI evaluation (28), although kerat-

inocytes induce fibroblasts to differen-

tiate into myofibroblasts (29). Cell

co-cultures are more time and

resource consuming than single cell

type cultures; therefore, we considered

that co-cultures were not the optimal

test system to perform high-through-

put analysis.

In this study, we compared differ-

ent Ti and TiZr surfaces to evaluate

their applicability for STI. TiZr was

as biocompatible as Ti, as previously

demonstrated (11,12). In addition,

TiZr supported cell attachment and

had little influence on either cell mor-

phology or alignment. We found that

integrin b3 mRNA and protein levels

increased on TiZr compared with Ti.

Integrin avb3 is involved in cell

attachment (30), thus, this finding

could be related to the slight but not

significant, enhanced cell attachment

on to TiZr compared with Ti. Besides

the strong ITGB3 increase, Ti and

TiZr caused different responses in

HGF, as previously found with osteo-

blasts (31). Regarding P and modMA

surfaces, although Ti and TiZr

showed different roughness, we only

found few differences among materi-

als, including the decreased expression

of the pro-fibrotic markers in mod-

MA TiZr (ACTA2, EDN1 and

TGFB1) compared with modMA Ti

and increased expression of some

ECM markers in P TiZr (COL1A1,

COL3A1, DCN, VCAN and TIMP1)

compared with P Ti. For M surfaces,

with a similar roughness, MMP1

Fig. 4. Cell morphology on the different Ti

and TiZr surfaces. Confocal microscopy

was used to visualize actin immunostaining

(green) and nuclei (blue) after 48 h (left

column). Scanning electron microscopy

was used to visualize human gingival fibro-

blasts on the surfaces after 9 d (right col-

umn). Bar scale = 100 lm. M, machined;

modMA, machined + acid-etched; P, pol-

ished.
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production increased on M TiZr

resulting in an increased MMP1/

TIMP1 ratio. MMPs degrade native

fibrillar collagens during ECM turn-

over, in both normal and diseased

conditions, and their activity is con-

trolled mainly by metallopeptidase

inhibitors (TIMPs) (32), which bal-

ance controls of tissue remodeling

Fig. 5. Gene expression levels of human gingival fibroblasts grown for 14 d on Ti and TiZr. Data represent fold changes of target genes

normalized to beta-actin and GAPDH (reference genes) expressed relative to cells grown on M Ti that were set at 100%. Values represent

the mean � SEM (n = 8). Significant differences were assessed by Student t-test: (a) p ≤ 0.05 vs. M Ti surfaces; (b) p ≤ 0.05 Ti vs. TiZr

for the same surface. M, machined; modMA, machined + acid-etched; P, polished.
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(33). An increased MMP1/TIMP1

ratio in M TiZr surfaces could reflect

either the remodeling of newly synthe-

sized collagen (34) or an accelerated

ECM degradation, which has been

associated with periodontitis (35,36).

Interestingly, it has been shown that

MMP production is regulated by the

ECM through integrin receptor sig-

naling (37) and that MMP1 increases

in parallel with ITGB3 expression in

smooth muscle cells from wounding

sites (38). Thus, the greater integrin

b3 production on TiZr surfaces could

be responsible for the increased

MMP1 production on TiZr surfaces.

Furthermore, MMP1 and ITGB3

expression were positively correlated

(Pearson’s correlation coefficient =
0.365; p = 0.012). Future studies

should explore the pathways between

MMP1 and ITGB3 in gingival

fibroblasts to understand further the

mechanisms implicated under this

hypothesis.

We also evaluated the performance

of the different surface modifications

comparing with the reference surface,

M Ti. We considered M Ti the refer-

ence surface as machined is the stan-

dard implant neck and abutment

surface of dental products in the mar-

ket and Ti is the gold standard in im-

plantology (6). For modMA surfaces,

the decreased cell number, abnormal

morphology and easy-stained con-

densed nuclei suggest impaired growth

and even apoptosis. Moreover, mod-

MA surfaces decreased gene expres-

sion of several ECM components and

vimentin and increased the mRNA lev-

els of MMP1, ITGA2, ITGA8, IL6,

the pro-fibrotic markers and the

MMP1/TIMP1 mRNA and protein

ratio suggesting impaired HFG growth

and a pro-fibrotic situation on to these

surfaces. As the initial cell attachment

to a surface is a critical step for cell

survival, for this in vitro study we

hypothesize that although modMA

surfaces were not cytotoxic, initial cell

attachment was impaired, and was, in

consequence, cell survival and growth.

This can be explained by the increased

roughness of modMA surface as cell

number and the expression of several

genes encoding for ECM proteins

(COL1A1, COL3A1, COL12A1,

DCN, VCAN and TIMP1) were nega-

tively correlated with surface rough-

ness (Spearman’s correlation coeffi-

cient �0.425 ≤ r ≤ �0.771; p < 0.05).

This impairment in cell attachment

and growth might be also explained by

surface hydrophilicity (14,39), even

though we did not measure the contact

angle in the present study. Thus,

although modMA do not seem to be

applicable for STI, hydrophilic rough

surfaces downregulated the gene

expression of key proinflammatory

cytokines of macrophages (40),

increased the osteogenic differentiation

of osteoblasts (15) and, in vivo, favored

blood wetting and the formation of a

fibrin network, resulting in superior

osseointegrative properties (41) and

connective tissue attachment (42,43).

For M and P surfaces, data suggest

a normal fibroblast growth, M sur-

faces created a pattern of mechanical

stress that caused cell alignment (44)

to the grooves, which is related to a

higher density of focal contacts (45),

while no clear orientation was seen on

P surfaces. Previous studies have

shown similar results with fibroblasts

Fig. 6. Confocal microscopy was used to

visualize integrin b3 (red) and nuclei (blue)

after 2 and 14 d of cell culture on the Ti

and TiZr surfaces. Bar scale = 50 lm. M,

machined; modMA, machined + acid-

etched; P, polished.

A

B

C

Fig. 7. Effect of Ti and TiZr surfaces on

MMP1 (A) and TIMP1 (B) production

and the MMP1/TIMP1 ratio (C), after

14 d of cell culture. Values represent the

mean � SEM (n = 6). Significant differ-

ences were assessed by Student t-test: (a)

p ≤ 0.05 vs. M Ti surfaces. M, machined;

MMP1, matrix metalloproteinase 1; mod-

MA, machined + acid-etched; P, polished;

TIMP1, metallopeptidase inhibitor 1.
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and rough surfaces (Sa from 500 nm

to 1 lm) compared with M

(Sa = 119 nm) and smooth surfaces

(Sa from 14 to 293 nm) (14,28,46).

However, some studies have demon-

strated that it is the combination of

micro-roughness with further acid

etching that promotes HGF adhesion

and proliferation (47,48).

In conclusion, we show that mono-

cultures of HGF are a valuable in vitro

model for high-throughput screening

of new abutment surfaces designed to

improve STI. We also prove in this in

vitro study that: (i) TiZr has the same

biocompatibility than Ti surfaces on

primary HGF; (ii) TiZr surfaces show

higher integrin b3 mRNA and protein

levels together with increased MMP1

protein compared with Ti; and (iii) M

surfaces caused better alignment than

the other studied surfaces. Taking into

account the better mechanical proper-

ties and bioactivity of TiZr compared

with Ti, the results of the present study

show that TiZr is a potential clinical

candidate for STI and implant success.
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Figure S1 Ratio MMP1/TIMP1.

(A) MMP1/TIMP1 mRNA ratio over

time of HGF cells seeded on to

TCPS. Values represent the mean �
SEM (n = 6 for each donor); (t) effect

of time (p < 0.05). (B) MMP1/TIMP1

mRNA ratio of HGF cells seeded on

to Ti/TiZr-modified surfaces. Values

represent the mean � SEM (n = 8).

Significant differences were assessed

by Student t-test: (a) p ≤ 0.05 versus

machined Ti surfaces (M Ti).

Figure S2 Wound healing assay. Cell

monolayers were scratched at 0 h (C)

and allowed to heal up to 48 h (D, E;

dotted line indicates scratch mark). (A)

The open wound area was calculated

for each donor and then the mean �
SEM (n = 3) of the three donors was

calculated. (B) Gene expression levels

48 h after scratching HGF monolayers

ofMMP1, ACTA2, EDN1 and TGFB1

of HGF cells seeded on to TCPS. Data

represent fold changes of target genes

normalized to beta-actin and GAPDH

(reference genes) expressed relative to

cells before scratching the monolayers

that were set at 100%. Values represent

the median and the 5–95 percentile

(n = 3 for each donor). Significant

differences were assessed by Student t-

test: (a) p ≤ 0.05.

Figure S3 Wound healing assay.

Scanning electron microscopy images

of HGF grown on Ti and TiZr

implants 48 h after scratching the sur-

face. Dotted line indicates the scratch

mark. Bar scale = 2 mm.
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Abstract 

Success of a dental implant depends on osseo- and soft tissue-integration. Many dental 
implants fail due to the infection and inflammation that walk hand in hand with poor 
healing and soft tissue integration. We have previously biofunctionalised titanium 
surfaces with quercitrin, a natural flavonoid with multi-target actions with the aim to 
improve soft tissue integration and increase dental implants long-term success. Here, 
bacterial attachment and biofilm formation using Streptococcus mutans was analysed. 
Then, the anti-inflammatory properties and the potential of quercitrin-functionalised 
surfaces to boost soft tissue regeneration were tested using primary human gingival 
fibroblasts. An inflammatory situation was mimicked adding interleulin-1 beta to cell 
culture. We found that quercitrin-functionalised surfaces decreased initial bacterial 
adhesion while increasing human gingival fibroblasts attachment. Furthermore, 
quercitrin-functionalised Ti increased collagen mRNA levels and decreased matrix 
metalloproteinase-1/tissue inhibitor of metalloproteinanse-1 mRNA ratio while also 
decreasing cyclooxygenase-2 mRNA and prostaglandin E2 release under basal and 
inflammatory conditions. These results suggest that surfaces biofunctionalised with 
quercitrin could enhance the soft tissue integration and increase dental implants success. 
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1. Introduction 

Success of a dental implant depends on osseo- and soft tissue-integration. Many dental 
implants fail due to the infection and inflammation that walk hand in hand with poor 
healing and soft tissue integration [1], [2]. Soft tissue integration to dental implants 
establishes a biological seal between the oral environment and the implant which 
prevents microbial invasion, gingival recession and inflammatory peri-implantitis [2]–
[4]. Therefore, the development of antibacterial, anti-inflammatory and tissue-
regenerative surface modifications constitutes a major challenge to guarantee implant 
success. 

Research efforts to develop a new generation of dental implants are focused in bioactive 
surface coatings intended to provoke a defined cellular reaction [5]. A number of 
modified surfaces with integrated antibiotics, growth factors, antiresorptive drugs, 
synthetic peptides or complex formulations of artificial extracellular matrix (ECM) 
components have been developed. However, biocompatibility of most anti-bacterial 
surfaces is still uncertain while the lack of stability of growth factors after implantation 
is the main reason for the absence of such a product from the current implant market 
[6], [7].  

An interesting option for surface modification is the use of natural multi-target 
molecules. Flavonoids are natural phenolic compounds derived from plants with 
antioxidant [8], anti-inflammatory [9] and antimicrobial capacity [10], [11], among 
other functions [12]. In previous studies, we screened among different flavonoids and 
selected quercitrin due to its potential in soft and hard periodontal tissues regeneration 
and its anti-inflammatory activity [13], [14]. Furthermore, we successfully grafted 
quercitrin to titanium (Ti) surfaces and observed that the resulting surfaces had 
promising biological activities in vitro [15] . In a posterior work, to increase the 
flavonoid coating stability and reproducibility, quercitrin grafting conditions were 
optimized. The optimized quercitrin-functionalised Ti surfaces enhanced human 
mesenchymal stem cells initial adhesion and promoted osteoblastic differentiation [16]. 
One step closer for the exploitation of quercitrin-functionalised Ti-surfaces for their use 
in dental implant abutments would be the evaluation of their antibacterial, anti-
inflammatory and soft tissue-regenerative properties.  

In the present study, we aimed at evaluating the effects of quercitrin-functionalised Ti-
surfaces in bacterial adhesion and biofilm formation using Staphylococcus mutans. 
Furthermore, human gingival fibroblasts were used to evaluate the effects of quercitrin-
functionalised Ti-surfaces in cell adhesion, anti-inflammatory properties in normal and 
in inflammatory microenvironments and soft tissue regeneration.  

 

2. Materials and Methods 

2.1. Materials 

Machined Ti disks, c.p. grade IV, 6.2 mm diameter and 2 mm height were purchased 
from Implantmedia (Lloseta, Spain). (3-Aminopropyl)triethoxysilane (APTES), 
quercitrin and sodium cyanoborohydride (NaCNBH3) were purchased from Sigma–
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Aldrich (St. Louis, MO, USA). Deionized water was obtained from a Millipore system 
(Billerica, MA, USA). Technical acetone was purchased to Acros Organics (Geel, 
Belgium) and nitric acid, absolute ethanol, and anhydrous toluene to Scharlab 
(Barcelona, Spain). 

2.2. Surface functionalization 

Surfaces were prepared as previously described [15], [16]. Briefly, Ti disks were 
passivated by immersion in 30% (v/v) HNO3 for 30 min followed by immersion in H2O 
for 24 h (Ti). Immediately after Ti passivation, aminosilanization was performed with 
2% (v/v) APTES solution in dry toluene for 24 h under a dry nitrogen atmosphere. 
Then, disks were gently rinsed with dry toluene, acetone, and ethanol, and finally dried 
under a nitrogen flow. Aminosilanised Ti disks (A samples) were then immersed either 
in 1 mM quercitrin at pH 5.0 (QUER), in 100 µM NaCNBH3 at pH 7.5 (A Red) or in 1 
mM quercitrin and 100 µM NaCNBH3 at pH 7.5 (QUER Red) aqueous solutions. 
Samples were stirred for 1 h (150 rpm), gently rinsed with water, and dried under a 
nitrogen flow. NaCNBH3 was used to reduce the imine bond, resulting from the reaction 
between the terminal amino group of APTES and the ketone group of quercitrin, to a 
single -C–N- bond to decrease bond reactivity and increase coating reproductibility 
[16]. This reduction is known to be selective for iminium ions at mildly basic pH. For 
bacterial experiments, surfaces were polished and cleaned [17] prior to surface 
modification. Disinfection of surfaces was conducted with dry heat (100˚C, 30 min) 
previous to bacteria/cell seeding. 

2.3. Bacterial experiments 

The bacterial strain used in this study was Streptococcus mutans ATCC 25175 (S. 
mutans). The strain was maintained in brain heart infusion (BHI) agar plates and 
cultured in BHI broth for 24 h at 37˚C/5% CO2.  

2.3.1. Bacterial adhesion 

Bacterial suspension was homogenized through a 3 min ultrasonic bath (Ultrasons; JP 
Selecta, Barcelona, Spain) and harvested by centrifugation, washed two times with 
artificial saliva [18] preconditioned at 37˚C, and resuspended at a concentration of 3 x 
108 bacteria/ml in artificial saliva. The flow system was a modified Robbins device 
where disks were fixed to removable ports that allow contact between the surfaces 
under study and a flow of suspended bacteria in laminar conditions. Before each 
experiment, the whole system was filled with artificial saliva and preconditioned at 
37˚C. Afterward, the bacterial suspension was allowed to flow through the system at a 
flow rate of 2 ml/min, corresponding to a shear rate at the wall of the flow chamber of 
0.97 s-1 (unpublished results). This shear rate is such that the specific interactions that 
could occur between the cells and the different substrata dominate over the drag force of 
the fluid flow. The bacterial suspension was perfused through the system with 
recirculation for 30, 60 and 90 min. Samples were carefully removed from the flow 
chamber and bacteria were stained with the kit Live/Dead Baclight L-7012 (Invitrogen, 
Camarillo, CA, USA) according to the manufacturer. Then, 5-6 pictures at randomly 
chosen locations from each sample were taken under fluorescence and the number of 
bacteria per unit area was counted. The experiments were run in triplicate from 
separately grown bacterial suspensions. 
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2.3.2. Biofilm formation 

Bacteria were resuspended at a concentration of 3 x 108 bacteria/ml in BHI. Ti-modified 
surfaces were disinfected and placed in 96-well plates in sterile conditions. Then, 200 µl 
of bacterial suspension were cultured on the surfaces at 37˚C and gentle shaking (20 
rpm). After 90 min, bacterial suspension was carefully removed and fresh BHI was 
added. Samples were cultured at 37˚C and gentle shaking (20 rpm) for 24 h. Biofilm 
formation was quantified using BacTiter-Glo (Promega, Fitchburg, WI, USA) according 
to the manufacturer’s instructions. Culture media was removed and 200 µl of BacTiter-
Glo were added to the wells and incubated for 10 min. Then, the content of each well 
was transferred to wells 96-well white polystyrene flat-bottomed microtiter plates. The 
light emission (luciferin-luciferase reaction) was measured in a microplate reader 
(FLx800; BioTek Instruments, Winooski, VT, USA). Each assay was performed in 
duplicate and repeated two times from separately grown bacterial suspension in order to 
confirm reproducibility.  

2.3.3. Scanning electron microscopy 

To visualise biofilm formation on the surfaces, bacteria were fixed with 4% 
glutaraldehyde in PBS for 2 h and washed with distilled water. At 30 min intervals, the 
samples were dehydrated by the addition of 50%, 70%, 90% and 100% ethanol 
solutions. Samples were left at room temperature to evaporate the remaining ethanol 
before sputter gold coating. A scanning electron microscope (SEM; Hitachi S-3400N, 
Krefeld, Germany) using secondary electrons, low vacuum conditions and 15 kV of 
voltage was used to acquire images. 

2.4. Cell culture 

Three different donors of primary human gingival fibroblasts (hGF; Provitro GmbH, 
Berlin, Germany) were used (range 19-47 years; male:female ratio 2:1). Provitro assures 
that cells were obtained ethically and legally and that all donors provided written 
informed consent. Cells were routinely cultured at 37˚C/5% CO2, and maintained in 
fibroblast growth medium (Provitro GmbH) supplemented with 10% foetal calf serum, 
50 ng/ml amphotericin and 50 µg/ml gentamicin (Provitro GmbH). Experiments were 
performed with hGF between passages 7 and 8 after isolation and media was 
supplemented with ascorbic acid (100 µM; Sigma-Aldrich).  

The different coins were placed in 96-well plates in sterile conditions. Three replicates 
for each donor were seeded at a density of 7.0x103 cells on each coin (n = 9). For cell 
adhesion experiments, four replicates from one randomly selected donor were used (n = 
4). 

In order to create inflammatory conditions, 1 ng/ml interleukin-1 beta (IL-1β; R&D 
systems, Abingdon, UK) was added 1 d after cell seeding and kept until day 3, 
according to previous studies [14].  

2.5. Cell adhesion and vinculin immunostaining 

Once seeded, hGFs were allowed to adhere for 15, 30, 60 and 120 minutes to the 
different surfaces. Then, unbounded cells were removed by washing twice with PBS. 
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Cells were fixed with 4% paraformaldehyde for 15 min and permeabilised with 0.25% 
Triton X-100 for 10 min. For nucleus counting, cells were stained for 30 min with 5 
µg/ml Phalloidin-FITC. For vinculin immunostaining, cells were blocked with 5% 
bovine serum albumin for 1 h followed by incubation with anti-vinculin recombinant 
rabbit monoclonal antibody at 4 µg/ml (Invitrogen) for 3 h and then labelled with Alexa 
Flour® 488 goat anti-rabbit IgG secondary antibody at 5 µg/ml (Thermo Scientific, 
Rockford, IL, USA) for 30 min. Samples were then mounted with DAPI-Fluoroshield 
and visualized under a fluorescence microscope and a confocal microscope. For nucleus 
counting, two pictures from the same positions of each coin were taken. Cells were 
counted using ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

2.6. RNA isolation and real-time RT-PCR analysis 

Total RNA was isolated using Tripure (Roche Diagnostics, Mannheim, Germany), 
according to the manufacturer's protocol. Total RNA was quantified at 260 nm using a 
nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The 
same amount of RNA (0.2 µg) was reverse transcribed to cDNA at 42 ºC for 60 min, 
according to the protocol of the supplier (High Capacity RNA-to-cDNA kit, Applied 
Biosystems, Foster City, CA, USA). Aliquots of each cDNA were frozen (-20 °C) until 
the PCR reactions were carried out.  

Real-time PCR was performed for two reference genes, glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and beta-actin (ACTBL2), and target genes (Table 1).  Real-
time PCR was performed in a thermocycler (Lightcycler 480, Roche Diagnostics) using 
SYBR green detection. Each reaction contained 7 μl of master mix (Lightcycler 480 
SYBR Green I Master, Roche Diagnostics), 0.5 μM of each, the sense and the antisense 
specific primers and 3 μl of the cDNA dilution in a final volume of 10 μl. The 
amplification program consisted of a pre-incubation step for denaturation of the 
template cDNA (5 min 95°C), followed by 45 cycles consisting of a denaturation step 
(10 s 95 °C), an annealing step (10 s 60 °C) and an extension step (10 s 72 °C). After 
each cycle, fluorescence was measured at 72 °C. A negative control without cDNA 
template was run in each assay.  

All samples were normalized by the geometric mean of the expression levels of 
ACTBL2 and GAPDH and fold changes were related to the control groups using the 
following equation: ratio = Etarget

ΔCp target (mean control – sample) / Ereference
ΔCp reference (mean control – 

sample) adapted from [19], where Cp is the is the crossing point of the reaction 
amplification curve and E is the eficiency from the given slopes using serial dilutions, 
as determined by the software (Lightcycler 480 software, Roche Diagnostics). Stability 
of reference genes was calculated using a statistical tool (BestKeeper software, 
Technical University of Munich, Weihenstephan, Germany) [20]. 

2.7. Prostaglandin E2 quantification 

A commercially available enzyme-linked immunosorbent assay kit was run to quantify 
PGE2 (Thermo Scientific) from cell culture media according to supplier instructions 
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2.8. Statistical analysis 

All data are presented as mean values ± standard error of the mean (SEM). The 
Kolmogorov-Smirnov test was done to assume parametric or non-parametric 
distributions. Differences between groups were assessed by paired t-test or Wilcoxon 
test, depending on data distribution. Two-way ANOVA test using Fisher’s LSD 
comparisons was used for adhesion experiments. SPSS software (version 17.0, Chicago, 
IL, USA) and GraphPad Prism (version 6, La Jolla, CA, USA) were used. Results were 
considered statistically significant at p values ≤ 0.05. 

 

Table 1. Sense (S) and antisense (A) primers used in the real-time PCR of reference and target 
genes. 

Gene Primer sequence (5´- 3´) Product size 
(bp) 

Beta-actin (ACTBL2) S: CTGGAACGGTGAAGGTGACA 136 A: AAGGGACTTCCTGTAACAATGCA 

Collagen I α1 (COL1A1) S: AGAGCATGACCGATGGATTC 122 A: TTCTTGAGGTTGCCAGTC 

Collagen III α1 (COL3A1) S: GGCCTACTGGGCCTGGTGGT 190 A: CCACGTTCACCAGGGGCACC 

Cyclooxygenase-2 (COX2) S: ATGGGGTGATGAGCAGTTGT 221 A: GAAAGGTGTCAGGCAGAAGG 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) S: TGCACCACCAACTGCTTAGC 87 A: GGCATGGACTGTGGTCATGAG 

Matrix metalloproteinase-1 (MMP1) S: TGTCAGGGGAGATCATCGGGACA 177 A: TGGCCGAGTTCATGAGCTGCA 

Metalloproteinase inhibitor-1 (TIMP1) S: TTCCGACCTCGTCATCAGGG 144 A: TAGACGAACCGGATGTCAGC 

 

3. Results 

3.1. Bacterial adhesion and biofilm formation 

QUER surfaces significantly decreased S. mutans adhesion after 30 min compared to Ti 
and A controls. After 60 and 90 min A and QUER surfaces decreased bacterial adhesion 
compared to Ti control. Unexpectedly, A Red and QUER Red surfaces increased 
bacterial adhesion at all time points compared to Ti control and to non-reduced surfaces 
(Figure 1 A). Moreover, in all surfaces studied and times, the bacterial viability was not 
compromised. 

We did not find statistical differences in biofilm formation between the different groups. 
However, A and QUER groups decreased biofilm formation by 12 and 6% respectively, 
compared to Ti control (Figure 1 B). Higher biofilm formation was observed for A Red 
and QUER Red surfaces compared to the non-reduced surfaces. Furthermore, SEM 
images confirmed these trends (Figure 1 C). 

Due to the increased bacterial adhesion of A Red and QUER Red surfaces, we decided 
to select A and QUER surfaces for further analysis. 
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Figure 1. Bacterial adhesion and biofilm formation: (A) Dinamic bacterial adhesion: 
quantitative analysis of the live bacteria adhered to the control and modified surfaces after 30, 
60 and 90 min. (B) Biofilm formation: quantitative analysis of the percentage of biofilm 
formation on the different surfaces after 24 hours. (C) Scanning electron microscope images of 
the biofilm formed on the different surfaces (scale bar = 100 µm). Statistical comparisons p ≤ 
0.05: (a) versus Ti control at each time point; (b) versus A control at each time point; (c) effect 
of reduction within each group at each time point. 

 

3.2. Cell adhesion 

We found that QUER surfaces increased hGF adhesion compared to Ti and A controls 
after 30 min although we did not observe this clear effect at longer adhesion times, i.e. 
60 and 120 min (Figure 2 A). When comparing the total number of cells adhered to the 
surfaces, A surfaces decreased cell number by almost the half while QUER surfaces 
increased it almost 20% compared to Ti. Furthermore, QUER surfaces increased cell 
adhesion compared to A control surfaces. 

Confocal images reveal that after 30 min, hGFs on QUER surfaces showed the typical 
spindle-shaped fibroblastic morphology while on Ti and A surfaces were more rounded. 
Also, hGFs on QUER surfaces showed higher vinculin staining and filopodia than cells 
on Ti and A surfaces (Figure 2 B).  
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Figure 2. hGF adhesion: (A) Quantitative analysis of the cells adhered to the different surfaces 
after 15, 30, 60 and 120 minutes. (B) Cells were allowed to adhere to the surfaces for 30 min. 
Then, cells were stained with phalloidin-FITC (a-c; green) or with anti-vinculin antibodies (d-f; 
red) and nuclei were stained with DAPI (blue). Ti (a, d); A (b, e); QUER (c, f) surfaces (scale 
bars: upper = 100 µm; bottom = 25 µm). Statistical comparisons p ≤ 0.05: (a) versus Ti for each 
time point; (b) versus A for each time point; (c) the total number of cells on the different 
surfaces was compared. 

 

3.3. Response of hGF to the different surfaces 

In basal conditions, QUER surfaces increased collagens mRNA levels compared to Ti 
and A controls and decreased MMP1/TIMP1 mRNA ratio and COX2 mRNA levels 
compared to Ti. When hGF growing on Ti surfaces were challenged with IL-1β, we 
observed decreased collagens and TIMP1 mRNA levels while increasing COX2 
mRNA. Under this challenging condition, QUER surfaces increased the mRNA levels 
of collagens while decreasing MMP1/TIMP1 mRNA ratio and COX2 mRNA compared 
to Ti and A controls (Figure 3). 

After 14 days of cell culture, PGE2 released to culture media was increased on the 
groups cultured under inflammatory conditions (Figure 4). Furthermore, A and QUER 
surfaces decreased PGE2 production, compared to Ti surfaces.  
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Figure 3. Gene expression: Analysis of gene expression after 14 days of hGF culture on the 
different surfaces. Cells were cultured with IL-1β to mimic inflammation (inflammatory group) 
or without it (basal group). Statistical comparisons p ≤ 0.05: (a) versus Ti within each condition; 
(b) versus A within each condition; (c) effect of IL-1 addition for each surface. 
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Figure 4. PGE2 release: The release of PGE2 to the culture media was evaluated after 14 days 
of culture of hGF on the different surfaces. Cells were cultured with IL-1β to mimic 
inflammation (inflammatory group) or without it (basal group). Statistical comparisons p ≤ 
0.05: (a) versus Ti within each condition; (b) versus A within each condition; (c) effect of IL-1 
addition for each surface. 

 

3.4. Effect of disinfection on the bioactivity of the different surfaces 

We hypothesized that the disinfection process with dry heat at 100 ºC would not affect 
the coatings since the melting temperature of quercitrin is 176-179 ºC and the boiling 
temperatures for APTES and quercitrin are 223 ºC and 316 ºC respectively. To confirm 
that the disinfection did not alter the bioactivity of the coatings, we analysed the 
response of hGF on them and we compared it to the control group (Supp. Fig. 1). We 
only found that COX2 mRNA on Ti disinfected surfaces was decreased compared to Ti 
control.  

 

4. Discussion 

In this study we present a surface biofunctionalised with quercitrin, a natural flavonoid 
with multi-target actions, designed to improve soft tissue integration and to increase 
dental implants long-term success. Quercitrin-functionalised Ti surfaces decreased 
initial bacterial adhesion while increasing human gingival fibroblasts attachment. 
Furthermore, quercitrin-functionalised Ti increased collagen mRNA levels and 
decreased MMP1/TIMP1 mRNA ratio while also decreasing COX2 mRNA and PGE2 
release under basal and inflammatory conditions. These results suggest that surfaces 
biofunctionalised with quercitrin could enhance the soft tissue integration and increase 
dental implants success. 

Peri-implant soft tissue healing follows the four overlapping phases of wound healing 
[3]. After an implant placement a blood coagulum is formed which provides a 
provisional ECM. Inflammatory cells migrate, phagocytise foreign particles and release 
inflammatory mediators to either finalise the inflammation or to amplify it. Fibroblasts 
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then invade the fibrin network and produce collagen fibres to form a connective tissue 
in contact with the implant surface. The final phase involves collagen remodelling 
which can produce either a scarred (repaired) tissue or a structural and functional 
regenerated tissue, depending on the microenvironmental signals. During this process, 
bacterial accumulation (dental plaque formation), may trigger the inflammatory process. 
However, it depends on the soft tissue integration to resist the deletereous effects of 
plaque accumulation, thus, avoiding peri-implantitis to guarantee long-term efficacy of 
dental implants. 

Peri-implant tissue is colonized by the same flora as the periodontium [21]. Among oral 
micro flora, S. mutans is one of the initial colonizers of dental plaque and is one of the 
best known biofilm forming bacterium [22]. We found that quercitrin-functionalised 
surfaces inhibited initial S. mutans attachment, in line with the results obtained on glass 
and hydroxyapatite surfaces using S. mutants suspensions in tea extract solutions 
(containing flavonoids, tannins and indolic compounds) [23]. Biofilm formation was 
slightly inhibited on quercitrin-coated surfaces. In previous studies, quercitrin had a 
bacteriostatic effect on Staphylococcus epidermidis [13] while Hasan et al. [24] found 
that quercitrin decreased S. mutans biofilm formation. However, in both studies 
quercitrin concentrations were much higher than the amount of biomolecule grafted to 
the surfaces, which was 0.2 to 0.5 nmol of quercitrin per Ti coin on QUER surfaces 
[16]. It is interesting to highlight that aminosilanized surfaces (A group) also decreased 
bacterial adhesion, in agreement with previous reports [25]. It has been shown that 
bacterial adhesion depends on the surface’s terminal functionality and that, in fact, 
decreases on amino (NH2)-terminated surfaces [26].  

Our surfaces reduced with sodium cyanoborohydride showed an increased bacterial 
adhesion and biofilm formation. In a previous work, the amount of quercitrin grafted on 
QUER Red surfaces was around 0.1 nmol per Ti coin, less than that grafted to the non-
reduced QUER surfaces [16]. The hydrolytic stability of siloxanes at pH 7.5 has been 
reported to be poor [27].  Therefore, the grafting conditions used to produce QUER Red 
and A Red samples, at pH 7.5, may favour the hydrolisis of APTES grafted to Ti; on 
one hand, decreasing the availability of amino-terminal groups on A Red surfaces, and, 
on the other hand, decreasing the amount of quercitrin that can be grafted on QUER 
Red surfaces, all in all, increasing bacterial adhesion and biofilm formation.  

After installation of a dental implant, gingival fibroblasts are the preferred cells to 
repopulate the wound and to form a collagen-rich connective tissue [28]. We found that 
quercitrin-functionalised surfaces increased initial hGF attachment. This fact together 
with the decreased bacterial attachment on quercitrin-functionalised surfaces, increase 
hGF possibilites to win the “race for the surface” against oral bacteria [29] since it 
depends on both an increased biomaterial surface area cell coverage and a decreased 
number of bacteria present on the surface [30], [31]. Compared with often-reported 
monofunctional surface coatings on which bacterial adhesion and biofilm formation is 
discouraged or they promote host tissue integration [7], [32], quercitrin-functionalised 
surfaces decreased bacterial adhesion while increased cell attachment. Furthermore, 
quercitrin-functionalised surfaces avoid toxicity concerns of some anti-bacterial 
coatings. Therefore, the surfaces presented herein may form the required connective 
tissue around the implant to establish the biological seal that could prevent further 
bacterial colonization and ultimately preventing the implant loss by peri-implantitis. 
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Inflammation is necessary for the effective defence against pathogens and to set in 
motion tissue repair following injury [33]. However, excessive inflammation has been 
shown to delay healing and to result in increased scarring, compromising tissue 
regeneration [34]. Thus, a controlled inflammatory process after an implant placement 
is critical for their success. Here, we found that quercitrin-functionalised surfaces 
effectively inhibited COX2 expression and decreased its functional product PGE2 under 
basal and inflammatory conditions, in agreement with our previous results [14]. 
Furthermore, the antioxidant properties of quercitrin [13], could also contribute to the 
inflammation resolution since oxidative stress is considered one of the major causes of 
inflammation and inhibition of tissue regeneration [35].  

Collagen synthesis and remodelling is a requisite for complete wound healing. Here we 
found that quercitrin-functionalised surfaces increased COL1A1 and COL3A1 mRNA 
levels in basal and inflammatory conditions. Moreover, in inflammatory conditions 
MMPs are upregulated while TIMPs, their inhibitors, are downregulated, all together 
boosting collagen degradation [36]. Quercitrin-functionalised surfaces decreased MMP1 
and increased TIMP1 mRNA levels in inflammatory conditions, thus decreasing 
inflammation-driven ECM-destruction. Noteworthy, quercitrin decreased the expression 
of pro-fibrotic markers in a wound healing in vitro model [13] and higher proportions of 
type III collagen are related to more-regenerative than more-scarring responses [37]. 
Thus, data suggest that quercitrin-functionalised surfaces may induce connective tissue 
formation around a dental implant even in the inflammatory conditions found after a 
dental implant installation. Furthermore, in previous studies of our group, quercitrin 
increased the osteoblastic differentiation of mesenchymal stem cells when added to the 
culture media and when grafted to Ti surfaces [16]. Therefore, quercitrin-functionalised 
surfaces could also increase the osseointegration process of dental implants.  

Natural-derived products with multi-target actions, which promise higher therapeutic 
efficacy and safety [38], represent an alternative to pharmaceuticals and animal-derived 
compounds due to low immunogenicity and toxicity [12]. Furthermore, the presence of 
the bioactive molecule in the place itself may offer the advantages of local theraphy 
compared to systemic administration. Further clinical studies should confirm the 
potential of quercitrin-functionalised surfaces in soft tissue integration. 

 

5. Conclusions 

A stable peri-implant soft tissue attachment, in the presence of bone support, has a 
critical impact on the long-term success of implant therapy. Biofunctionalization of 
titanium surfaces with quercitrin decreased initial bacterial adhesion while increasing 
human gingival fibroblasts attachment. Furthermore, quercitrin-functionalised Ti 
increased collagen mRNA levels and decreased MMP1/TIMP1 mRNA ratio while also 
decreasing COX2 mRNA and PGE2 release under basal and inflammatory conditions. 
These results suggest that surfaces biofunctionalised with quercitrin could enhance the 
soft tissue integration and increase dental implants success. 
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Supplementary Figure 1. Analysis of gene expression after 14 days of hGF culture on the 
different surfaces. Disinfection of surfaces was conducted with dry heat (100˚C, 30 min) 
(disinfection group) or without it (control group). Statistical comparisons p ≤ 0.05: (a) versus Ti 
within each condition; (b) versus A within each condition; (c) effect of IL-1 addition for each 
surface. 
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