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Abstract 

Current implant research aims at producing innovative bioactive surfaces to restore function in 
compromised skeletal structures. Surface modification of titanium (Ti) implants aims for a better 
biological response to the material to improve osseointegration. Increasing evidences highlight the 
essential role of vitamin D in bone regeneration and the profound negative effects of its insufficiency 
on implant osseointegration. Indeed, vitamin D deficiency leads to bone resorption, osteoporosis and 
reduced mineralization. Unfortunately, there is a high prevalence of vitamin D deficiency across all 
age groups in worldwide populations, what is due to inadequate dietary intake and insufficient 
exposure to sunlight. 

Calcitriol (1,25(OH)2D3), the biologically active form of vitamin D3, is produced by a 
hydroxylation cascade, which is preceded by a photochemical activation. It starts when 7-
dehydrocholesterol (7-DHC) is exposed in the skin to UVB irradiation, involving the conversion into 
previtamin D3 (preD3). Afterwards, this metabolite is transformed into cholecalciferol (D3) and 
subsequently hydroxylated once in the liver and once in the kidneys to the end product. In this thesis, 
we demonstrated for the first time that the vitamin D precursor, 7-DHC, can be used to locally produce 
active vitamin D by osteoblastic cells and enhance their differentiation, when 7-DHC is coated on 
polystyrene surfaces and UV-irradiated before the cell culture. In addition, we proved the feasibility of 
using UV-irradiated 7-DHC to locally produce preD3 at the surface of Ti implants, which entails an 
increased osteoblast differentiation in vitro. Further, the biological potential of the present surface 
modification was confirmed in primary cultures of human umbilical cord mesenchymal stem cells 
(hUC-MSCs), which were promoted to differentiate towards the osteogenic lineage.  

Since 7-DHC is very labile to free radical oxidation, we proved the antioxidant properties of α-
tocopherol (VitE) on preserving its stability. Furthermore, we improved the isomerization of preD3 to D3 
on the Ti surface by adding an incubation of the coating at 23ºC for 48 hours after UV irradiation. 
Thus, UV-irradiated 7-DHC:VitE coated implants were tested in the murine preosteoclastic cell line 
RAW264.7 and further, in human gingival fibroblasts (HGFs). Interestingly, the bioactive coating 
inhibited osteoclastogenesis in vitro. Moreover, HGFs positively responded to these modified 
implants; the coating showed a positive action in the inflammatory response and in the ECM 
maturation/breakdown. Finally, an animal study verified its biological potential in vivo, the coating 
promoted the gene expression of the late bone formation marker osteocalcin (OC) in the peri-implant 
bone and increased ALP activity in the wound fluid. Additionally, the composition and bioactivity of the 
coating was maintained after 12 weeks when stored at 4ºC avoiding light, oxygen and moisture.  

All in all, results from this thesis demonstrate that UV-activated 7-DHC:VitE coated Ti implants 
promote differentiation of cells involved in hard and soft tissues, indicating a better peri-implant 
integration. Thus, this novel bioactive coating may be considered as a new approach for dental 
implant therapies. 
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Resumen 
 La investigación actual sobre implantes tiene como objetivo producir superficies bioactivas 
innovadoras que restauren la función en estructuras esqueléticas comprometidas. La modificación de 
la superficie de implantes de titanio (Ti) pretende mejorar la respuesta biológica de los tejidos peri-
implantarios y favorecer la osteointegración. Cada vez hay más evidencias que destacan el papel 
esencial de la vitamina D en la regeneración ósea y los efectos negativos que tiene su insuficiencia 
en la osteointegración del implante. De hecho, la deficiencia de vitamina D conlleva reabsorción ósea, 
osteoporosis y menor mineralización. Desafortunadamente, existe una gran prevalencia de 
deficiencia de vitamina D en todas las edades a nivel mundial, debido a una dieta inadecuada e 
insuficiente exposición solar. 

El calcitriol (1,25(OH)2D3), la forma biológicamente activa de la vitamina D3, se produce por 
una cascada de hidroxilaciones, precedida por una activación fotoquímica. Comienza cuando el 7-
dehidrocolesterol (7-DHC) se expone a la radiación UVB en la piel, convirtiéndose en previtamina D3 

(preD3). Posteriormente, éste se transforma en colecalciferol (D3) y se hidroxila primero en el hígado y 
luego en los riñones hasta formar el producto final. En esta tesis, demostramos por primera vez que 
el precursor de la vitamina D, el 7-DHC, puede utilizarse para producir localmente vitamina D activa 
en células osteoblásticas e incrementar su diferenciación, cuando se recubren superficies de 
poliestireno con 7-DHC y se irradian con UV antes del cultivo celular. Además, comprobamos la 
posibilidad de usar 7-DHC irradiado con UV para producir preD3 en la superficie de implantes de Ti, lo 
que incrementa la diferenciación de osteoblastos in vitro. Posteriormente, el potencial biológico de 
esta modificación fue confirmado en cultivos primarios de células madre mesenquimales de cordón 
umbilical humano (hUC-MSCs), que fueron inducidas hacia el linaje osteogénico.  

Puesto que el 7-DHC es muy lábil a la oxidación por radicales libres, comprobamos las 
propiedades antioxidantes del α-tocoferol (VitE) en la preservación de su estabilidad. Además, 
mejoramos la isomerización de preD3 a D3 en la superficie de Ti al incubar el recubrimiento a 23ºC 
durante 48 horas tras la irradiación con UV. Estos implantes se testaron en la línea celular 
preosteoclástica murina RAW264.7, y en fibroblastos gingivales humanos (HGFs). Curiosamente, el 
recubrimiento bioactivo inhibió la osteoclastogénesis mientras que mostró una acción positiva en la 
respuesta inflamatoria y en la maduración/descomposición de la matriz extracelular en HGFs. 
Finalmente, un estudio animal verificó su potencial biológico in vivo, el recubrimiento incrementó la 
expresión génica del marcador tardío de formación ósea, osteocalcina (OC), en el hueso 
periimplantario y la actividad ALP en el fluido de la herida. Además, se comprobó que la composición 
y la bioactividad del recubrimiento se mantienen después de ser almacenados hasta 12 semanas a 
4ºC, evitando la luz, el oxígeno y la humedad. 

En conjunto, los resultados de esta tesis demuestran que los implantes de Ti recubiertos con 
7-DHC y VitE, e irradiados con UV, promueven la diferenciación de células pertenecientes al tejido 
duro y blando, indicando una mejor integración. De este modo, este novedoso recubrimiento bioactivo 
podría ser considerado como una nueva estrategia para terapias con implantes dentales.
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1. Introduction 

1.1. Background of the study 

The field of skeletal regeneration is a rapidly growing field of biomedicine with great potential to 
revolutionize health care treatments and address challenges for an increasing aging population. Bone 
is a constantly remodeling tissue that requires interaction between different cell types and it is 
controlled by several biochemical and mechanical factors (Vallet-Regí, 2014). Current research in 
implantable medical devices aims at improving the biological response to the biomaterial surface 
whilst accelerating the osseointegration process. One of the most common strategies for solving these 
drawbacks is the modification of the surface with biologically active compounds. Indeed, several 
studies immobilizing different growth factors, proteins or peptides have already been developed 
(Palmquist et al., 2010). Nevertheless, their use might entail some difficulties due to their bioactivity, 
bioavailability or stability. Thus, there is a real need for finding cheap, stable and bioactive modified 
surfaces with potential to regenerate the bone tissue and stimulate the biomaterial integration with the 
bone.  

Among the numerous functions attributed to vitamin D, its primary function is to maintain the 
calcium and phosphate homeostasis (Norman, 2012). Indeed, its deficiency leads to bone resorption, 
osteoporosis and reduced bone mineralization (Lee et al., 2014; Lips and Van Schoor, 2011). 
Interestingly, its administration has positive effects on bone formation (Kärkkäinen et al., 2010; 
Priemel et al., 2010) and also other benefits including anticancer and antimmunomodulatory actions 
(Souberbielle et al., 2010). Although vitamin D is naturally synthesized from 7-DHC in our skin, and 
further hydroxylated in liver and kidney tissues, different cell types and tissues, including bone cells, 
are able to produce final active vitamin D (Hansdottir et al., 2008; Hewison et al., 2003; Bikle, 2004). 
Thus, this thesis presents the feasibility of using Ti implants coated with the vitamin D precursor, 7-
DHC, and then UV-irradiated as it happens in the skin to initiate the vitamin D synthesis, with the aim 
of improving their osseointegration (Figure 1.1).  

 

Figure 1.1. Graphical representation of the principal goal of this thesis: Development of a novel 
bioactive coating using UV-irradiated 7-DHC to promote osseointegration of orthopedical and dental 

implants on compromised skeletal structures. 
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1.2. Skeletal biology 

The skeletal system is formed by bone and cartilage which are involved in two key functions: (i) a 
structural role, providing support and protection of vital internal organs, and (ii) a metabolic function, 
functioning as a mineral reservoir for the rest of the body, especially with regard to phosphate and 
calcium (Shea and Miller, 2005).  

1.2.1. Bone tissue 

Two types of bone tissue are observed in normal mature human skeleton: cortical (compact) 
bone and trabecular (cancellous or spongy) bone (Figure 1.2). Although both bones have the same 
composition and material properties, they have differences in density and mechanical properties 
(Hadjidakis and Androulakis 2006; Buckwalter et al. 1995; Silva 2012). Thus, the compressive 
strength of bone is proportional to its density, so the elasticity and compressive strength of cortical 
bone may be as much as 10 times greater than those of cancellous bone (Buckwalter et al., 1995).  

Cortical bone is dense and compact (5-10 % porosity) and constitutes the outer part of all 
bones. It forms approximately 80% of the mature skeleton (Buckwalter et al., 1995). Most cortical 
bone is calcified and it provides strength whilst also participates in the modulation of prolonged 
mineral deficit (Hadjidakis and Androulakis, 2006). Furthermore, the compact structure leads cortical 
bone to fulfill mainly a mechanical and protective function (Mackiewicz et al., 2011). 

Trabecular bone is very porous bone (75-95% porosity) that is found in the cuboidal bones, flat 
bones and the ends of long bones. Trabecular bone is much less dense and contributes to 
mechanical support and provides the initial mineral supply in deficiency states (Hadjidakis and 
Androulakis 2006; Buckwalter et al. 1995). This spongeous structure ensures the elasticity and 
stability of the skeleton and counters for the main part of bone metabolism (Mackiewicz et al., 2011). 

 

Figure 1.2. The two bone tissue types: trabecular and cortical 
(http://2012books.lardbucket.org/books/an-introduction-to-nutrition/s13-01-bone-structure-and-function.html). 

Bone is a porous mineralized tissue formed by extracellular matrix (ECM), cells and water, like 
any other connective tissue (Table 1.1). 
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Table 1.1. Summary of main bone components (Baron, 2003; Fleisch, 2000). 

Bone composition 

ECM  Inorganic matrix (~65%):               Hydroxyapatite and other ions (Na+, Mg2+, 
HPO4

2‐, HCO3…) 

Organic matrix (~35%):                 Collagen fibers (mainly Collagen type I) and 
noncollagenous proteins 

Cells  Osteoblasts (<5% of total cells), bone lining cells; osteocytes (90‐95%), 
osteoclasts (<1%), others (lymphocytes, MSCs). 

Water   

1.2.1.1. Bone matrix 

The matrix of bone occupies a greater volume than cells. It is formed by 4 major components: 
type I collagen, non-collagenous proteins and non-protein components (organic matrix), and a salt of 
calcium and phosphorus which in its crystal structure most closely resembles that of hydroxyapatite 
(inorganic matrix). Collagen is by far the most abundant fibrous protein of the organic matrix. Thus, 
type I collagen fibers and noncollagenous proteins represent approximately 90% of the organic 
composition of the whole bone tissue (Hadjidakis and Androulakis, 2006). The collagen fibers provide 
flexibility and strength. Furthermore, they probably also serve as scaffolding on which nucleators are 
oriented (Robey, 2008). The major noncollagenous protein produced is OC (Gla protein) and it is 
involved in the regulation of bone formation (Hadjidakis and Androulakis, 2006). However, the role of 
many other noncollagen proteins present in the bone matrix has not been fully elucidated. The 
inorganic material is also known as mineralized matrix, and it consists of mostly crystals of 
hydroxyapatite which are found in the collagen fibers and in the matrix to provide rigid structure (Shea 
and Miller, 2005). 

1.2.1.2. Bone cells 

Bone tissue is a dynamic tissue that is constantly renewed. Thus, bone cells are constantly 
resizing and reshaping throughout growth and adulthood. Many different and specialized cells carry 
out the diverse functions of bone formation, resorption, mineral homeostasis and bone repair (Figure 
1.3). These cells are derived from different progenitor pools that are under different molecular 
mechanisms (Robling et al., 2006). Thus, bone cells come from mesenchymal stem cells (osteoblasts, 
bone-lining cells and osteocytes) and hematopoietic stem cells (osteoclasts). 

 
 Mesenchymal stem cells (MSCs) 

This stem cell population involves multipotent stromal cells that can differentiate into a variety of 
cells including bone cells (osteoblasts), cartilage cells (chondrocytes) and fat cells (adipocytes) (Nardi, 
N. Beyer; da Silva Meirelles, 2006).  
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Osteoblasts 

Osteoblasts are responsible for bone formation. Their most apparent function is to synthesize 
bone matrix (osteoid), but they also control fluxes between the extracellular fluid and the osseous 
fluid. Osteoblasts are derived from local progenitors that proliferate prior to further differentiation 
(Shea and Miller, 2005). Thus, once osteoprogenitor cells (pre-osteoblastic cells) are stimulated, they 
are able to proliferate and differentiate into osteoblasts. Commitment of these cells to the osteblastic 
lineage depends on the specific activation of transcription factors. Several hormones, cytokines, and 
mechanical stimuli may affect bone turnover (Robling et al., 2006). For example, after a fracture, 
several events stimulate the proliferation and differentiation of these cells to participate in the fracture-
healing. Once osteoblasts are active, they express high levels of alkaline phosphatase (ALP) and 
osteocalcin (OC), what reflects the rate of bone formation. They also secrete abundant type I collagen 
and other matrix proteins, which form osteoid. This organic phase of bone serves as a template for the 
subsequent deposit of mineral in the form of hydroxyapatite (Bellido et al., 2014). Furthermore, 
osteoblasts express colony-stimulating factor, receptor activator of nuclear factor kappa-B ligand 
(RANKL) and osteoprotegerin (OPG), which are related to osteoclastogenesis and bone resorption 
(Katagiri and Takahashi, 2002). 

Bone lining cells 

The majority of bone surfaces are not undergoing bone formation or resorption in the adult 
skeleton, but they are lined by a specialized cell, the bone lining cell. Bone lining cells are formed by 
osteoblasts that become flattened and cover the inactive bone surface. These cells are able to 
proliferate and regulate the calcium exchange between mineralized bone and the bone marrow. In 
fact, they are in close contact with osteocytes embedded in the bone matrix through gap junctions, 
suggesting their role in the support of nutrients and metabolic support of osteocytes (Shea and Miller, 
2005). Bone lining cells can recover their ability to produce matrix in response to parathormone (PTH), 
what contributes to the rapid bone formation after administration of this hormone (Bellido et al., 2014). 
Another suggested role for bone lining cells is the initiation of osteoclast resorption (Everts et al., 
2002). 

Osteocytes 

Osteocytes are the most abundant cells (90%) in the bone tissue (Bellido et al., 2014). These 
cells are formed from osteoblasts that become entombed and buried during bone formation (Shea and 
Miller, 2005). These cells are regularly distributed throughout the mineralized bone matrix and they 
maintain the mineral homeostasis. Although the metabolic activity of osteoblasts decreases once it is 
completely encased in the bone matrix, they still produce matrix proteins (Hadjidakis and Androulakis, 
2006). Thus, although osteocytes do not normally express ALP, they do express OC and other bone 
matrix proteins that support intercellular adhesion and regulate exchange of mineral in the bone fluid. 
Furthermore, osteocytes may function as phagocytic cells because they contain lysosomes (Clarke, 
2008). Another function attributed to these cells is to coordinate the function of osteoblasts and 
osteoclasts. Indeed, it has been suggested that they respond to mechanical load through a three-



Introduction 

7 

 

dimensional network of osteocyte cell processes capable of sensing microdistorsions of the matrix 
and translating them into signals to control the bone cells activity (Raggatt and Partridge, 2010).  

 Hematopoietic stem cells 

This stem cell population is involved in forming blood and immune cells in the body. It is a 
heterogenous population that gives rise to the myeloid (monocytes, macrophages, neutrophils, 
basophils, eosinophils, erythrocytes, megakaryocytes and dendritic cells) and lymphoid lineages (T-
cells, B-cells and NK-cells) (Soysa et al., 2012). Macrophages from the hematopoietic stem cell line 
further give rise to osteoclasts, as detailed below.  

Osteoclasts 

The osteoclast is the only cell responsible for the bone resorption. Osteoclasts are multinucleated 
giant cells developed from hematopoietic stem cells residing in the marrow and spleen (Robling et al., 
2006). Development of osteoclasts proceeds whithin a local microenvironmental milieu of bone that 
guide mononuclear preosteoclasts to bone matrix (Takahashi et al., 2008). Thus, the fusion of 
mononuclear preosteoclasts to multinuclear osteoclasts requires the presence of two cytokines, 
macrophage colony-stimulating factor (M-CSF) and the RANKL that are necessary for survival, 
expansion and differentiation of osteoclast precursor cells in vitro (Clarke, 2008; Raggatt and 
Partridge, 2010). Besides being a multinucleated cell, the mature osteoclast is characterized by the 
expression of tartrate-resistant acid phosphatase (TRAP) (Teitelbaum and Ross, 2003). Then, mature 
osteoclasts are activated, involving the reorganization of their cytoskeleton, known as actin ring, which 
surrounds the “ruffled border”, a specialized cell membrane that facilitates bone resorption (Väänänen 
and Zhao, 2008). Finally, activated osteoclasts resorb bone by acidification and proteolysis of the 
bone matrix and the hydroxyapatite crystals (Clarke, 2008).  

Figure 1.3. Mesenchymal and hematopoietic stem cells originate the different types of bone cells   
(Imai et al., 2013). 
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1.2.1.3. Bone formation, modeling and remodeling 

Bone formation (osteogenesis) is the process of new bone formation by osteoblasts and it 
occurs in three successive phases: the production and the maturation of osteoid matrix, followed by 
mineralization of the matrix. Bone undergoes longitudinal and radial growth during life. In normal adult 
bone, these processes occur at the same rate so that the balance between matrix production and 
mineralization is equal. This process of healthy bone formation is carried out by two important 
processes: (i) intramembranous ossification (lay down of bone into the primitive connective tissue); 
and (ii) endochondral ossification (a cartilage model acts as a precursor) (Kini and Nandeesh, 2012). 
Further, bone development and maintenance are regulated by two processes, modeling and 
remodeling (Raggatt and Partridge, 2010).  

Bone modeling (construction) controls growth and mechanically induced adaptation of bone 
which is formed by osteoblasts without prior bone resorption (Seeman, 2008). Thus modeling leads to 
gradual adjustment of the skeleton to forces that it encounters. Bone modeling occurs during growth 
and is responsible for gain in skeletal mass and changes in skeletal form.  

Bone remodeling (reconstruction) is responsible for removal and repair of damaged bone to 
maintain integrity of skeletal system and mineral homeostasis. This process occurs throughout life and 
involves removal of old bone, replacement with new synthesized proteinaceous matrix and further 
mineralization to form new bone (Hadjidakis and Androulakis, 2006). This mainly occurs in the adult 
skeleton to maintain bone mass. This process involves the coupling of bone formation and bone 
resorption and occurs in both cortical and trabecular bone (Sims and Gooi, 2008). At the microscopic 
level, bone remodeling occurs in small areas of the cortical and trabecular surface known as “basic 
multicellular units” (BMU). There are 35 million BMU in the human skeleton and 3-4 million are 
activated each year, then the skeleton in completely renewed every 10 years (Fernández-
Tresguerres-Hernández-Gil et al., 2006). Bone remodeling consists of the following phases (Figure 
1.4): 

Activation. The first step involves detection of an initiating remodeling signal, which can take 
several forms such as direct mechanical strain on the bone resulting in structural damage or hormone 
action on bone cells (Raggatt and Partridge, 2010). Then, bone surface is activated through retraction 
of the bone lining cells. This step involves the recruitment and activation of mononuclear monocyte-
macrophage osteoclast precursors from the circulation that further are differentiated and fused to form 
large multinucleated osteoclasts.  

Resorption. In addition to recruitment of osteoclast precursors, osteoblasts express the master 
osteoclastogenesis cytokines, colony stimulating factor (CSF-1), RANKL and OPG to promote 
proliferation and differentiation of osteoclast precursors to multinucleated osteoclasts. Osteoclasts are 
able to attach to the bone surface through αvβ3 integrin molecules creating an isolated 
microenvironment known as the “sealed zone” and further dissolve the mineral matrix (Raggatt and 
Partridge, 2010). Matrix metalloproteinases (MMPs) are secreted to degrade unmineralized osteoid 
and also growth factors contained within the matrix are released, such as transforming growth factor 
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(TGF-β), platelet derived growth factor (PDGF), insulin-like growth factor I and II (IGF-I and –II) 
(Fernández-Tresguerres-Hernández-Gil et al., 2006).  

Reversal. There are several evidences indicating that the resorbed surface likely contains 
important signals for regulating recruitment of bone lining cells and osteoblasts. Thus, mononuclear 
cells are essential for conditioning the resorbed for subsequent osteoblast-mediated bone formation 
(Henriksen et al., 2009). Initially, these “reversal” cells were thought to belong to the 
monocyte/macrophage lineage but they belong to the osteoblast lineage (Raggatt and Partridge, 
2010). The final role of these cells may be to receive or produce coupling signals that allow transition 
from bone resorption to bone formation.  

Bone formation and mineralization. It is controversial the nature of the coupling signal that 
coordinates the bone formation. IGF-I and II and TGF-β seem to be key signals for recruitment of 
MSCs to sites of bone resorption (Raggatt and Partridge, 2010). Once MSCs or early osteoblast 
progenitors returned to the resorption lacunae, they differentiate and secrete molecules to form 
replacement bone. Preosteoblasts synthesize a cementing substance upon which the new tissue is 
attached and express bone morphogenetic proteins (BMPs) which are responsible for differentiation 
(Fernández-Tresguerres-Hernández-Gil et al., 2006). After few days, differentiated osteoblasts 
synthesize the osteoid to fill the perforated areas. Finally, hydroxyapatite is incorporated to the newly 
deposited osteoid (Raggatt and Partridge, 2010). 

Quinesence. The remodeling cycle concludes when an equal quantify of resorbed bone has been 
replaced. It is still being investigating the termination signal that informs the final of the remodeling 
process (Raggatt and Partridge, 2010). In this stage, mature osteoblasts undergo apoptosis or 
become lining cells or osteocytes. Then the resting bone surface is reestablished and maintained until 
the next remodeling process is initiated.  

 

Figure 1.4. The bone remodeling cycle. Adapted from 
http://www.york.ac.uk/res/bonefromblood/background/boneremodelling.html. 
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1.2.2. Bone regeneration and repair 

The bone mass in an adult human reaches its maximal level during a person’s twenties but then 
gradually declines as the speed of bone resorption exceeds bone formation with increasing age (Jimi 
et al., 2012). Furthermore, many people suffer from bone defects, much of them which could be 
prevented. These bone defects often result from tumor resection, trauma, fractures, surgery or 
periodontitis, as well as from diseases such as osteoporosis or arthritis. Interestingly, unlike other 
tissues that repair predominantly through the production of scar, defects in bone tissue heal by 
forming new bone. Thus, osteogenesis is highly stimulated in injuries such as fractures.  

The fracture healing begins immediately following the injury and ends following the remodeling of 
new bone. This process occurs in four overlapping steps (Figure 1.5): 

 

Figure 1.5. The stages of fracture repair Adapted from (Carano and Filvaroff 2003). 
 

a) Formation of hematoma. After a bone is fractured, the damage to local vasculature produces a 
hematoma or a blood clot. This hematoma is formed by blood products, fibrin, growth factors and 
cytokines. This stage is also characterized by inflammation and local hypoxia (Shrivats et al., 
2014).  

b) Soft callus formation. This step is characterized by new vasculature formation. Local hypoxia 
stimulates the formation of new blood vessels (angiogenesis) what allows the recruitment of 
MSCs that differentiate into chondrocytes (cartilage matrix formation) and osteoblasts (new bone 
formation). A soft callus is formed to act as a fixation structure (Shrivats et al., 2014). 

c) Hard callus formation. As repair progresses, the callus becomes mineralized, forming a hard 
callus. Chondrocytes undergo apoptosis and osteoblast deposit bone matrix (Carano and 
Filvaroff, 2003). 

d) Remodeling. Final phase in which the fracture region is gradually modified to form new bone and 
resorb the excess callus. The vascular supply returns to a normal state.  

Although this is the normal mechanism for bone to regenerate itself, there are some challenging 
bone conditions in which this process is impaired. Thus, unfortunately, the bone tissue is not able to 
regenerate and repair properly in patients with compromised skeletal structures, with poor bone 
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quality or quantity. For this reason, there is an urgent need for developing strategies to accelerate and 
improve the entire structure and function of the damaged tissue.  

1.3. Endosseous titanium implants 

Bone possesses the intrinsic capacity for regeneration during skeletal development and as part of 
its repair process. However, as mentioned above, there are some cases in which bone regeneration is 
impaired or it is required in large quantity for reconstruction of bone defects created by trauma, 
infection or skeletal abnormalities in compromised patients (Dimitriou et al., 2011). For these 
aforementioned cases, different biomaterials have been developed. Biomaterials field involves the 
creation of safer, more reliable, more inexpensive and bioactive materials for replacement of damaged 
or diseased human tissues. The degenerative diseases lead to degradation of the mechanical 
properties of the bone, what makes increase the necessity of artificial biomaterials to solve these 
problems. Furthermore, approximately 90% of population over the age of 40 suffer from these kind of 
degenerative diseases and aged people population has increased tremendously in recent years 
(Geetha et al., 2009). For these reasons, the development of appropriate materials for improving 
skeletal regeneration is a main concern at the moment for our increasing aging society.  

Biomedical materials used for hard and soft tissue applications should meet the following 
requirements (Geetha et al., 2009; Tengvall and Lundström, 1992):  

- High biocompatibility. It involves low intrinsic toxicity and inflammatory activation. 
- Surface texture matching cellular adhesion without relative interfacial motion. 
- Biofunctionality and osseointegrative potential, providing excellent mechanical properties. 
- Corrosion and wear resistance. 
- Bioadhesion to promote the bond between the biomaterial surface and the adjacent tissue. 

This should accelerate the healing period and avoid implant loosening. 
- Prevention of bacterial adhesion. 
- Low price is desirable.  

Ti and its alloys fulfill these requirements to a high extent, especially when compared with other 
metallic biomaterials (Tengvall and Lundström, 1992). Thus, Ti is one of the best biomaterials known 
today and is extensively used for implantation. It has gradually replaced other metallic biomaterials 
like stainless steel in applications with high mechanical strength requirements (Tengvall and 
Lundström, 1992). In the 1940s, Ti was already mentioned as a bone-anchoring material and it was in 
the 1960s when it was used for prosthesis design and surgical procedure (Brånemark, 1977; P-I 
Brånemark et al., 1969). In general, Ti is found to be well tolerated and nearly an inert material in the 
human body due to its outstanding characteristics. Indeed, Ti possesses ideal properties such as high 
strength, low density, high resistance to corrosion, complete inertness to body environment, enhanced 
biocompatibility, low modulus and high capacity to join with bone and other tissues (Niinomi, 2003). In 
addition, pure Ti forms a very stable passive layer of titanium dioxide (TiO2) in presence of oxygen 
molecules that provides superior biocompatibility. Indeed, this TiO2 surface is of particular importance 
since it protects Ti from corrosion (Geetha et al., 2009). 
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There is a high interest in the application of Ti in several medical areas, such as the development 
of dental implants, joint replacement parts, bone fixation materials, artificial heart valves, etc. (Geetha 
et al., 2009). Commonly commercially available pure (c.p.) Ti is the basic material for purposes 
requiring lower mechanical strength whilst Ti-alloys such as TiAl6V4, Ti318 and Ti350 are used in 
applications when higher strength is desirable (Tengvall and Lundström 1992). However, although 
TiAl6V4 has long been a main medical Ti alloy for permanent implant applications, this alloy has a 
possible toxic effect resulting from released vanadium and aluminum. For this reason, vanadium- and 
aluminum-free alloys were further introduced for implant applications (Elias et al., 2008). 

It was Brånemark who introduced the modern implants when he discovered what he named the 
osseointegration phenomenon for Ti implants that were completely attached to bone and difficult to 
remove (PI Brånemark et al., 1969). Osseointegration is therefore the stable anchorage of an implant 
achieved by direct bone-to-implant contact (Albrektsson and Johansson, 2001). This discovery started 
the exploration of dental and surgical applications of Ti alloys. It is the most important clinical goal of 
implant surgery, since osseointegrated implants significantly improve the long-term behavior of the 
implanted devices, decreasing the failure and loosening risks (Navarro et al., 2008). Although 
successful implant surgery requires the osseointegration of the implant within the surrounding tissues, 
it also requires osteoconduction in order to make the implant able to support bone growth over its 
surface (Salgado et al., 2004). After an implant placement, one of the first events is the adsorption of 
proteins and lipids from the blood to the implants surface (Wilson et al., 2005; Keselowsky et al., 
2003). Then, MSCs colonize the implantation site and are exposed to inflammatory cytokines and 
growth factors to control the healing and tissue regeneration. Once the implant is fixed, osteogenesis 
should be promoted. Further, the next step involves the osteoclast action to resolve microcracks 
(Gittens et al., 2014).   

Originally, endosseous implants were expected to perform their job simply through a mechanical 
anchorage with bone. However, early efforts had relatively high failure rates, mainly due to the 
formation of the fibrous connective tissue between the bone and the implant. Similarly, in the 
orthopedic implant field several reports have found fibrous capsules around implants, what was 
attributed to toxic wear debris phagocytosed by macrophages and other cells of the surrounding 
tissue (Cunningham et al., 2003). This fibrous capsule (Figure 1.6B) promotes micromotion and 
inflammation around the implant that usually leads to osteolysis and implant failure (Gittens et al., 
2014). Another factor affecting osseointegration is the vascularization process, what refers to the 
provision of blood supply. Indeed, differentiation of osteogenic cells depends on tissue vascularity 
(Mavrogenis et al., 2009). Therefore, to achieve successful osseointegration, vascularization and a 
strong and direct integration between bone and implant is required, leading to an increased 
mechanical stability and lower probability of implant loosening (Figure 1.6C).  
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Figure 1.6. Schema of normal joint (A), failed fusion (B) and fused implant (C) (Gittens et al., 2014). 

1.3.1. Dental implants  

In the dental field, implants are usually made from commercially pure Ti or its alloys, due to their 
suitable weight-to-strength ratio and good biological performance (Gittens et al., 2014). The clinical 
success of an oral implant is related to its early osseointegration. Despite the high biocompatibility of 
Ti implants, they might be encapsulated by fibrous tissue. However, formation of this fibrous capsule 
can be avoided by promoting bone apposition directly onto the implant surface (Gittens et al., 2014). 
Therefore one the keys challenges in implantology is to develop a Ti implant with enhanced bioactivity 
to improve implant-host interactions, avoid fibrous tissue encapsulation and ensure osseointegration 
and long-term implant stability (Wang and Poh, 2013). 

A dental implant is formed by the implant itself, which is in contact with the hard tissue and the 
abutment, which interacts with the soft tissue (Elias et al., 2008). For this reason, a successful dental 
implant requires its integration with periodontal tissues, which are formed by hard and soft tissues. An 
ideal dental implant (Figure 1.7) should therefore promote peri-implant bone healing and 
osseointegration, as described above, but also promote soft tissue healing around the implant 
abutment forming a biological seal between the oral cavity and the bone (Sculean et al., 2014). Since 
dental implants are placed in the mouth and interact with biological fluids and bacteria, both prosthetic 
biomechanical factors and patient hygiene are required for the implant long-term success (Le 
Guéhennec et al., 2007). Otherwise, bacterial adhesion and colonization of the teeth involve biofilm 
formation which further provokes an inflammatory response that can lead to implant loss. Thus, 
gingivitis and periodontitis are two of the most common chronic inflammatory diseases as result of the 
accumulation of bacteria on tooth surfaces (Bartold et al., 2000). Gingivitis involves an inflammation of 
the gingiva but without proper treatment it can lead to the more serious periodontitis, which can cause 
the destruction of both soft and hard tissues. Similarly, peri-implant diseases are characterized by an 
inflammatory reaction in the tissues surrounding an implant. Whilst the presence of inflammation in 
peri-implant mucositis is confined to the soft tissues surrounding a dental implant, peri-implantitis is 
characterized by an inflammatory process around an implant, including both soft tissue inflammation 
and progressive loss of the bone, that often leads to implant failure (Cochran and Froum, 2013).  
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The periodontium refers to these specialized tissues that support the teeth and provide protection 
against bacterial infection. This organ system is composed of two hard tissues (cementum and bone) 
and two soft tissues (periodontal ligament and gingiva), which maintain the function of the teeth 
(Bartold and Narayanan, 2006). The soft tissue that surrounds dental implants (gingiva) is comprised 
of one epithelial and one connective tissue component. The epithelial tissue resembles the functional 
epithelium around teeth while the connective tissue is involved in the repair of gingival tissues. Among 
the different cell types of the gingival connective tissue, fibroblasts account for most connective tissue 
cells and are responsible for the constant adaptation of the tissue. Thus, their principal function is to 
synthesize and maintain the components of the ECM of the connective tissue and participate in 
wound healing repair and regeneration (Bartold and Narayanan, 2006).  

 

 

 

 

 

 

 

 
Figure 1.7. Osseointegrated dental implants serve as artificial teeth that are in direct contact with 

hard and soft tissues Adaptated from (Gruber and Bosshardt 2015). 

The wound healing of the gingiva around a dental implant involves interplay between 
inflammatory cells, fibroblasts and the newly synthesized matrix. After the implant placement, a blood 
clot is formed to provide a fibrin network for bone cell migration. Indeed, within a short period of time, 
various plasma proteins, including fibrin, get adsorbed on the surface what promotes the migration of 
osteogenic cell populations towards the implant surface. Furthermore, during the initial remodeling, 
immune cells mediate early response followed by migration of phagocyte macrophages. They 
phagocytize bacteria and necrotic debris and release cell surface proteins and cytokines and pro-
inflammatory mediators. One of the critical steps in the cell response to the dental implant is the 
attachment to the surface. With this aim, fibroblasts invade the fibrin network and form an ECM on the 
implant surface (Anil et al., 2005). Since fibroblasts require oxygen and nutrients for their activity, 
angiogenesis occurs at the same time that fibroblasts accumulate in the wound site. Next, the wound 
healing culminates with the remodeling of collagen to increases the strength of the wound. In this way, 
it can produce either repaired or regenerated tissue, depending on the biochemical factors of the 
microenvironment. 

Thus, an ideal dental implant should promote the direct tissue-implant interaction and avoid the 
presence of the intervening connective tissue layer (Le Guéhennec et al., 2007). Furthermore, wound 
healing should prevent bacterial penetration, reduce inflammation and induce gingival fibroblast 
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proliferation to aid in the tissue regeneration process and avoid implant loss. Accordingly, current 
advances in periodontal therapies are based on the deep understanding of the fundamental cellular 
processes of periodontal regeneration and repair to enhance this regeneration process (Sculean et 
al., 2014).  

1.3.2. Strategies for improving implant osseointegration  

Different strategies aiming at improving biocompatibility, osteoconduction and osseointegration of 
Ti implants have been investigated. Thus, experimental evidences suggest that surface properties of 
Ti influence the initial cell adsorption, inflammation and cell response. However, these early molecular 
activities determining the tissue response at the peri-implant interface are not yet fully understood 
(Palmquist et al., 2010). Current research is being performed with the aim to modify the implant 
surface to make them more acceptable to bone cells and then, inducing the integration of the 
implanted device to bone whilst avoiding the fibrous encapsulation. The most used strategies to 
improve both short and long-term osseointegration of Ti implants include surface roughness 
modification and the incorporation of biological drugs to promote the bone healing in the peri-implant 
area (Le Guéhennec et al., 2007).  

Roughness modification involves changes in surface topographies at the micro and nanometer 
level, what influences both the biomaterial biocompatibility and the cellular response (Sul et al., 2005). 
In particular, fibroblasts and epithelial cells adhere more strongly to smooth surfaces while osteoblasts 
increase their differentiation and matrix formation and mineralization  on rough surfaces (Mendonça et 
al., 2008; Novaes et al., 2010). This observation leads to the conclusion that roughness modification 
could also influence protein adsorption, cellular activity or tissue response, which can be exploited to 
achieve a higher osseointegration process. For this reason, several techniques have been described 
to modify the surface roughness of metallic biomedical materials (Liu et al., 2010; Bauer et al., 2013). 
Furthermore, modification of the oxide thickness and compositions by using different mechanical, 
chemical and optical methods have also been described (Palmquist et al., 2010). 

Numerous investigations confirm that the optimal microroughness for the hard tissue 
osseointegration ranges between 1-10 µm, since this range maximizes the bone-implant interaction 
(Bauer et al. 2013). The most common methods to meet this demand include blasting (by using TiO2 o 
Al2O3 particles), acid-etching (mainly using HF), anodization (electrochemically growing a controlled 
TiO2 layer on the Ti surface) and plasma-spraying (producing coatings at high temperatures with 
bioinert ceramics such as titania, zirconia or alumina) (Bauer et al. 2013). Furthermore, several 
studies have revealed that the modification of the implant surface at the nanometer level also 
influences on the biological response of bone cells (Zhao et al., 2007). Thus, modification of the 
surface through the formation of three-dimensional nanofiber structures is being used for guiding cell 
differentiation (McNamara et al., 2010). 

The addition of bioactive molecules to the implant surface is other strategy applied to improve 
osseointegration of Ti implants. In fact, data suggest that Ti surface modifications with bioactive 
molecules enhances or accelerates the osteoblastic differentiation process (Novaes et al., 2010). 
Furthermore, the current research aiming at developing novel implants for compromised tissue 
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conditions entails the incorporation of biologically active molecules to recruit and deliver cells to the 
host site. To achieve this, different coatings are being applied to modify the implant surface. Among all 
engineering-based implant surface modifications, the calcium phosphate (CaP) and hydroxyapatite 
coatings have received significant attention as they may improve bone integration (Le Guéhennec et 
al. 2007; Palmquist et al. 2010). The interest of using them is that their chemical similarity to natural 
bone and that they can be applied by different industrial processing methods. Furthermore, CaP 
coatings increase the biocompatibility of bone-implant interface, implant anchorage and integration 
(Barrère et al., 2003). 

Other example of biochemical modifications of biomaterial surfaces that is gaining popularity is 
the addition of growth factors. Growth factors immobilized on orthopedic devices have been reported 
to enhance osteoblastic activity and favor implant integration. In particular, bone morphogenetic 
proteins (BMPs), are considered as a potential strategy to enhance osteogenesis and induce specific 
cellular functions (Anil et al., 2005). However, critical factors such as the optimum dosage, exposure 
period and release kinetics have to be considered carefully to avoid the detrimental effects associated 
with their use (Wang and Poh, 2013). Other interesting approaches are the use of molecules that 
control bone remodeling, such as bisphosphonates (Josse et al., 2004), or the application of 
simvastatin to promote bone formation (Nyan et al., 2010).  

Since the biological effects that surfaces have on cell attachment are mainly mediated by 
integrins that bind to sequences arginine-glycine-aspartate (RGD), these RGD sequences are being 
used as monolayer modifications to promote cell adhesion (García et al., 2002). Another strategy 
involves the addition of ECM proteins such as collagen, which enhances spreading of cells and 
speeding cell adhesion length (Geissler et al., 2000). Other approaches include the use of 
antibacterial coatings to prevent surgical site infections associated with implants, especially in 
dentistry (Anil et al., 2005).  

However, some of the limiting factors of using these therapeutic drugs is the concentration used 
and their release which has to be progressive and not in a single burst (Le Guéhennec et al., 2007). 
Furthermore, thus far, none of these coatings are commercially available, since more research in this 
field is required to find their way into clinical practice. Therefore, the current development of new 
strategies on bioactive coatings would lead to a new generation of implants with improved 
osseointegration and bone healing properties. 

1.4. Biological potential of vitamin D 

It is widely known the importance of vitamin D in regulating calcium homeostasis in the body, 
which is critically important for normal mineralization of bone to prevent skeletal related diseases. 
Although the action of vitamin D traditionally known is to enhance calcium and phosphate absorption 
from the intestine, recent studies revealed that vitamin D also plays many additional extraskeletal 
functions. Indeed, it modulates the activity of hundreds, if not thousands, of genes in every tissue in 
the body, making it a potent regulator of antiproliferative, prodifferentiating, immunosuppressive and 
anti-inflammatory processes (Feldman et al., 2013).  
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1.4.1. Synthesis and metabolism  

Vitamin D is a group of fat-soluble secosteroids whose principal function is the regulation of 
calcium and phosphate homeostasis in the body which is critically important for normal bone 
mineralization (Plum and DeLuca, 2010). In humans, vitamin D exists in two forms, vitamin D3 
(cholecalciferol), which is formed in the skin after exposure to sunlight, and vitamin D2 (ergocalciferol) 
that is obtained from the diet. Although these two forms are handled similarly in the body, vitamin D3 is 
more potent than vitamin D2 (Heaney et al., 2011).  

The natural synthesis of vitamin D in our body starts when human skin is exposed to sunlight 
(Figure 1.8). Ultraviolet B (UVB) light with wavelength of 290 to 320 nm is responsible of a 
photochemical activation of 7-DHC, the precursor of vitamin D3. This reaction cleaves the B ring 
between carbon-9 and -10 to open the ring to form preD3. Then, preD3 undergoes a thermal 
isomerization of its three double bonds to form a more thermodynamically stable form, D3. Thermal 
activation of preD3 also gives rise to several non-vitamin D forms, including lumisterol, tachysterol and 
toxysterols. D3 is an inactive prohormone that must be metabolized before it can function. To achieve 
this, D3 is twice hydroxylated, once in the liver into 25-hydroxyvitamin D3 (25(OH)D3) and once in the 
kidney into 1,25-dihydroxyvitamin D3 (1,25(OH)2D3). In the liver, several 25-hydroxylases have been 
implicated in this step, such as CYP27A1 and CYP2R1 (Jones G., 2011). 25(OH)D3 is usually the 
chosen metabolite assayed to determine the vitamin D status of an individual since it is more 
abundant and stable than the final active metabolite (DeLuca, 2004). After liver hydroxylation, 
25(OH)D3 is carried in the blood stream bound to the vitamin D binding protein (DBP) and the kidney 
accomplishes the final hydroxylation through the 1α-hydroxylase (CYP27B1). Finally, the active 
metabolite 1,25(OH)2D3 enters the cell and binds to the vitamin D receptor (VDR) which can be found 
in several target tissues. Interestingly, the final active metabolite is able to regulate its own production 
by inducing its own destruction by stimulating the 24-hydroxylase enzyme (CYP24A1) (Omdahl et al., 
2002).  

Once 1,25(OH)2D3 is synthesized, it binds to the VDR and then dimerizes with the retinoid X 
receptor (RXR). The objective of the VDR-RXR complex is to bind to specific DNA sequences with 
high affinity for subsequent modulation of specific gene expression (Pike et al., 2012). These specific 
DNA sequences are known as vitamin D response elements (VDREs) and are found in the promoter 
regions of target genes. Interestingly, VDR is present in the nucleus of many tissues that are not 
related to calcium and phosphate metabolism, such as epidermal keratinocytes, T cells of the immune 
system, macrophages and monocytes. But the calcitriol function in these cells is not clearly known. 
Similarly, although the kidney was initially thought to be the sole organ responsible for producing 
1,25(OH)2D3, not only renal synthesis is possible. Recent investigations have confirmed that other 
cells and tissues are able to convert 25(OH)D3 to 1,25(OH)2D3. Indeed, several investigations 
confirmed the CYP27B1 expression in many extrarenal tissues, such as epithelial cells, macrophages, 
bone cells, gingival cells, endocrine glands, placenta, liver, brain and cancer cells (Bikle, 2009).  
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Figure 1.8. Pathway of the natural synthesis of vitamin D. Adapted from (Plum and DeLuca, 2010). 
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 Actions on bone 

The action of vitamin D in bone involves both formation and resorption. However, these actions 
on bone are complex and both direct and indirect effects have been described. Furthermore, direct 
actions are further complicated because vitamin D affects several cell types, including osteoblasts, 
bone stromal cells and osteoclasts (Feldman et al., 2013). Also the nature of vitamin D response 
depends on the differentiation state of bone cells (Arriagada et al., 2010). Osteoblasts express VDRs 
and the direct action of 1,25(OH)2D3 on these cells include modulation of cell growth and stimulation of 
differentiation (Franceschi RT, 2011; Lian JB et al., 2011). Indeed, 1,25(OH)2D3 induce osteoblasts to 
differentiate and synthesize matrix proteins and mineralized bone through the control of target genes, 
including ALP, OC, osteopontin (SPP1), the hydroxylases CYP27A1 and CYP27B1, RANKL or OPG 
(Pike et al., 2012; Bikle, 2009; Christakos, 2004). However, the fully understanding of the biological 
action of vitamin D in the bone is not clearly understood. Initially, 1,25(OH)2D3 was thought to be a 
bone resorption inductor. Thus, it was said to induce RANKL expression in osteoblasts to further 
promote osteoclastogenesis (Suda et al., 1999). However, later studies proved that vitamin D 
compounds improved bone mineral density whilst reduce bone resorption by inhibiting 
osteoclastogenesis (Sairanen et al., 2000). This inhibitory action of vitamin D metabolites on 
osteoclastogenesis was believed to work through changes in the bone microenvironment (Takahashi 
et al., 2014). So far, there is much new knowledge regarding the biological mechanisms of vitamin D 
in bone cells. However, a full understanding of how vitamin D achieves these beneficial effects on the 
skeleton is still elusive. 

1.4.2. Vitamin D and health  

Vitamin D is essential for strong bones, muscles and overall health. However, several factors 
should be considered to maintain adequate vitamin D levels. First, a well-balanced diet is required to 
provide sufficient amounts of vitamin D. Food that contains substantial amounts of vitamin D includes 
liver, fatty fish and fish liver oils (DeLuca, 2013). Inadequate dietary intake of these foods can cause 
vitamin D deficiency. Furthermore, our body is able to produce vitamin D from its precursor, 7-DHC, 
which is photoactivated in our skin by the sun action. Nevertheless, this cutaneous synthesis depends 
on several factors, including latitude, seasonal variation, skin pigmentation, sunshine exposure and 
age (Feldman et al., 2013). Also other risk factors affecting vitamin D levels in our body comprise 
renal failure, alcoholism, obesity and some drug interactions with vitamin D levels (Feldman et al., 
2013). Changes in the vitamin D levels due to the action of these factors have revealed several 
biological consequences, including disorders in both non-calcemic and skeletal tissues.   

 Non-calcemic related disorders  

Besides its classical role in the bone metabolism, vitamin D has a variety of effects on other cells 
and disease states. Thus, vitamin D status has been linked to muscle decline and myopathy since 
vitamin D supplementation enhances muscle strength and ability (Verhaar et al., 2000). Chronic renal 
failure carries with it the loss of function of vitamin D endocrine system but recent evidences have 
suggested that therapy with 1,25(OH)2D3 may delay the progress of the disease (Szeto et al., 2008). In 
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line with this, there is a high incidence of vascular disease and cardiovascular death in patients with 
renal failure (Thadhani, 2009). Furthermore, epidemiological studies showed that vitamin D treatment 
increased the life expectancy of these patients (Szeto et al., 2008). Furthermore, vitamin D also has a 
positive effect on skin disorders, including psoriasis and acne (Reichrath, 2007). The possibility that 
vitamin D may have a role in autoimmune diseases was confirmed since it can control proliferation of 
several immune-system cells. Thus, vitamin D has been speculated to be useful in some disorders 
such as multiple sclerosis, type I diabetes, inflammatory bowel disease, lupus erythematous or 
rheumatoid arthritis (Plum and DeLuca, 2010). Recently, vitamin D has been suggested to be 
beneficial for the treatment of periodontal diseases (Garcia, 2014; Garcia et al., 2011). Indeed, 
diminished levels of vitamin D have been found in patients with increased gingival inflammation (Stein 
et al., 2013). Thus, vitamin D may affect periodontium via an effect on bone mineral density or via 
immunomodulatory action (Martelli et al., 2014). 

However, excess intake of vitamin D is toxic and can lead to hypervitaminosis. This condition 
leads to hypercalcaemia, with elevated serum calcium and phosphate what may cause soft tissue 
calcification. But vitamin D toxicity cannot result from the UV irradiation of the skin, as continued 
irradiation converts preD3 to inactive products (Jones, 2008). Extrarenal production of vitamin D found 
in some pathological diseases such as lymphoma and tuberculosis are associated with 
hypercalcemia. Also many cases of hypercalcaemia are due to malignancy (Plum and DeLuca, 2010).  

 Skeletal disorders 

Modifications in the vitamin D status can lead to several skeletal disorders. Thus, vitamin D 
deficiency causes an inadequate mineralization of the skeleton. In children, vitamin D deficiency 
results in rickets, which are characterized by deformations in the skeleton and weak and toneless 
muscles (Holick, 2005). In adults, vitamin D deficiency leads to osteomalacia that consists of a failure 
in the bone matrix mineralization (Duncan, 2013). Interestingly, administration of vitamin D results in 
the curing of both rickets and osteomalacia (Plum and DeLuca, 2010). Indeed, calcium salts and 
vitamin D preparations are available for the treatment of these diseases (Duncan, 2013).  

Another bone disease produced by calcium and vitamin D deficiency is osteoporosis. The 
incidence of osteoporosis is currently increasing as result of the ageing population. This bone disease 
is a generalized skeletal disorder characterized by compromised bone strength, which predisposes to 
an increased risk of fractures (Inoue, 2005). Although the involvement of vitamin D in osteoporosis still 
remains under investigation, there is no doubt that adequate vitamin D intake is important in patients 
suffering from osteoporosis. Indeed, beneficial effects of vitamin D in treating osteoporosis have been 
demonstrated (Kubodera, 2009). Furthermore, vitamin D is often included with bisphosphonates or 
with calcium in the treatment of osteoporosis, since they do seem to reduce the fracture rate (Nishii, 
2002; Tilyard et al., 1992). Vitamin D deficiency also leads to bone resorption, reduced bone 
mineralization and a higher risk of falls and fractures (Atkins et al., 2007; St-Arnaud, 2008). 
Interestingly, several studies have proved the effect of vitamin D on the osseointegration process. 
Indeed, various animal studies confirmed that vitamin D insufficiency impairs implant osseointegration 
whilst supplementation of vitamin D leads to peri-implant bone formation, as described in Table 1.2.  
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Table 1.2. Effect of vitamin D on the osseointegration process in several animal studies. 

Reference Animal model Significance 

Kelly et al. 2009 Sprague-Dawley rats 
Vitamin D-deficient environment significantly impaired the 
establishment of Ti implant osseointegration in vivo. 

Cho et al. 2011 New Zealand white rabbits 
PLGA/1,25(OH)2D3 solution coating stimulated bone formation 
adjacent to the surface of implants inserted into bone. 

Dvorak et al. 2012 
Female ovariectomized 
Sprague-Dawley rats  

Vitamin D-free diet had a negative impact on peri-implant bone 
formation in ovariectomized rats, which was compensated by 
vitamin D supplementation. 

Zhou et al. 2012 
Female ovariectomized 
Sprague-Dawley rats 

1,25(OH)2D3 administration improved Ti implant osseointegration 
in osteoporotic rats. 

Wu et al. 2013 
Wistar rats, diabetes 
mellitus (DB) induced  

D3 and insulin combined supplementation promoted Ti implant 
osseointegration in DB rats. 

Liu et al. 2014 C57BL mice 
1,25(OH)2D3 supplementation was effective in improving the 
fixation of Ti implants in chronic kidney diseased mice. 

Naito et al. 2014 New Zealand white rabbits 1,25(OH)2D3 coated implants presented a tendency to 
osseointegrate better than non-coated implants. 

Due to the essential role of vitamin D in maintaining a healthy skeleton, vitamin D 
supplementation has already been considered for improving skeletal disorders and implant 
osseointegration, with positive proven results in these applications. However, to the best of our 
knowledge, the present thesis is the first study that develops a bioactive coating using the vitamin D 
precursor 7-DHC, UV-irradiated, instead of using the final active vitamin D metabolite. Having a 
coating that gives locally the precursor of vitamin D to the skeletal cells for their own production could 
be more effective in the modulation of the osseointegrative properties of such implant. Thus, using the 
vitamin D precursor could entail a number of benefits including minor risk of vitamin D toxicity in target 
cells and cheaper production as 7-DHC is easily available and low-priced compared with 1,25(OH)2D3. 
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2. Aims of research 

The overall aim of this thesis was to develop a novel coating for Ti dental implants by using the 
vitamin D precursor to improve bone and soft tissue integration.  

The work of this thesis can be divided in the following sections: 

1. Determination of vitamin D synthesis by osteoblastic cells from UV-irradiated 7-DHC 
and its feasibility as a bioactive coating for Ti implants. 

Our first aim was to determine whether osteoblastic cells were able to produce themselves final 
vitamin D from the external precursor 7-DHC and using UV irradiation. Thus, UV-irradiated 7-DHC 
coated polystyrene surfaces were tested for their biological potential in the murine preosteoblastic cell 
line MC3T3-E1 (Paper I). In this study, different doses of 7-DHC were evaluated in order to determine 
the optimal concentration. Furthermore, we analyzed the expression of the whole enzymatic 
machinery required to synthesize the final vitamin D in these cells. HPLC analyses were used to 
determine the production of preD3 after the UV-irradiation of 7-DHC and ELISA assays measured the 
25-D3 and 1,25-D3 secretion in these cells. Similarly, Ti surfaces were coated with 7-DHC and further 
UV-irradiated to assess their effect on osteoblastic cells (Paper II). In this case, different UV exposure 
times were analyzed in order to determine the optimal time for photoconversion of 7-DHC into preD3. 
FTIR and HPLC analyses were performed to confirm changes in the ring structure and the conversion 
from 7-DHC to preD3. In addition, the biological response to these modified implants was tested in 
MC3T3-E1 cells with regard to cytotoxicity, cell morphology, differentiation and mineralization. 

2. Improvement of the vitamin D synthesis on Ti surfaces and its biological effect on 
cells involved in hard and soft tissue integration in vitro. 

Once the potential of the bioactive coating was tested in osteoblastic cells, we aimed at 
evaluating its effect on the differentiation of hUC-MSCs towards the osteogenic lineage (Paper III). 
Thus, we studied the biological response of hUC-MSCs in terms of cytotoxicity, cell morphology, gene 
expression of several markers related to osteoblast differentiation and finally, ALP activity and 
mineralization to examine osteoblast function.  

Next, our goal was to improve the synthesis of D3 over the Ti surface in two ways (Paper IV). 
First, since 7-DHC and its metabolites are very labile, we added an antioxidant agent (vitamin E, VitE), 
to the 7-DHC coating to preserve their stability and to avoid their oxidation. Second, since the 
isomerization of preD3 to D3 is time and temperature dependent, we tested different incubation times 
and temperatures after the UV-irradiation of the coating. This incubation step was included to promote 
the thermal isomerization of preD3 towards the D3 metabolite, reducing therefore the isomerization of 
preD3 towards secondary products (lumisterol, tachysterol and toxisterols).  

The biological activity of this improved coating was then evaluated in pre-osteoclastic cells 
(RAW264.7 cell line) and HGFs. On one hand, we determined the response of RAW264.7 cells to UV-
irradiated 7-DHC:VitE coated Ti implants by analyzing cytotoxicity, TRAP and actin immunostaining, 



María Satué – Doctoral Thesis 

26 

 

and the gene expression of osteoclast phenotypic, fusion, and activity markers (Paper IV). On the 
other hand, the effect of UV-irradiated 7-DHC:VitE was assessed on HGF cell viability, morphology, 
gene expression and protein levels of specific markers involved in the ECM turnover and wound 
healing (Paper V).  

3. Evaluation of the biological response in vivo and stability analysis after storage. 

Our ultimate goal was to investigate the in vivo potential of the bioactive implant surface here 
proposed. For this purpose, a rabbit animal study was selected to evaluate the osseointegration of 
UV-activated 7-DHC:VitE coated Ti implants after 8 weeks of healing using two doses, the optimal 
dose found in vitro and a dose ten times higher. The bone-to-implant attachment strength was 
evaluated and wound fluid (LDH activity, ALP activity and protein content) and bone tissue analyses 
(mRNA levels of bone markers) were performed. Furthermore, a stability study was carried out to 
determine the composition and bioactivity of the coating when stored up to 12 weeks. HPLC analyses 
quantified the coating composition whilst in vitro experiments using MC3T3-E1 cells were performed 
to evaluate their bioactivity after storage in terms of cytotoxicity, mRNA levels of bone markers and 
ALP activity (Paper VI). 

The experimental work presented in this thesis was performed in the Cell Therapy and Tissue 
Engineering (TERCIT) group at the Research Institute on Health Science (IUNICS) at the University of 
Balearic Islands, except the animal study presented in Paper VI, which was carried out in the 
Department of Biomaterials at the University of Oslo. hUC-MSCs were a donation from the “Fundació 
Banc de Sang i Teixits de les Illes Balears”. 
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3. Methodological considerations 
This chapter intends to discuss methods used in 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 equipments, materials and specific methods used we refer to the “Material and Methods” 
sections of each individual paper (Papers I-VI). Figure 3.1 gives an overview of the different methods 
used for the methodological approach.  

 

Figure 3.1. Overview of the methodological approach. Specific methods are listed and referred to the 
papers in which each method was performed. Roman numbers refer to the papers. 
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3.1.  Preparation and optimization of the coating 

During the development of the coating throughout this thesis, several variables affecting the 
resulting coating composition were taken into account. The following sections describe in detail the 
preparation of the coating and the considerations taken into account to improve its bioactivity and 
performance.    

3.1.1. Materials 

In this thesis, we first used polystyrene surfaces in order to validate osteoblast production of 
active vitamin D (1,25-D3) in response to  exogenous 7-DHC with and without UV irradiation (Paper I). 
This paper constitutes the basis for the next studies on titanium (Ti) disks to assess the feasibility of 
UV-irradiated 7-DHC as a bioactive coating for orthopedic and dental implants (Papers II-VI). Ti was 
selected as the study material since it is the most common material used for endosseous implants due 
to its outstanding physical and biological properties (Niinomi, 2003). For the in vitro studies, Ti disks 
used were all made of grade 4 with a diameter of 6.25 mm and a height of 1.95 mm. All disks were 
machined from cp Ti rods and subsequently ground, polished and cleaned to completely remove 
debris. Briefly, Ti disks were washed in a glass beaker with deionized (DI) water for 30 s, with 70% 
ethanol for 30s, and in an ultrasonic bath in DI water at 40ºC for 5 min. The implants were 
subsequently placed in 40% NaOH solution in a water bath at 40ºC for 10 min, sonicated in DI water 
for 5 min and then washed with DI water until pH reached six. Afterwards, the implants were sonicated 
in DI water at 50ºC for 5 min, placed in 50% HNO3 solution at 50ºC for 10 min and sonicated in DI 
water for another 5 min. Ti disks were then washed with DI water until pH reached six and stored in 
70% ethanol prior to surface modification.  

Whilst machined Ti implants are usually used for in vitro studies because they facilitate cell 
adhesion and proliferation, rough Ti implants are used for in vivo studies as they promote the 
osseointegration process (Le Guéhennec et al., 2007). Thus, for the in vivo study (Paper VI), Ti disks 
were blasted with TiO2 particles using 90-110 µm particle size fraction. Briefly, disks were mounted on 
a silicone holder and kept at a distance of approximately 20 mm from the jet nozzle and the particle 
stream hit the surface at an angle of 90º. The blasting process was carried out with repeated vertical 
and horizontal movements during 8 s and the air pressure used was 0.5 MPa. After blasting, Ti disks 
were cleaned with trichloroethylene in an ultrasonic bath for 30 min and then rinsed with 100% ethanol 
in an ultrasonic bath for 10 min (3 times). Cleaned disks were finally rinsed with DI water.  

 
3.1.2. Coating with the vitamin D precursor 
 
For the surface modification, 7-DHC (Sigma, St. Louis, MO) was dissolved in absolute ethanol 

and further filtered with a 0.22 mm pore size filter before use. Surfaces were coated with 10 µL of 
increasing doses of 7-DHC: 2 × 10−3 nmol, 2 × 10−2 nmol, 0.2 nmol, 2 nmol and 20 nmol per well 
(Paper I) or 0.2 nmol per Ti disk (Paper II), having the polystyrene well and the Ti disk the same 
surface area. For the in vivo analysis (Paper VI), a higher dose of 7-DHC (2 nmol/ Ti disk) was also 
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studied, as explained later in this section. UVB irradiation at the optimal wavelength and during the 
right time is an important factor for the synthesis of preD3. Indeed, the use of long irradiation periods 
or long wavelengths can lead to the synthesis of irreversible or undesired products (Braun et al., 
1991). For this reason, in this thesis we irradiated with a wavelength of 302 nm since it was previously 
reported to be the wavelength at which the maximum conversion of 7-DHC into preD3 is achieved 
(Lehmann et al., 2001). Thus, a UV lamp (UVP, Upland, CA, USA) of 302 nm was used at an intensity 
of 6 mW cm-2, either during 30 min (Paper I) or at increasing UV exposure times of 0, 5, 10, 15, 30 min 
(Paper II). After this study, a 7-DHC dose of 0.2 nmol/Ti disk and a UV exposure time of 15 min were 
selected and applied for the coating of Ti disks and its biological evaluation in further studies (Papers 
III-VI). 

During the development of this doctoral research, the coating composition was optimized by 
adding an antioxidant agent and by testing the incubation conditions after UV irradiation in order to 
promote the isomerization process towards D3. On one hand, 7-DHC and its photoproducts are 
sensitive to light, heat and oxygen; indeed, 7-DHC is the most reactive lipid known to maintain a 
peroxidative free radical reaction (Porter, 2013). Thus, we hypothesized that the addition of VitE would 
reduce its oxidation. Then, 7-DHC was supplemented with VitE (Sigma, St. Louis, MO). The selection 
of VitE as the chosen antioxidant agent was due to its similar solubility properties to 7-DHC and to its 
positive effects on bone. Indeed, VitE suppresses the production of several cytokines involved in 
increased bone loss (Nazrun et al., 2012) and prevents bone resorption as oxygen-free radicals are 
linked to osteoclast formation and activation (Lee, 2005). Therefore different doses of VitE (20:1, 5:1, 
1:1; 7-DHC:VitE) on a mass-to-mass (m:m) basis were evaluated (Paper IV), as this antioxidant may 
have a prooxidant effect at high concentrations (Ouchi et al., 2009). On the other hand, since the 
isomerization of preD3 into D3 is a time and temperature reaction (Holick, 1981), we improved the final 
D3 synthesis onto the Ti surfaces by including an incubation step, with controlled time and 
temperature conditions, after the UV-irradiation of 7-DHC:VitE. UV-irradiation of 7-DHC produces the 
formation of preD3 which further isomerizes via heat to D3 but also to other secondary products. In 
order to favour the isomerization process towards the D3 metabolite, several temperatures (-20, 4 and 
23ºC) and incubation times (0, 24, 48 and 96h) were tested in Paper IV.  

Further investigations in vitro (Papers V and VI) were carried out using 10 µL of 0.2 nmol 7-DHC 
supplemented with VitE (1:1; m:m) per Ti disk and an incubation step for the coating (48h at 23ºC), 
immediately after the UV-activation process, as shown in Figure 3.2. The main limitation of these in 
vitro methods is the result of the direct extrapolation of in vitro data to the in vivo situation, since there 
exists numerous differences between in vitro and in vivo compound biokinetics that difficult the 
assessment of the concentration at which the compound is bioactive and relevant to in vivo dose 
levels (Davila et al., 1998). With the aim of obtaining a bioactive response in vivo, besides the dose 
studied in vitro, we also evaluated a higher dose of 7-DHC:VitE (2 nmols/Ti disk) in the in vivo 
experiment (Paper VI).  
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Figure 3.2 Final coating procedure for Ti implants. Addition of VitE and an incubation step with 

controlled time and temperature conditions were introduced in order to promote the D3 synthesis over the Ti 
surface (Papers IV, V and VI). 

 

3.1.3. Storage conditions 

Implants used in clinical practice need to maintain their stability for a certain period of time. On 
that basis, we evaluated the stability and bioactivity of the coating after storage up to 12 weeks (Paper 
VI). Thus, coated surfaces were stored avoiding light, oxygen and moisture at different temperatures 
(-20, 4 and 23ºC) for 21 days to assess the best storage condition. Next, modified implants were 
stored under the selected temperature conditions up to 12 weeks and their coating composition and 
biological activity were analysed (Paper VI).  

3.2. Chemical surface characterization  

Surface characterization methods are important to measure critical chemical properties of 
biomaterial coatings. In this thesis, we determined the resulting metabolite composition of the UV-
irradiated 7-DHC coated surfaces using high performance liquid chromatography (HPLC); whilst the 
changes in the chemistry of the coating after UV-irradiation were assessed through Fourier transform 
infrared spectroscopy (FTIR). 

 
3.2.1. High performance liquid chromatography (HPLC) 

HPLC was the technique used to quantify the coating composition in all the studies (Papers I-VI). 
HPLC is an analytical technique with high separation power and sensitive detection that allows 
performing very precise and highly reproducible analysis. Alternatively, vitamin D metabolites have 
been measured by other techniques including gas chromatography-mass spectrometry (Hugh L. J. 
Makin, 1984) and Enzyme-Linked ImmunoSorbent Assay (ELISA) (see page 46). However, HPLC is 
considered to be the “gold standard” for measuring vitamin D metabolites compared with other 
techniques (Lensmeyer et al., 2006). Despite its advantages, HPLC can be costly since it requires 
larger quantities of expensive organics and it can also be complex to troubleshoot problems. But it is 
extremely accurate and efficient. For preparing the mobile phase, we used methanol (HPLC gradient 
grade), acetonitrile, tetrahydrofurane (Thermo Fisher Scientific, MA, USA) and high-purity DI Milli-Q 
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water (Millipore Corporation, Billerica, MA, USA). Individual stock standard solutions of 7-DHC, D3 and 
VitE were prepared in methanol and stored at −20 °C.  

The coating of each surface was extracted by adding 100 µL of ‘methanol–acetonitrile–
tetrahydrofurane–water’ (67 : 16 : 2 : 15, v : v) to each well or Ti disk. The content of three replicate 
wells was mixed and an aliquot of 100 µL was injected into the HPLC system. The analysis was 
carried out using a Waters liquid chromatographic system (Milford, MA, USA), equipped with a 
refrigerated automatic injector WISP700 and a 600 pump system, connected to a Waters 996 
photodiode array (PDA) detector. For data analysis, Empower software was used (Waters, Milford, 
MA, USA). Detection was carried out at 282 nm. Sample components were separated using a Nova 
Pak C18 column (Waters) which was previously set to 30 °C. Two solvents, A: ‘methanol–acetonitrile– 
tetrahydrofurane–water’ (67 : 16 : 2 : 15, v : v) and B: ‘methanol– acetonitrile–tetrahydrofurane’ (75 : 
20 : 5, v : v), were used in the gradient elution mode as the mobile phase. The binary gradient used 
was as follows: from 5% B to 90% B in 3 minutes, held for 9.5 min at 90% B, from 90% B to 5% B in 1 
minute and equilibrated between injections at the initial conditions for 5 min (total run time = 15 min + 
5 min equilibration between injections). Quantification was performed by integration of the peak area 
of the corresponding analyte and interpolation of the peak area in the standard curves. 

3.2.2. Fourier transform infrared spectroscopy (FTIR) 

Assessment of the surface chemistry was performed in order to detect the effect of UV irradiation 
on vitamin D conversion. In this thesis (Paper II), FTIR spectroscopy in reflective mode (DRIFT, 
Spectrum 100, Perkin Elmer, USA) was used to analyze structural changes of 7-DHC after 0, 15, 30 
and 60 min of UV irradiation. This technique is highly sensitive and quick to achieve high quality 
spectrum. Furthermore, it offers higher signal-to-noise and speeds than spectrometers that use 
gratings (Chittur, 1998). FTIR uses light in the infrared (IR) region to excite the specimen and induce a 
change of the vibrational and rotational state of its molecules. Then, the specific vibrational frequency 
of a molecule defines which frequency of the IR light is absorbed. This signal is further detected by a 
detector allowing the identification of molecular components and structures (Smith, 2011). Ti disks 
were coated with 7-DHC or D3 and UV-irradiated as previously described in Section 3.1.2. Untreated 
Ti disks equally UV-irradiated were considered as a background for the FTIR measurements. FTIR 
spectra were analyzed for typical absorbances connected to changes in chemical structure of 7-DHC 
and D3 after UV exposure of the coatings. Spectrum program (version 6.3.2.0151, PerkinElmer, Inc. 
Waltham, USA) was used for data spectra analysis. Typical peak areas were fitted quantified with 
CasaXPS (version 2.3.15, Casa Software Ltd). 

3.3. Biological surface characterization  

Biological characterization of our modified surfaces was conducted by in vitro cell culture 
techniques using several cell types and analyzing the cell response to the surface modifications in 
terms of cytotoxicity, cell morphology, proliferation, differentiation, and mineralization and wound 
healing analyses. Finally, an animal study was carried out to evaluate the biological response to the 
modified surfaces in vivo and thus, compare the results with the previous in vitro ones. Taken 
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together, all the methods used in this work provide a detailed evaluation of the biological response to 
the vitamin D precursor coating under investigation.  

 
3.3.1. Cell culture 

This thesis used in vitro studies to evaluate the biological performance of Ti implants coated with 
the vitamin D precursor. The use of in vitro experiments provides a cost effective screening of the 
biocompatibility and bioactivity of different modified surfaces on the biological response. Also, in vitro 
studies give a simplified reflection of the in vivo situation in controlled defined conditions.  

In this work, four different types of in vitro cell models were used, including cells involved in both 
hard (osteoblasts, mesenchymal stem cells and osteoclasts) and soft (gingival fibroblasts) tissues. 

Osteoblasts 

The murine osteoblast cell line MC3T3-E1 (Figure 3.3) was used (Papers I, II and VI). This cell 
line comes from an established osteogenic cell line from newborn mouse calvaria that has the 
capacity to differentiate into osteoblast-like cells and to form calcified bone tissue (Sudo et al., 1983). 
The advantage of immortal cell lines over primary cells is the ease of culture and increased 
phenotypic stability with serial passages, what results in increased reproducibility of results in 
independently conducted experiments. However, immortal cells might show characteristics less close 
to actual in vivo situations. Interestingly, MC3T3-E1 pre-osteoblastic cells have been widely used to 
study bone tissue development in vitro because they undergo a developmental sequence of 
proliferation and differentiation similar to primary cells in culture (Peterson et al., 2004). Furthermore, 
MC3T3-E1 cells are often used as an in vitro model for the cell-material interaction studies 
(Czekanska et al., 2012). Therefore, this cell line was chosen as an in vitro model for studying the 
biological effect of our coating. Cells were cultured in alpha-MEM culture medium, which includes 
ascorbic acid and phosphate for cell mineralization.  

 

 

 

 

 

 

Figure 3.3. Typical elongated and spindle MC3T3-E1 cell morphology. Visualization by confocal 
microscope (scale bar = 50µm) of MC3T3-E1 cells cultured on Ti implants. Cell nuclei are shown in blue 

(DAPI staining) and actin filaments are shown in green (phalloidin-FITC staining). 
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Mesenchymal stem cells (MSCs) 

In this thesis also primary cell cultures were used to evaluate the potential of modified surfaces to 
stimulate differentiation of MSCs commited to the osteogenic lineage (Paper III). Although functionally 
differentiated primary cell cultures have a limited life span compared to cell lines, the use of primary 
cell cultures reflects better the in vivo situation. MSCs are multipotent cells with capacity to 
differentiate into a variety of cell lineages, including bone cells. MSCs are the main source of 
osteoprogenitor cells and are involved in normal skeletal homeostasis and bone regeneration 
(Deschaseaux et al., 2009).  
Therefore, we used hUC-MSCs to evaluate the biological effect of our coating (Figure 3.4).  hUC-
MSCs were previously isolated from umbilical cords obtained in the process of human umbilical cord 
blood donations under the Concordia Cord Blood Donation program. Flow cytometry confirmed that 
the resulting cells isolated fulfilled the criteria of a MSC population (Dominici et al., 2006). Thus, cells 
did not express CD34, CD45, CD31, and HLA-DR, whereas were positive for CD105, CD90, and 
CD73. Variables among different donors were taken into account by using two different donors to 
improve validity of our data. In order to induce hUC-MSCs differentiation into the osteogenic lineage, 
cells were cultured in DMEM/Glutamax/Low glucose medium supplemented with dexamethasone (10 
nM), ascorbic acid (50 µg/mL) and β-glycerophosphate (10 mM). These osteogenic supplements are 
known to be necessary for MSCs to differentiate to osteoblastic cells (Jaiswal et al., 1997).  

 

 

 

 

 

Figure 3.4. Human UC-MSC cell morphology when cultured with osteogenic supplements. Visualization 
by confocal microscope (scale bar = 50µm) of hUC-MSCs cultured on Ti implants. Cell nuclei are shown in 

blue (DAPI staining) and actin filaments are shown in green (phalloidin-FITC staining). 

Osteoclasts 

Successful osseointegration of an implant is accomplished by balanced bone remodeling in 
which both osteoblasts and osteoclasts play an essential role. Thus, murine macrophage cell line 
RAW264.7 (Figure 3.5) was used to evaluate the effect of modified implants on osteoclastogenesis 
(Paper IV). RAW264.7 cell line is proven to be an important tool for in vitro studies of osteoclast 
formation and function, having particular advantages over the use of osteoclasts generated from bone 
marrow populations or directly isolated from murine bones (Collin-Osdoby and Osdoby, 2012). 
Furthermore, RAW264.7 cells allow a sensitive and rapid development into highly bone-resorptive 
osteoclasts expressing hallmark characteristics once RANKL stimulated. For these reasons, we chose 
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this cell line to study the effect of our coating on osteoclast behavior. RAW264.7 cells were cultured in 
DMEM medium and, after an overnight period, 4 ng/mL of RANKL were added to culture medium to 
stimulate osteoclast formation. After 4 days of cell culture with RANKL stimulation, osteoclast 
formation was observed in control surfaces.  

 

 

 

 

 

 

Figure 3.5. RAW264.7 cell morphology when cultured with RANKL addition. Visualization of RAW264.7 
cells cultured on Ti implants by confocal microscope (Scale bar = 25µm). Formation of multinucleated cells 

and Trap expression was observed. Cell nuclei are shown in blue (DAPI staining) and Trap protein is shown in 
red (anti-Trap labeled with Cy3). 

Gingival fibroblasts 

As dental implants require the integration of the implant in both hard and soft tissue, we 
investigated the effect of our modified surfaces on HGFs. Although several cell types have been 
identified within gingival connective tissue, HGFs account for most connective tissue cells. HGFs 
(Figure 3.6) synthesize many ECM components and play a significant role in the constant adaptation 
of gingival connective tissue, the wound repopulation and the attachment  to the implant after its 
installation (Bartold et al., 2000; Palaiologou et al., 2001; Abiko et al., 2004). Therefore, we evaluated 
the effect of modified Ti implants on HGF cell response (Paper V). Since several donors must be 
considered when using primary cells, we used three different donors of primary HGFs (Provitro 
GmbH, Berlin, Germany).  

 

 

 

 

 

Figure 3.6. Characteristic fibroblastic cell morphology of HGFs. Visualization of extensive cell spreading 
over the Ti implant by confocal microscope (Scale bar = 50µm). Cell nuclei are shown in blue (DAPI staining) 

and actin filaments are shown in green (phalloidin-FITC staining). 
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3.3.2. Cell response evaluation 

Assessment of cell response to biomaterial surfaces is the basis for understanding the biological 
potential of the studied coating. Thus, several cell responses such as cell viability, morphology, 
proliferation, differentiation, mineralization and wound healing were used to evaluate the modified 
surfaces providing basis for further selection of the coating with the best biological performance. 

 Cell viability: Lactate dehydrogenase (LDH) activity  

One of the most important characteristics that a biomaterial must possess is biocompatibility (Van 
Tienhoven et al., 2006). LDH is a frequently used method to detect cell viability in bone (Acton, 2012). 
LDH is an intracellular enzyme that is released to the culture medium when the cell membrane 
becomes disrupted upon damage. It is a simple colorimetric assay that measures the LDH by 
assessing spectroscopically the rate of oxidation of NADH at 490 nm in the presence of pyruvate. This 
enzyme can be used to quantify cytotoxicity either in vitro or in vivo. Thus, tissue necrosis at the bone-
implant interface can be determined using this method. Furthermore, by performing this assay, it is 
possible to measure the adverse effects induced by different treatments or biomaterials when are in 
contact with cells. For all these reasons, in this thesis we used this assay to assess the 
biocompatibility of the modified surfaces both in vitro (Papers I-VI) and in vivo (Paper VI). 

Alternatively, the biocompatibility of the biomaterials can also be measured through the 
assessment of changes in membrane integrity by using trypan blue exclusion test or by using nucleic 
acid staining with propidium iodide or through assessment of the metabolic activity by the tetrazolium 
salt (MTT) assay. 

 Cell morphology and proliferation 

Physico-chemical properties of biomaterials influence cell behavior, affecting their morphology 
and proliferation on the surface as well as regulating their cytoskeletal organization (Thevenot et al., 
2008; Lin et al., 2011). Thus, in this thesis we evaluated cell morphology (Papers II-V) using confocal 
microscopy or scanning electron microscopy (SEM) and cell proliferation (Paper II) by quantifying the 
DNA content. Cell proliferation is also frequently measured by examining the metabolic activity of a 
population of cells through tetrazolium salts (MTT or WST-1) or resazurin. However, metabolic assays 
are subject to numerous variables, including their chemical dependency on the efficiency of metabolic 
enzymes, and are therefore not optimal methods for assessing cell proliferation (Quent et al., 2010). 

Confocal laser scanning microscopy (CLSM) 

Fluorescence imaging is a basic and useful tool for visualizing cells and tissues in biological 
sciences (Wu et al., 2010). This technique is based on labeling specimens with fluorophores. 
Fluorescence imaging can be performed with conventional fluorescence microscopy or with confocal 
microscopy. The first one is commonly used for fluorescence microscopy of thin fixed samples whilst 
confocal microscopy is more appropriate for thicker samples (Wu et al., 2010). CLSM is a very 
common method for fluorescence microscopy of fixed samples since it enables the collection of light 
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from a focal plane within a sample. Thus, it allows image capture at higher quality when compared 
with conventional fluorescent microscopy. Indeed, fine detail is often obscured by the haze and cannot 
be detected in a non-confocal fluorescent microscope (Corle and Kino, 1996). Therefore, we used in 
this thesis confocal microscopy (Leica DMI 4000B equipped with a Leica TCS SPE laser system) to 
visualize cell morphology of different cells cultured onto the modified Ti implants (Papers II-V).  

Scanning electron microscopy (SEM) 

SEM is the most used electron microscopy approach to analyse cell surfaces. Images are 
obtained either by the secondary electrons generated following the interaction of an electron beam 
with the sample or by backscattering electrons (Figure 3.7). However, it requires the fixation of 
biological samples and therefore, the image produced does not reflect the natural state of the 
specimen. Also working under high vacuum state affects the specimen under investigation 
(Yaszemski MJ et al., 2003). One important advantage of SEM is that the whole surface of the cell can 
be visualized allowing accurate quantitative determination of the density of labelling (Souza, 2007). 
Thus, this approach provides information about sample surface composition at high magnification. In 
this thesis SEM was used for imaging the cell attachment and morphology to the modified Ti surfaces 
(Paper II). To achieve this, cells were fixed and dried to preserve their structure under high vacuum 
conditions. Images of cells were captured using SEM Hitachi S-3400N (Hitachi High-Technologies 
Europe GmbH, Krefeld, Germany). 

 

Figure 3.7. Visualization of MC3T3-E1 (A) and RAW264.7 (B) cell morphology using SEM. Images 
were obtained using environmental secondary electron detector (A) and backscattered electron detector (B). 

DNA content quantification 

The number of cells can be estimated from the quantification of the DNA content. Thus, this 
result provides information about the rate of cell proliferation. Although there are many different 
methods to quantitate DNA, most of them have disadvantages that preclude their use. For instance, 
absorbance measurements at 260 nm is the most commonly used method for DNA quantification but 
it suffers from the interfering absorbance of contaminating molecules that introduce high variability 
and error. Hoechst dye circumvents these problems and it is known to be an accurate, sensitive and 
specific method for quantifying DNA (Rao and Otto, 1992). Therefore, in this thesis we quantified the 
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DNA content (Paper II) using Hoechst dye. Fluorescence was measured at λexcitation= 356 nm and 
λemission= 465 nm and the cell number was calculated using a linear standard curve.   

 Real time reverse transcription polymerase chain reaction (Real-time RT-PCR) 

Several techniques can be used to detect specific mRNA sequences, including northern blot, in 
situ hybridization, conventional RT-PCR or real time RT-PCR. Among them, real-time PCR provides a 
quantitative, sensitive and fast method for the detection of specific mRNA sequences. In contrast to 
northern blot and ribonucleases protective assay (RPA), real-time PCR allows detection of mRNA 
sequences from very tiny amounts of sample, including the nanogram level. Furthermore, it offers 
many general technical advantages, such as reduced probabilities of variability and contamination, as 
well as online monitoring and the lack of need for post-reaction analyses. Thus, we used this method 
to evaluate the effect of our modified surfaces on cell behavior by analyzing the mRNA expression 
levels of different key markers (Papers I-VI). 

Total RNA was isolated from cells (in vitro) or bone tissue attached to extracted Ti implants (in 
vivo) by using a monophasic solution of phenol and guanidine thiocynate (TriPure®, Roche 
Diagnostics, Mannheim, Germany; TRIzol®, Invitrogen Life Technologies, Carlsbad, CA, USA). After 
RNA isolation, the same amount of total RNA in each experiment was retro-transcribed to its 
complementary DNA chain (cDNA) which was further used as template for real-time RT-PCR.  

Retro-transcription of RNA to cDNA was primed by a mixture of random primers and oligo(dT) 
primers for the in vitro studies and random primers for the in vivo study. On the one hand, oligo(dT) 
primers allow the study of different targets from the same cDNA pool but also require full-length RNA. 
On the other hand, random hexamers allow synthesis of large pools of cDNA but the resulting 
amplification may not be quantitative if the mRNA target is at low levels. Thus, selection of appropriate 
RT primers depends on the target abundance, so we used these RT primers to guarantee synthesis of 
cDNA from RNA samples from tiny samples obtained in vitro and from the bone tissue in vivo. Next 
step includes the amplification of the specific cDNA-sequence by polymerase chain reaction (PCR) to 
a large amount of copies. In this step, specific primers for the target gene of study are required. In this 
thesis, specific primers for each target gene were designed using the Primer-Blast tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast) and taking into account the considerations for 
designing primers for real-time PCR (Thornton and Basu, 2011). The main parameters to be 
considered when designing real-time PCR primers are as follows: (i) Primer length: The optimal length 
of primers is 18-24 pb, long enough to be specific but short enough to bind easily to the template; (ii) 
Product size: An ideal amplicon should be between 80-150 pb, to give enough time to polymerase to 
finish each amplification cycle. (iii) GC clamp: The 5’ stability depends of how stable is the 5’ end due 
to the amount of Gs or Cs present in the end of the primer. Having 1 or 2 GC clamps are ideal as it 
makes it more specific. (iv) Primer melting temperature: This temperature should be between 59 and 
68ºC. (v) Primers should be designed to span an exon-exon junction in order to avoid false positive 
signals. 
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Real-time PCR monitors the reaction providing information of the amplification process at real 
time. To achieve this, a fluorescence dye or probe is introduced into the reaction and binds to each 
new copy of double-stranded DNA (dsDNA). Therefore, as PCR progresses, more amplified products 
are obtained and more fluorescent signal is produced as a result. Each reaction cycle is characterized 
by the crossing point (Cp) at which fluorescence first arise above defined background fluorescence. In 
this thesis, we used SYBR-Green as intercalating dye since it is the simplest method to detect 
amplicons. SYBR-Green intercalates into dsDNA thus increasing the fluorescent signal as SYBR-
Green binds to the nascent dsDNA. The inconvenient of this dye is that it binds to any dsDNA, 
including primer-dimer or other non-specific reaction products (Bustin, 2000). Alternatively, other 
fluorescent probes used for real-time RT-PCR applications include fluorophores attached to primers 
and hybridization-probe based methods. However, the first ones usually require company-specific 
design software for optimal performance, and the second ones involve higher costs and occasional 
fragility of the probes.  

Besides the target genes, reference or internal control genes are required to be analyzed to 
minimize differences in the amount of biological material and to compare mRNA concentrations 
across different samples. Normalization is an essential component of a reliable real-time PCR assay 
because it controls variations in extraction yield and efficacy of amplification (Bustin et al., 2009). 
These reference genes are constitutive genes required for the maintenance of basic cellular functions 
and expressed in all cells of an organism under normal and pathological conditions. Therefore these 
genes should have similar mRNA levels in all samples. However, some reference genes may vary 
depending on the experimental conditions. In the analyses performed in this thesis, three well 
described reference genes (Willems et al., 2006) were considered for normalization of mRNA levels: 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal RNA 18S (18S) and β-actin. 
Stability of these reference genes was calculated using the Best-Keeper tool (Pfaffl et al., 2004). For 
the data analysis, we constructed standard curves for each target and reference gene by considering 
Cp values and cDNA concentrations. Therefore, all samples were normalized by the geometric mean 
of the expression levels of the reference genes and relative mRNA levels were calculated using the 
mathematical model described by Pfaffl (Pfaffl, 2001).  

In order to perform and interprete the qPCR results in a reliable manner, we followed the 
considerations of the Minimum information for Publication of Quantitative Real-Time PCR Experiments 
(MIQE) guidelines. It describes the minimum information required to evaluate qPCR experiments in 
terms of nomenclature standardization and accuracy in the assay performance and further data 
analysis (Bustin et al., 2009). Thus, following these guidelines, we analyzed the mRNA levels of 
several markers along this thesis, depending on the cell type considered in each study. The function 
and importance of the different marker genes are described below (Tables 3.1 - 3-5): 
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Table 3.1. List of markers involved in osteogenic differentiation analyzed in the different studies. 

 

 

 

 

 

 

 

ALP 

ALP is an early marker of osteoblast differentiation involved in hydroxyapatite deposition and its 
expression is increased during ECM maturation, just before mineralization is initiated (Stein et al., 
1996; Golub et al., 1992). 

BMP2  

BMP2 plays a relevant role in osteogenesis since it regulates osteoblast phenotype development 
at different stages, stimulating osteoblast cell adhesion, migration, differentiation and bone matrix 
mineralization (Lai and Cheng, 2005). 

COLL1 

It is the most abundant type of all collagen ones. Its synthesis occurs at early stage (Stein et al., 
1996) and it provides bone flexibility and strength. COLL1 serves as a scaffolding for mineral 
components  (Robey, 2008). 

IGF1  

IGF plays a central role in cellular growth, differentiation, survival and cell cycle progression 
(Yakar et al., 2010). IGF1 participates in the acquisition and maintenance of bone (Yakar et al., 2002). 
Indeed, it appears to play a major role in bone remodeling and has a direct impact on 
linear bone growth. 

OC  

It is the major noncollagenous protein component of the bone ECM and is exclusively secreted 
by differentiated osteoblasts. OC regulates cell mineralization through binding to hydroxyapatite 
crystals (Boskey et al., 1998). 

 

 

Marker Paper 
ALP (Alkaline phosphatase) I, II 
BMP2 (Bone morphogenic protein 2) I, II, III, VI 
COLL1 (Collagen type I) I, II, III, VI 
IGF1 (Insulin-like growth factor) VI 
OC (Osteocalcin) I, II, III, VI 
OSX (Osterix) I, II 
RUNX2 (Runt related gene or CBFA1) III, VI 
SPARC (Secreted protein acidic and rich in cysteine or Osteonectin) III 
SPP1 (Secreted phosphoprotein 1 or Osteopontin) III 
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OSX  

This transcription factor is required for osteoblastic differentiation and bone formation during bone 
development (Zhou et al., 2010). It acts down-stream of Runx2 to induce preosteoblastic 
differentiation into fully functional osteoblasts (Tu et al., 2006). 

RUNX2  

It is an early transcriptional factor involved in the MSC differentiation towards the osteogenic 
lineage (Yamaguchi et al., 2000). RUNX2 regulates the expression of ECM protein genes (Komori et 
al., 1997) and osteoblastogenesis (Jensen et al., 2010). 

SPARC 

SPARC is involved in matrix mineralization, wound healing, tissue remodeling and fibrosis 
(Davies et al., 2006). It binds selectively to both hydroxyapatite and collagen in the bone. Osteoblasts 
secrete SPARC during bone formation, linking the bone mineral and collagen phases (Termine et al., 
1981). 

SPP1  

It is a noncollagenous protein present in bone matrix that plays a critical role in the maintenance 
of bone (Noda and Denhardt, 2008). SPP1 plays an important factor in bone remodeling since its role 
in anchoring osteoclasts to the mineral matrix of bone. It is expressed by both osteoblasts and 
osteoclasts (Sase et al., 2012). 

Table 3.2. List of markers involved in osteoclastic differentiation and bone resorption analyzed in 
the different studies. 

 

 

 

 

 

ADAM8  

ADAM8 is expressed at the later stages of osteoclast precursor differentiation. It enhances 
osteoclast precursor fusion resulting in the formation of multinucleated osteoclasts (Ishizuka et al., 
2011). 

Marker Paper 
ADAM8 (A Disintegrin and metalloproteinase domain-containing protein 8) IV 
CALCR (Calcitonin receptor) IV, VI 
CAR2 (Carbonic anhydrase II) IV 
CTSK (Cathepsine K) IV 
DC-STAMP (Dendritic-cell specific transmembrane protein) IV 
H+ATPase (Proton ATPase) IV, VI 
ITGAV (Integrin alpha-V) IV 
ITGB3 (Integrin beta-3) IV 
MMP9 (Matrix metalloproteinase-9) IV 
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CALCR  

CALCR is a G protein-coupled cell receptor that binds to the hormone calcitonin, which is 
involved in osteoclast formation and bone resorption (Takahashi et al., 2008). Also, CALCR reduces 
osteoclast motility, spreading and bone resorbing activity (Horne and Baron, 2000). 

CAR2  

Carbonic anhydrases acidify the resorption lacuna in osteoclastic cells (Väänänen, 2008). CAR2 
expression is characteristic for the early stage of osteoclast differentiation, providing protons for bone 
resorption (Lehenkari et al., 1998). 

CTSK  

It is a major proteinase in the degradation of bone matrix in the resorption lacuna. Indeed, it is 
responsible for the degradation of COLL1 in osteoclast-mediated bone resorption (Wilson et al., 
2009). CTSK is highly expressed in osteoclasts and is secreted in the resorption lacuna (Väänänen, 
2008). 

DC-STAMP  

It is an essential molecule for osteoclasts since it stimulates fusion and activation of osteoclasts 
(Takahashi, et al., 2008). DC-STAMP is expressed in osteoclasts but no in machopages (Yagi et al., 
2005). 

H+ATPase  

This proton pump is expressed in the membrane of bone resorbing osteoclasts and mediates the 
acidification of the extracellular environment in resorption lacunae (Farina and Gagliardi, 2002).   

ITGAV  

Integrins mediate cell-cell and cell-matrix interactions. Alpha-V integrins comprise a subset 
sharing common alpha-V subunit combined with 1 of 5 beta subunits. Osteoclasts express the αvβ3 
integrin, an adhesion receptor involved in bone resorption (McHugh et al., 2000). This integrin plays a 
key role in osteoclast resorption since it mediates osteoclast attachment and spreading in vitro 
(Nakamura et al., 1999). 

ITGB3  

ITGB3 is the beta subunit of αvβ3 integrin. It seems to participate in the formation of the actin 
ring and normal ruffled border of osteoclasts (McHugh et al., 2000). Inhibition of ITGB3 in vitro 
decreased the ability of osteoclasts to bind and degrade bone (Nakamura et al., 1999; Engleman et 
al., 1997). 

MMP9  

MMPs may play a role in osteoclast migration, attachment/detachment and in regulating 
osteoclast behavior. In particular, MMP9 is a type IV collagenase that is highly expressed in 
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osteoclasts and plays an important role in degradation of ECM. However, the molecular mechanisms 
that regulate MMP-9 gene expression are unknown (Sundaram et al., 2007). 

TRAP  

TRAP is regarded as an important cytochemical marker of osteoclasts (Ballanti et al., 1997). It is 
localized in the transcytotic vesicles of resorbing osteoclasts and can generate highly destructive 
reactive oxygen species able to destroy collagen (Väänänen et al., 2000). Furthermore, it has been 
shown to partially dephosphorylate bone matrix phosphoproteins (Hayman et al., 2000). 

Table 3.3. List of markers involved in bone remodelling analyzed in the different studies. 

 

OPG  

OPG acts as a decoy receptor for RANKL and it is mainly produced by cells of the osteoblast 
lineage although it can also be produced by other cells in the bone marrow. It controls bone resorption 
by inhibiting the final differentiation and activation of osteoclasts and by inducing their apoptosis 
(Hadjidakis and Androulakis, 2006). Furthermore, HGFs have been reported to produce osteoclast-
stimulating or inhibiting cytokines involved in bone resorption, including OPG, which influence in the 
pathogenesis of periodontal diseases (Yucel-Lindberg and Båge, 2013).  

RANKL  

RANKL is mainly expressed by both bone marrow stromal cells and osteoblastic cells. It 
facilitates osteoclast formation via direct binding to the tumor necrosis factor receptor superfamily 
member 11 A (RANK) receptor on osteoclasts (Bellido et al., 2014). As in the case of OPG, RANKL is 
also expressed by HGFs, playing a role in osteoclastic bone destruction in periodontal disease (Yucel-
Lindberg and Båge, 2013). 

Table 3.4. List of markers involved in inflammatory processes analyzed in the different studies. 

 

 

 

 

Marker Paper 
OPG (Osteoprotegerin) I, II, V 
RANKL (Receptor Activator of Nuclear factor Kappa-β Ligand) I, II, V 

Marker Paper 
IL6 (Interleukin-6) I, II, V, VI 
IL8 (Interleukin-8) IV 
IL10 (Interleukin-10) V 
TNFα (Tumor necrosis factor alpha) VI 
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IL6  

It is a pleiotropic cytokine that stimulates bone resorption by recruiting mature osteoclasts and by 
activating them through an autocrine mechanism (Fiorito et al., 2003; Tilg et al., 1994). IL6 also 
stimulates osteoblast differentiation and bone formation (Taguchi et al., 1998) and it is associated with 
inflammatory periodontal tissues (Bartold and Haynes, 1991). 

IL8  

It is a proinflammatory cytokine that promotes neutrophil migration (Dunlevy and Couchman, 
1995). IL8 is implicated in inflammatory diseases including periodontitis, with elevated IL8 protein and 
mRNA levels in inflamed gingival tissue and patients with periodontitis (Yucel-Lindberg and Brunius, 
2006). 

IL10  

IL10 is an anti-inflammatory cytokine that plays a major role in suppressing immune and 
inflammatory responses. It presents a protective role toward tissue destruction, especially in inflamed 
gingival tissues, in which it enhances autoimmune responses by increasing the number of anti-
collagen secreting cells (Morandini et al., 2011). 

TNFα  

TNFα is secreted by macrophages, lymphocytes and monocytes and is considered one of the 
main cytokines related to inflammation and immune processes. Furthermore, it is involved in bone 
resorption by stimulating the differentiation and maturation of osteoclasts (Vitale and Ribeiro, 2007). 

Table 3.5. List of markers involved in gingival fibroblast differentiation analyzed in the different 
studies. 

 

 

 

 

 

 

ACTA2  

ACTA2 is found predominantly in smooth muscle but is also expressed in other specialized cells 
such as fibroblasts. It is important for cell motility and contraction processes during the wound healing 
(Rockey et al., 2013). 

 

Marker Paper 
ACTA2 (smooth muscle actin alpha 2) V 
COL3A1 (type III collagen alpha 1 chain) V 
EDN1 (Endothelin 1) V 
FN1 (Fibronectin 1) V 
MMP1 (Metalloproteinase 1) V 
TGFβ1 (Transforming growth factor B1) V 
TIMP1 (Tissue inhibitor of metalloproteinase 1) V 
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COL3A1  

COL3A1 is mainly distributed in skin, tendon, aorta and cornea and is required for restoring a 
normal wound-healing process (Zoppi et al., 2004). Its expression increases during HGFs 
differentiation (Gómez-Florit et al., 2014) which is associated with scarless wound healing (Satish and 
Kathju, 2010). 

EDN1  

It stimulates fibroblast and smooth muscle cell proliferation and stimulates fibroblast collagen 
metabolism (Dawes et al., 1996). Indeed, EDN1 increases fibroblasts migration and confers on them a 
more contractile phenotype what might lead to aggressive oral malignances (Hinsley et al., 2012). 

FN1  

FN1 is an important ECM molecule that promotes cell adhesion and it is strictly related to focal 
adhesion and fibroblast activation (Guillem-Marti et al., 2013). 

MMP1  

MMPs constitute a class of proteolytic enzymes responsible for the metabolism of ECM 
components and are expressed by most fibroblast cell lines (Cury et al., 2007). MMP1 initiates 
degradation of collagen (Domeij et al., 2002) and activated pro-inflammatory mediators that sustain 
inflammation in the gingival tissue (Cury et al., 2007). 

TGFB1  

It is involved in cell proliferation, differentiation and matrix production. TGFB1 is also involved in 
the wound repair process (Ashcroft et al., 1997) and an increased expression of TGFB1 is related to 
fibrosis (Hsu et al., 2010). 

TIMP1  

TIMPs inhibit MMPs activity by binding the active site of proteinases. TIMP1 is produced by many 
connective tissue cells, which also produce MMPs. Imbalance in the activities of MMPs and TIMPs 
might be important in many pathologic conditions associated with excess deposition of ECM (Kikuchi 
et al., 1997). 

 Enzyme-Linked ImmunoSorbent Assay (ELISA) 

ELISA is a sensitive immunoassay that uses an enzyme linked to an antibody to detect a specific 
antigen. The further detection occurs by means of a secondary antibody that has linked an enzyme 
which reacts with a colorless substrate to give an end product that can be measured 
spectrophotometrically. Thus, it is an accurate method to quantify an antigen although it requires a 
proper selection of reagents and the adjustment of the volume and sample dilution to achieve a 
successful detection. In this thesis, we determined the levels of secreted 25(OH)D3 and 1,25(OH)2D3 
metabolites by osteoblastic cells cultured over UV-irradiated 7-DHC implants (Paper I and II), 
confirming that these cells were able to produce the final vitamin D metabolite from the external 
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precursor. Furthermore, we determined the protein levels of MMP1 and TIMP1 in HGF (Paper V) in 
order to confirm the mRNA expression results.  

 Alkaline phosphatase (ALP) activity  

ALP is an ectoenzyme attached to the osteoblast cell membrane whose expression is required 
for initiating bone mineralization (Golub et al., 1992). Determination of ALP activity is based on a 
colorimetric method that measures the hydrolization of p-Nitrogenyl phosphate (pNPP) through the 
formation of a yellow end product that is spectrophotometrically measured at 405 nm. ALP activity 
was measured as an estimation of bone differentiation in both in vitro (Papers II, III and VI) and in vivo 
(Paper VI) studies. 

 Cell mineralization  

Inductively coupled atomic plasma emission spectroscopy (ICP-AES) 

ICP-AES is a highly sensitive and precise analytical technique for quantifying a wide range of 
elements present in a solution through the emission of electromagnetic radiation at wavelengths 
characteristic of each particular element from excited atoms by inductively coupled plasma. 
Furthermore, ICP-AES has been used to measure elemental composition, such as determination of 
calcium content, in biological cells (Nomizu et al., 1994). Nevertheless, this method requires taking 
special care to avoid contamination of samples and materials with calcium from external sources. On 
this basis, we used ICP-AES to quantify the total calcium content extracted from cell monolayers 
(Paper II). A standard curve using known calcium concentrations was performed. Thus, calcium 
content of each sample was calculated extrapolating the intensity of the emission from the standard 
curve.  

Calcein Blue staining 

Calcein Blue (also known as umbelliferone) is a fluorescent metal indicator that forms a highly 
fluorescent complex in the presence of alkaline metals such as Ca. Thus, the fluorescence of these 
complexes can be visualized with UV-irradiation. It has been used to label mineralized structures and, 
in comparison to other mineral staining such as alizarin red, calcein staining has several advantages: 
it is quicker, simpler and a more sensitive and inclusive method (Bauerlein, 2006). Given these 
properties, calcein blue is considered a useful method to monitor mineralized nodules formation in 
osteogenic cell cultures (Wang et al., 2006). Therefore, we determined bone-like nodule formation in 
hUC-MSCs (Paper III) by staining cells with calcein blue and further measuring fluorescence signal 
between 430 and 480 nm.   

 Wound healing assay 

The wound healing assay is a simple and inexpensive method to study cell migration and repair 
in vitro (Rodriguez et al., 2005). It involves creating a “wound” in a cell monolayer and comparing the 
cellular events related to the wound-healing response. However, it entails some limitations compared 
to other available methods, such as a relatively longer time to perform and a larger amount of cells 
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and chemicals (Liang et al., 2007). Notwithstanding the above, the wound healing assay is commonly 
used due to its facility to set up. Therefore, with the aim of studying cell repair, we evaluated the gene 
expression of several typical HGF markers after the wound healing assay to evaluate the effect of the 
modified Ti surfaces on HGF response (Paper V). First, cells were grown until confluence and then a 
scratch was created in the monolayer using a 10 µL tip. Cell monolayers were washed to remove cell 
debris and further allowed to close the scratch at standard cell culture conditions. Finally RNA was 
isolated as described before to study the mRNA levels of several markers.   

3.3.3. Animal study 

New Zealand White female rabbits were used for in vivo testing of the effect of UV-irradiated 7-
DHC:VitE Ti implants on osseointegration. According to the 3 R’s rule for good animal practice 
(http://oslovet.norecopa.no/3R), we used a limited number of animals. Thus, six female New Zealand 
White rabbits were used. Animals were kept in cages during the experimental period. The 
experiments were approved by the Norwegian Animal Research Authority (NARA) and the local 
ethical board.  

The animal model used in this thesis is a standardized and validated model that was previously 
established for studying bone attachment to Ti implant surfaces (Rønold and Ellingsen, 2002). 
Furthermore, this rabbit model has been shown to predict well the effect on humans. The placement 
of coin-shaped implants in the cortical bone (Figure 3.8) does not represent the clinical condition but 
limits the number of parameters that may influence the result (Monjo et al., 2008; Monjo et al., 2012). 
Therefore, PTFE (polytetrafluoroethylene) caps were used to cover the back side of the implants to 
prevent bone formation around and on the back side of the implant, which would make the pull-out 
measurements irrelevant.  

 

 

 

 

 

 

Figure 3.8. Placement of the modified Ti implants in the rabbit bone defect. PTFE caps cover the back 
side of the implants and Ti bond was used to avoid movements. 

Four implants were placed in the tibia of each rabbit, two on the left side and two on the right 
side, according to the predetermined randomization protocol. The surgical procedure was previously 
standardized and validated by Rønold et al (Rønold and Ellingsen, 2002). After eight weeks of 
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healing, animals were sacrificed and the effect of the bioactive modified surfaces was evaluated by 
assessing the bone-to-implant attachment strength, wound fluid analyses (LDH activity, ALP activity 
and protein content) and bone tissue analysis (gene expression of bone markers using real time RT-
PCR).  

 Bone tissue response 

Tensile removal force test 

Evaluation of the strength needed to detach the implants from the bone was determined by using 
a tensile removal test (Figure 3.9). This test is simple, relatively inexpensive and fully standardized. 
However, its main disadvantage is to ensure the correct alignment of the specimen. In this thesis 
(Paper VI), the detachment of the implants from the cortical bone was performed using a Lloyds LRX 
Materials testing machine (Lloyds Instruments Ltd, Segensworth, UK) fitted with a calibrated load-cell 
of 100 N. Cross-head sped range was set to 1.0 mm/min. Detailed information concerning this 
removal tensile test has been published elsewhere (Rønold and Ellingsen, 2002).  

 

 

 

 

 

 

 

Figure 3.9. Ti implant attached to the cable during the tensile removal test. 

Wound fluid analysis 

Wound fluid was taken from the wound sites after coin removal for determination of the adverse 
tissue response upon implantation (LDH activity) and for assessing mineralization at the bone implant 
interface (ALP activity). Two sterile filter papers of the same size of the coins were applied for one min 
in each drilled hole to adsorb wound healing and then transferred to microcentrifuge tubes containing 
200 µL of phosphate-buffered saline (PBS), and placed immediately on ice until LDH, ALP and protein 
analyses were performed as previously described in the 3.3.2. section. 

Bone tissue analysis 

Immediately after removal, implants were taken for further analysis of the peri-implant bone 
tissue attached to the Ti surfaces. RNA isolation and real-time RT-PCR were performed as previously 
described (Section 3.3.2). 
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3.4.  Statistical analysis 

For the data analysis Excel, GraphPad Prism and SPSS were used. Data were presented as 
mean values ± S.E.M. (standard deviation of the mean). Kolmogorov-Smirnov test was done to 
assume parametric or non-parametric distributions for the normality tests. Next, differences between 
groups were assessed by univariate analysis of variance (UNIANOVA) test followed by post-hoc 
pairwise comparisons using the minimum significance difference (DMS) test (Paper III). When ANOVA 
test was not suitable for data (Papers I, II, IV, V and VI), Mann-Whitney-test, Student t-test or paired t-
test were run depending on the normal distribution of the data and the population conditions. Results 
were considered statistically significant at p-values ≤ 0.05.  

Dose–response curves for 7-DHC were fitted with nonlinear regression analysis for sigmoid 
curves (GraphPad Prism), in order to evaluate the dose-response effect between the expression of 
the vitamin D hydroxylases and the secretion of the corresponding metabolites (Paper I). Also a non-
parametric correlation study was performed with Spearman’s correlation to find eventual correlation 
between hydroxylase expression and vitamin D metabolite secretion. Strong correlation was 
considered when 0.5<|r|<1. A positive |r| indicated a positive correlation. 

In general, the number of replicates in each group was regarded sufficient to record significant 
difference when comparing the different surfaces in vitro. A higher number of samples may have been 
better for the study in vivo but the limitation of the use of animals in research was taken in 
consideration according to the 3R’s rule. 



 

 

 

 

 
 
 
 
 
 
 
 
 
 

4.  Results
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UV-irradiated 7-dehydrocholesterol coating on
polystyrene surfaces is converted to active vitamin D
by osteoblastic MC3T3-E1 cells

María Satué, Alba Córdoba, Joana M. Ramis and Marta Monjo*

The aim of the present study was to determine the effects of UV irradiation on the conversion of

7-dehydrocholesterol (7-DHC), which has been coated onto a polystyrene surface, to cholecalciferol (D3),

and the resulting effect on the formation of vitamin D (1,25-D3) by MC3T3-E1 cells. The changes in gene

expression of the enzymes regulating its hydroxylation, Cyp27b1 and Cyp27a1, were monitored as well as

the net effect of the UV-treated 7-DHC coating on cell viability and osteoblast differentiation. MC3T3-E1

cells were found to express the enzymes required for synthesizing active 1,25-D3, and we found a dose-

dependent increase in the production of both 25-D3 and 1,25-D3 levels for UV-activated 7-DHC samples

unlike UV-untreated ones. Cell viability revealed no cytotoxic effect for any of the treatments, but only

for the highest dose of 7-DHC (20 nmol per well) that was UV-irradiated. Furthermore, osteoblast differ-

entiation was increased in cells treated with some of the higher doses of 7-DHC when UV-irradiated, as

shown by collagen-I, osterix and osteocalcin relative mRNA levels. The conversion of 7-DHC to preD3

exogenously by UV irradiation and later to 25-D3 by MC3T3-E1 cells was determined for the optimum

7-DHC dose (0.2 nmol per well), i.e. 8.6 ± 0.7% of UV-activated 7-DHC was converted to preD3 and 6.7 ±

2.8% of preD3 was finally converted to 25-D3 under the conditions studied. In conclusion, we demon-

strate that an exogenous coating of 7-DHC, when UV-irradiated, can be used to endogenously produce

active vitamin D. We hereby provide the scientific basis for UV-activated 7-DHC coating as a feasible

approach for implant therapeutics focused on bone regeneration.

1. Introduction

Among the numerous functions attributed to vitamin D,
current evidence suggests that its primary function is to facili-
tate the processes that are essential for the maintenance of a
healthy and mineralized skeleton. This hormone plays a key
role in calcium and phosphate homeostasis and a deficiency
would lead to resorption of bone, osteoporosis and reduced
bone mineralization.1,2 Thus, this vitamin has been linked to
many bone diseases, such as osteoporotic hip fractures.3

However, vitamin D status not only affects bone tissue, as it
has been linked also to muscle decline and myopathy due to
the inadequate level of the hormone.4–6 Vitamin D supplemen-
tation has shown to improve bone mineralization in patients
with chronic renal failure7,8 and to enhance muscle strength
and ability,9 which is associated with fewer falls and fractures
in elderly women.10 Other benefits of vitamin D include anti-
cancer11 and immunomodulatory actions.12

It is well established that ultraviolet irradiation is the major
source of vitamin D synthesis in the skin. 7-Dehydrocholesterol
(7-DHC) is a photolabile cholesterol precursor that is converted
to precholecalciferol (previtamin D3) when exposed to ultra-
violet B sunlight. The latter is transformed into cholecalciferol
(D3) and transported to the liver where it is hydroxylated at
carbon 25 on the side chain by vitamin D3 25-hydroxylase
(CYP27A1) to form the major circulating intermediary, 25-
hydroxyvitamin D3 (25-D3). Renal hydroxylation by 25-hydroxy-
vitamin D3-1alpha-hydroxylase (CYP27B1) transforms the previous
form into the biologically active steroid hormone, 1,25-dihydroxy-
vitamin D3 (1,25-D3) that is released into the circulation.13–15

Nevertheless, while it is clear that circulating levels of 1,25-D3

derive from kidney, there is evidence for extra renal synthesis
of 1,25-D3, including the skin,16–18 liver19 and a variety of
haemopoietic cells and tissues.20–22

Local production of 1,25-D3 in bone cells was first reported
by Howard et al. in 1981.23 They found that primary cultures of
human bone cells incubated with 25-D3 synthesized both
1,25-D3 and 24,25-D3, with specific activities similar in magni-
tude to those of the enzymes found in kidney cells.23 Ichikawa
et al. confirmed 1,25-D3 conversion from 25-D3 in mouse bone
cells and reported the expression of the Cyp27A1 mRNA in
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mouse osteoblasts.24 Lately, Cyp27B1 mRNA expression in
bone cells has been identified,25,26 and the role in osteoblast
differentiation and mineralization of locally produced 1,25-D3

has been evidenced.1,27,28 However, to the best of our know-
ledge, osteoblast production of active vitamin D (1,25-D3) in
response to exogenous 7-DHC coated on tissue culture plastic,
with and without UV irradiation, has never been shown.

Taking into account that the full enzymatic machinery respon-
sible for active vitamin D3 synthesis is present in bone cells,1,24

and given the described role of locally produced 1,25-D3 in osteo-
blast differentiation and mineralization,1,27,28 we hypothesized
that UV-irradiated 7-DHC could be converted to active vitamin D
by osteoblastic cells and could stimulate their differentiation.
Hence, in the present study we have provided the scientific basis
for the use of a UV-activated 7-DHC surface coating on a bio-
material surface, e.g. polystyrene, as a feasible and potential
approach to be used in therapeutics focused on bone regeneration
around titanium implants, e.g. coating bioactive titanium surfaces
with the vitamin D precursor 7-DHC that is further UV-irradiated.
A biomaterial surface that is previously coated with 7-DHC and
UV-irradiated could be used to actively improve osseointegration
in patients with reduced bone volume and quality or impaired
bone healing. It is well known that current bone implant research
is developing new strategies to produce more biocompatible
materials and to improve the osseointegration process.

Therefore, we determined the effects of UV-irradiation in
the conversion of a 7-DHC coating into previtamin D3, and the
resulting effect of the final 1,25-D3 synthesis by MC3T3-E1
cells. Changes in gene expression of the key enzymes regulat-
ing its hydroxylation, Cyp27b1 and Cyp27a1, were monitored
and also the net effect of UV-treated 7-DHC on cell viability
and osteoblast differentiation.

2. Experimental
2.1. Treatments with vitamin D metabolites

For the treatment with vitamin D metabolites, stock solutions
of 2 mM 7-dehydrocholesterol (7-DHC, Sigma, St. Louis, MO,
USA), 2 μM cholecalciferol (D3, Sigma, St. Louis, MO, USA),
and 2 μM 25-hydroxyvitamin D (25-D3, Sigma, St. Louis, MO,
USA) were prepared in absolute ethanol and filtered with a
0.22 mm pore size filter before use. Fourteen different groups
were prepared; 8 were non-irradiated: 7-DHC at different doses
(20 nmol, 2 nmol, 0.2 nmol, 2 × 10−2 nmol, and 2 × 10−3 nmol
per well), 2 × 10−2 nmol D3 per well, 2 × 10−2 nmol 25-D3 per
well and ethanol; and 6 were UV-irradiated: 7-DHC at the same
different doses (20 nmol, 2 nmol, 0.2 nmol, 2 × 10−2 nmol and
2 × 10−3 nmol per well) and ethanol.

To treat polystyrene tissue culture plastic (TCP) wells, 10 μl
of each dilution treatment were left on the TCP surfaces
(30.68 mm2 of surface area per well) and were allowed to air-dry
for 15 min in the sterile flow bench. For UV-irradiation, a UV
lamp of 302 nm was used at an intensity of irradiation of 6 mW
cm−2 (UVP, Upland, CA, USA) during 30 minutes. Treated sur-
faces were immediately used for cell culture experiments.

2.2. Cell cultures

The mouse osteoblastic cell line MC3T3-E1 (DSMZ, Braunsch-
weig, Germany) was selected as an in vitro model. Cells were
routinely cultured at 37 °C in a humidified atmosphere of 5%
CO2, and maintained in α-MEM (PAA Laboratories GmbH,
Pasching, Austria) supplemented with 10% fetal calf serum
(FCS, PAA Laboratories GmbH, Pasching, Austria) and anti-
biotics (50 IU penicillin ml−1 and 50 μg streptomycin ml−1,
Sigma, St. Louis, MO, USA). Cells were subcultured 1 : 4 before
reaching confluence using PBS and trypsin/EDTA. All experi-
ments were performed after 8 passages of the MC3T3-E1 cells.

To test the effect of the different treatments onto the plastic
wells, 96-well plates were used. Cells grown on untreated TCP
were added as a control for all the experiments. Cells were
seeded at a density of 30 000 cells cm−2 and were maintained
in α-MEM supplemented with 10% FCS and antibiotics.
Culture media were collected after 48 h, to test cytotoxicity and
the production of the hydroxylated forms of vitamin D. Cells
were harvested after 2 days of culture using Trizol reagent
(Roche Diagnostics, Mannheim, Germany) to analyse early
gene expression response of several osteoblast differentiation
markers and enzymes involved in vitamin D synthesis using
real-time RT-PCR.

MC3T3-E1 cells were also seeded on TCP without treatment
and cultured up to 28 days to characterize the temporal gene
expression profile of the enzymes involved in vitamin D syn-
thesis. RT-PCR analyses were done after 1, 7, 14, 21 and 28
days of cell differentiation.

2.3. Determination of cell viability: LDH activity

Lactate dehydrogenase (LDH) activity in the culture media was
used as an index of cell death. LDH activity was determined
spectrophotometrically after 30 min incubation at 25 °C of
50 μl of culture and 50 μl of the reaction mixture by measuring
the oxidation of NADH at 490 nm in the presence of pyruvate
following the manufacturer’s protocol (Cytotoxicity Detection
Kit (LDH), Roche Diagnostics, Mannheim, Germany). Toxicity
was presented relative to the LDH activity in the media of cells
seeded on TCP without treatment (low control, 0% cell death)
and on cells grown on TCP treated with 1% Triton X-100 (high
control, 100% death), using the following equation:

Cytotoxicity ð%Þ ¼ ðexp: value� low controlÞ=
ðhigh control� low controlÞ � 100

2.4. Quantitative determination of 25(OH)D and 1,25(OH)2D
released to the culture media

25-D3 and 1,25-D3 released to the culture media after 2 days of
treatment were analysed by enzyme-linked immunosorbent
assay (ELISA). Aliquots from the culture media were centri-
fuged at 1800 rpm for 5 minutes at 4 °C and supernatants
were used for 25-D3 and 1,25-D3 determination following the
instructions described by the manufacturer (Immunodiagno-
stic Systems Ltd, Boldon, Tyne and Wear, UK).
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2.5. RNA isolation

RNA was isolated from cells using a monophasic solution of
phenol and guanidine thiocyanate (Trizol, Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s proto-
col. RNA was quantified at 260 nm using a Nanodrop spectro-
photometer (NanoDrop Technologies, Wilmington, DE, USA).

2.6. Real-time RT-PCR analysis

Total RNA previously isolated was reverse-transcribed to cDNA
using a High Capacity RNA to cDNA kit (Applied Biosystems,
Foster City, CA) according to the protocol of the supplier. The
same amount of total RNA from each sample was converted
into cDNA. Each cDNA was diluted 1/4 and aliquots were
stored at −20 °C until PCR reactions were carried out.

Real-time RT-PCR was performed for two reference genes:
18S ribosomal RNA (18S rRNA) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), and 11 target genes: alkaline phospha-
tase (Alp), interleukin 6 (Il-6), collagen-type 1 (Coll-1), osteocal-
cin (Oc), bone morphogenetic protein 2 (Bmp-2), osterix (Osx),
receptor activator of nuclear factor kappa-B ligand (Rankl),
osteoprogesterin (Opg) and the genes involved in vitamin D
synthesis such as vitamin D3 25-hydroxylase (Cyp27a1), 25
hydroxyvitamin D3-1-alpha hydroxylase (Cyp27b1) and 1,25-
dihydroxyvitamin D3 24-hydroxylase (Cyp24a1).

Real-time PCRs were performed in the Lightcycler 480®
(Roche Diagnostics, Germany). Each reaction contained 5 μl of
LightCycler-FastStart DNA MasterPLUS SYBR Green I (Roche Diag-
nostics, Mannheim, Germany), 0.5 μM of the sense and anti-
sense specific primers (Table 1) and 3 μl of the diluted cDNA in
a final volume of 10 μl. The normal amplification program con-
sisted of a preincubation step for denaturation of the template

cDNA (10 min, 95 °C), followed by 45 cycles consisting of a dena-
turation step (10 s 95 °C), an annealing step (10 s 60 °C, except
for Alp that was 10 s at 65 °C, Osx with 10 s at 68 °C and Cyp24a1
at 58 °C 10 s) and an extension step (10 s 72 °C). After each cycle,
fluorescence was measured at 72 °C. Every run included a nega-
tive control without cDNA template. To confirm amplification
specificity, PCR products were subjected to a melting curve ana-
lysis on the LightCycler and subsequently 2% agarose/TAE gel
electrophoresis, Tm and amplicon size, respectively.

To allow relative quantification after PCR, real-time efficien-
cies were calculated from the given slopes in LightCycler 480
software (Roche Diagnostics, Mannheim, Germany) using
serial dilutions. Relative quantification after PCR was calcu-
lated by normalizing the target gene concentration in each
sample by the concentration mean of the two reference genes
in a given sample using the “advanced relative quantification
method” provided by LightCycler 480 analysis software.

2.7. Determination of the conversion of 7-DHC to preD3 by
HPLC

The amounts of 7-DHC and preD3 present in the 0.2 nmol
group plastic surfaces after 30 min of UV irradiation were
quantified by HPLC. Results were compared with non-irra-
diated 7-DHC coated surfaces. Pure ethanol was used as the
control. All solvents used were HPLC or analytical grade.
Methanol (HPLC gradient grade), acetonitrile and tetrahydro-
furane (both HPLC grade) were purchased from Fisher Scienti-
fic (Thermo Fisher Scientific, MA, USA). High purity deionized
Milli-Q water was obtained from a Millipore system (Millipore
Corporation, Billerica, MA, USA). Absolute ethanol was pur-
chased from Scharlab (Barcelona, Spain). Individual stock

Table 1 Primer sequences used for real time RT-PCR. The primer sequences for target and reference genes, product size and accession number are shown

Name 5′-Sequence-3′ Product size Accession number

Alp S: AAC CCA GAC ACA AGC ATT CC 151 bp X13409
AS: GAG AGC GAA GGG TCA GTC AG

Bmp-2 S: GCT CCA CAA ACG AGA AAA GC 178 bp NM_007553.2
AS: AGC AAG GGG AAA AGG ACA CT

Coll-I S: AGA GCA TGA CCG ATG GAT TC 177 bp NM_007742.3
AS: CCT TCT TGA GGT TGC CAG TC

Cyp24a1 S: CTA TCG GGA CCA TCG CAA CGA AGC 158 bp NM_009996.3
S: GCC CCA TAA AAT CAG CCA AGA CCT CA

Cyp27a1 S: CGT CCT CTG CTG CCC TTT TGG AAG 247 bp NM_024264.4
AS: GTG TGT TGG ATG TCG TGT CCA CCC

Cyp27b1 S: TCC TGT GCC CAC CCC CAT GG 167 bp NM_010009.2
AS: AGG GAG ACT AGC GTA TCT TGG GGA

Il-6 S: ACT TCC ATC CAG TTG CCT TC 171 bp NM_031168.1
AS: TTT CCA CGA TTT CCC AGA GA

Oc S: CCG GGA GCA GTG TGA GCT TA 81 bp NM_007541
AS: TAG ATG CGT TTG TAG GCG GTC

Opg S: AGA CCA TGA GGT TCC TGC AC 131 bp NM_008764.3
AS: AAA CAG CCC AGT GAC CAT TC

Osx S: ACT GGC TAG GTG GTG GTC AG 135 bp NM_007419
AS: GGT AGG GAG CTG GGT TAA GG

Rankl S: GGC CAC AGC GCT TCT CAG 141 bp NM_011613
AS: TGA CTT TAT GGG AAC CCG AT

Gapdh ACC CAG AAG ACT GTG GAT GG 171 bp XM_132897
CAC ATT GGG GGT AGG AAC AC

18S rRNA S: GTA ACC CGT TGA ACC CCA TT 151 bp X00686
AS: CCA TCC AAT CGG TAG TAG CG
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standard solutions of 7-DHC (250 μg ml−1) and D3 (10 mg
ml−1) were prepared in methanol and stored at −20 °C. Stan-
dard solutions of lower concentrations were obtained by
dilution of stock solutions in methanol.

The coating of each surface was extracted by adding 100 μl of
‘methanol–acetonitrile–tetrahydrofurane–water’ (67 : 16 : 2 : 15,
v : v) to each well and by shaking the plate for 2 min at 20 rpm.
The content of three replicate wells was mixed to give a sample
of ≈300 μl. An aliquot of 100 μl of the sample was injected into
the HPLC system. Two replicate samples were prepared and
analysed for each group.

The analysis was carried out using a Waters liquid chro-
matographic system (Milford, MA, USA), equipped with a
refrigerated automatic injector WISP700 and a 600 pump
system, connected to a Waters 996 photodiode array (PDA)
detector. The software Empower was used for instrument
control and data analysis. Detection was carried out at 282 nm.

A Nova Pak C18 column (Waters) was used to separate
sample components before detection. The column tempera-
ture was set to 30 °C. Two solvents, A: ‘methanol–acetonitrile–
tetrahydrofurane–water’ (67 : 16 : 2 : 15, v : v) and B: ‘methanol–
acetonitrile–tetrahydrofurane’ (75 : 20 : 5, v : v), were used in
the gradient elution mode as the mobile phase. Solvents A and
B were vacuum-filtered through a nylon membrane (0.45 μm
pore diameter) and degassed before use. The mobile phase
flow rate was 1 ml min−1. The binary gradient used was as
follows: from 5% B to 90% B in 3 minutes, held for 9.5 min at
90% B, from 90% B to 5% B in 1 minute and equilibrated
between injections at the initial conditions for 5 min (total run
time = 15 min + 5 min equilibration between injections).

Quantification was performed by integration of the peak
area of the corresponding analyte and interpolation of the
peak area in 7-DHC or D3 standard curves.

2.8. Statistics

All data are presented as mean values ± standard error of the
mean (SEM). Dose–response curves for 7-DHC were fitted with
nonlinear regression analysis for sigmoid curves, using Graph-
Pad Prism version 5.00 for Windows (GraphPad Software, San
Diego, California, USA). The Kolmogorov–Smirnov test was
done to assume parametric or non-parametric distributions
for the normality and correlation tests. Differences between
groups were assessed by the Mann–Whitney-test or by the Stu-
dent’s t-test depending on their normal distribution. The
Spearman’s correlation coefficient was calculated to assess the
correlation between hydroxylase expression and vitamin D
metabolite secretion. The SPSS® program for Windows,
version 17.0 (SPSS, Chicago, IL, USA), was used. The results
were considered statistically significant at p-values ≤0.05.

3. Results
3.1. Effect of treatments on osteoblast viability

LDH activity was measured in the culture media after 48 h of
culture as an index of toxicity (Fig. 1). All the non-UV-irradiated

groups showed improved cell viability compared to the low
control (cells seeded on the TCP surface without any treat-
ment). Although significant differences were found when com-
paring the UV-irradiated 7-DHC groups versus their
corresponding non-UV-irradiated 7-DHC groups or compared
to the ethanol UV-irradiated group, only the higher dose of
7-DHC when UV exposed displayed a toxic effect (as compared
to the low control).

3.2. Temporal gene expression of Cyp27a1, Cyp27b1 and
Cyp24a1 in osteoblastic cells

In order to investigate the capability of osteoblasts to endogen-
ously synthesize the active form of vitamin D, we first character-
ized temporal mRNA expression levels of different genes
involved in vitamin D hydroxylation (Cyp27a1 and Cyp27b1) and
the gene involved in its degradation (Cyp24a1) at different time-
points (1, 7, 14, 21 and 28 days) by real-time RT-PCR (Fig. 2). We
could confirm that the mouse osteoblastic cell line MC3T3-E1
expresses both activation genes. We found a differential
expression profile between the enzymes. Thus, while Cyp27a1
expression was upregulated over time, Cyp27b1 gene kept a
steady expression during osteoblast differentiation. As regards
the enzyme responsible for 1,25-dihydroxyvitamin D3 degra-
dation, Cyp24a1, no constitutive gene expression could be
detected in MC3T3-E1 cells at the different time points analysed.

3.3. Effect of treatments on gene expression of enzymes
involved in vitamin D synthesis

Once we confirmed the constitutive expression of Cyp27a1 and
of Cyp27b1 in MC3T3-E1 cells, we analysed the effect of treat-
ments on its expression levels (Fig. 3A and B). A trend to high
expression levels of Cyp27a1 was found for the lower dose of
7-DHC treatment in both cases, when UV-irradiated and non-

Fig. 1 LDH activity measured in culture media of MC3T3-E1 cells collected
after 48 h of seeding. Positive control (+; 100% toxicity) was cell culture media
from cells incubated with Triton X-100 at 1%. Negative control (−; 0% toxicity)
was cell culture media from control cells. Values represent the mean ± SEM N =
6). Student’s t-test (p < 0.05): a7-DHC UV-irradiated vs. the corresponding
7-DHC non-UV-irradiated; btreatment vs. the corresponding EtOH control and
ctreatment vs. the negative control.
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UV-irradiated, although statistical significance was not
reached. For the rest of 7-DHC UV-irradiated groups analysed a
dose–response increase in Cyp27a1 mRNA levels was found,

showing significant differences compared to the non-UV-irra-
diated corresponding doses. It should also be noted that the
EtOH UV-irradiated group also showed an increase in Cyp27a1
mRNA levels. As regards Cyp27b1, an increase in mRNA levels
was found for the higher concentrated 7-DHC samples which
had been UV-irradiated, although significance was not
reached.

Cyp24a1 was not constitutively expressed, but we investi-
gated if its expression could be induced by any of the treat-
ments. In fact, we found that Cyp24a1 mRNA levels were only
detected in cells treated with 25-D3 (data not shown).

3.4. Effect of treatment on the release of 25-D3 and 1,25-D3

into the cell culture media

To confirm the production of 25-D3 and 1,25-D3 by MC3T3-E1
cells, we quantified these metabolites in the cell culture media
by ELISA after 48 h of treatment (Fig. 3C and D). In agreement
with our hypothesis, when 7-DHC was activated by UV
irradiation a dose–response was found for both, the pro-
duction of 25-D3 and of the final active vitamin D (1,25-D3),
while no dose–response was detected when 7-DHC was non-
UV-irradiated. Therefore, UV-irradiation is required to yield

Fig. 2 Temporal gene expression profile of the enzymes responsible for
vitamin D hydroxylation (Cyp27a1, Cyp27b1) in differentiating MC3T3-E1 cells.
Data represent fold changes of target genes normalized to reference genes
(Gapdh, 18S rRNA), expressed relative to the first day that was set at 100%.
Values represent the mean ± SEM (N = 3). Student’s t-test (p < 0.05): *Cyp27a1
mRNA expression compared to the first day of cell culture.

Fig. 3 Effect of the different treatments on the vitamin D hydroxylases gene expression and released intermediaries detection after 2 days of cell culture.
(A) Cyp27a1 and (B) Cyp27b1 mRNA levels expressed as a percentage of the EtOH non-UV-irradiated group, which was set to 100%. Data represent fold changes of
target genes normalized to reference genes (Gapdh, 18S rRNA). Values represent the mean ± SEM (N = 6). Student’s t-test (p < 0.05): a7-DHC UV-irradiated vs. the
corresponding 7-DHC non-UV-irradiated and btreatment vs. the corresponding EtOH control. (C) Released 25-D3 and (D) 1,25-D3 intermediaries in response to
different concentrations of 7-DHC (20, 2, 0.2, 2 × 10−2 and 2 × 10−3 nmol per well) UV-irradiated and non-UV-irradiated. Secretion data are related to TCP well
surface area. Values represent the mean ± SEM (N = 6). Dose–response curves were fitted with nonlinear regression analysis. Only UV-irradiated 7-DHC revealed a
dose–response curve of released 25-D3 and 1,25-D3.
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active vitamin D production from 7-DHC. The D3 and 25-D3

groups were added to the experiment as controls. As expected,
high concentrations of 25-D3 were found for the 25-D3 treated
group, 2.37 ± 0.12 pmol mm−2 related to the TCP surface area
were released to the culture media and 0.24 ± 0.02 fmol mm−2

of 1,25-D3 were detected in the culture media. Cells treated
with 2 × 10−2 nmol of D3 showed 0.04 ± 0.02 pmol mm−2 and
0.10 ± 0.01 fmol mm−2 of 25-D3 and of 1,25-D3, respectively.

3.5. Effect of treatment on gene expression of several
osteoblast markers

Several reports have demonstrated that vitamin D regulates
osteoblast differentiation and mineralization. For this reason,
real-time RT-PCR was performed to observe the effect of
vitamin D treatments on several bone markers (Fig. 4 and 5).
Coll-1 showed increased mRNA levels in cells treated with
0.2 nmol 7-DHC UV-irradiated compared to the same treat-
ment non-UV-irradiated (Fig. 4A). Higher expression levels of
Osx were seen in all 7-DHC UV-irradiated groups compared to
the non-irradiated ones, showing statistical significance in the
0.2 and 2 nmol groups (Fig. 4B). Higher Alp mRNA levels were
found in cells treated with 2 × 10−3 nmol 7-DHC UV-irradiated

compared to the same treatment non-UV-irradiated (Fig. 4C).
As regards Oc mRNA levels (Fig. 4D), statistical differences
were reached only for the 2 nmol 7-DHC UV-irradiated group
compared to the same treatment non-UV-irradiated.

Bmp-2 mRNA levels (Fig. 5A) showed no important changes for
the different groups of treatments. However, significantly lower
levels were found for the 2 × 10−2 nmol 7-DHC UV-irradiated
group compared to the non-irradiated one. No significant differ-
ences were found when comparing Il-6 mRNA levels between the
different 7-DHC doses when UV-irradiated and non-UV-irradiated,
although the highest doses of UV-irradiated 7-DHC samples
showed a trend to higher Il-6 mRNA levels. Treatment with 2 ×
10−2 nmol 25-D3 induced significantly higher expression levels of
this interleukin compared to the control (Fig. 5B). Rankl mRNA
levels were lower in some of the 7-DHC non-UV-irradiated samples
compared to their control (Fig. 5C). Opg mRNA levels showed no
significant differences among the tested groups (Fig. 5D).

3.6. Quantification of the conversion of UV-irradiated 7-DHC
to preD3

HPLC analyses after 30 minutes of UV irradiation were per-
formed on the dose of 0.2 nmol of 7-DHC added to the TCP

Fig. 4 Effect of the different treatments on gene expression levels of bone markers (Coll-1, Osx, Alp and Oc) in MC3T3-E1 cells cultured for 2 days. Data represent
fold changes of target genes normalized to reference genes (Gapdh and 18S rRNA), expressed as a percentage of the EtOH non-UV-irradiated group, which was set
to 100%. Values represent the mean ± SEM (N = 4). Student’s t-test (p < 0.05): a7-DHC UV-irradiated vs. the corresponding 7-DHC non-UV-irradiated and btreatment
vs. the corresponding EtOH control.
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surface, as this amount was the one that presented lower toxi-
city and higher mRNA expression levels of different osteoblast
related genes. Therefore, the conversion of 7-DHC to preD3 on
coated TCP plastic surfaces was quantified. In non-irradiated
samples, only 7-DHC was detected, eluting at 13.2 min. The
formation of preD3 and other by-products such as lumisterol
and tachysterol was observed for the UV-irradiated group,
preD3 eluted at 11.5 min, lumisterol eluted at 11.8 min and a
small peak around 12.2 probably corresponded to the presence
of tachysterol in the mixture. Quantification of peak areas
showed that 0.77 ± 0.02 pmol mm−2 of preD3 in relation to the
TCP well surface area were produced when irradiating TCP sur-
faces coated with 9.01 ± 0.29 pmol mm−2 of 7-DHC, giving a
8.6 ± 0.7% conversion of 7-DHC to preD3 after 30 min of UV
exposure.

4. Discussion

There is growing evidence that osteoblasts are both sources
and targets of 1,25-D3 action,1,24,27,29 and thus vitamin D may
have multiple autocrine/paracrine actions in bone. In this way,
it has been shown that vitamin D3 treatment of osteoblasts

inhibits cell proliferation and stimulates osteoblast differen-
tiation, therefore promoting bone mineralization.1,27–30 Here,
we hypothesized that exogenously UV-irradiated 7-DHC could
be converted into active vitamin D by osteoblasts and stimulate
their differentiation.

Human skin cells exposed to ultraviolet B (UVB) radiation
(spectral range 290–315 nm) convert 7-DHC into previtamin D3

in vivo31 and in vitro.32 A UVB wavelength-dependent synthesis
of vitamin D3 was found in these cells, showing a maximum
1,25-D3 ratio formation at 302 nm and no vitamin D3 pro-
duction when UV wavelengths >315 nm were used.33,34 Here
we report, for the first time, a similar process in osteoblastic
cells with 7-DHC on plastic culture surfaces.

Our first goal was to check whether exogenously UV-irra-
diated 7-DHC had any cytotoxic effect. We found that although
cells treated with UV-irradiated 7-DHC showed a decrease on
cell viability compared to those non-UV-irradiated, only the
highest 7-DHC dose used that was UV-irradiated was toxic to
the cells. Probably, UV irradiation induced the generation of
7-DHC oxidation products that could affect negatively cell sur-
vival.35 In fact, and in agreement with the LDH activity results,
low levels of total RNA were obtained for this group and a
proper normalization of the data could not be achieved with

Fig. 5 Effect of the different treatments on gene expression levels of bone markers (Bmp-2, Il-6, Rankl and Opg) in MC3T3-E1 cells cultured for 2 days. Data were
normalized to reference genes (Gapdh and 18S rRNA). Values represent the mean ± SEM (N = 4). Student’s t-test (p < 0.05): a7-DHC UV-irradiated vs. the correspond-
ing 7-DHC non-UV-irradiated and btreatment vs. the corresponding EtOH control.
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the use of reference genes. Therefore the 20 nmol dose was
excluded for gene expression analysis.

Our next goal was to investigate the regulation of the
expression of the enzymes responsible for vitamin D3 hydroxy-
lation by the different treatments. Beforehand, we analysed
their expression pattern during osteoblast differentiation from
1 to 28 days. We show for the first time that Cyp27a1
expression is up-regulated over time, while Cyp27b1 keeps a
steady expression during osteoblast differentiation. In contrast,
a previous report showed an activation of Cyp27b1 expression
over time in primary osteoblasts from femoral and tibial bone
marrow.30 These inconsistencies might be explained by the
different cell model (cell line versus primary cells), and the
different media compositions used in the different studies.

Our data showed a dose-dependent increase in Cyp27a1
mRNA levels in response to UV-irradiated 7-DHC, suggesting a
substrate induction of its expression. Moreover, this result
agrees with the 25-D3 secreted levels measured for the UV-acti-
vated 7-DHC group, which revealed a 7-DHC dose–response
curve. In fact, a significant Spearman’s positive correlation (r =
0.703, p = 0.007) was observed between the Cyp27a1 gene
expression and the secretion of its product 25-D3. Interest-
ingly, we have also found a trend to higher expression levels of
Cyp27a1 in cells cultured with the lower dose of 7-DHC and in
the UV-irradiated EtOH group. This finding could be explained
by the effect of new compounds formed on the TCP surface
due to UV-treatment. In fact, it has been shown that washing
with ethanol may leave C residues on the surfaces due to the
formation of hydrogen bonds between the surface and the
organic compound.36,37

High 25-D3 doses have been shown to reduce Cyp27b1
mRNA expression levels, suggesting the presence of a negative
feedback in response to a new 1,25-D3 product.1 Actually, it
has been found that there is an exponential relationship
between 25-D3 input and 1,25-D3 output levels,1 which likely
reflects the fast degradation of 1,25-D3 by Cyp24a1 enzyme and
the negative feedback previously described.17,38 Our results
revealed the highest 1,25-D3 production for 25-D3 treatment,
but this performance does not appear in Cyp27b1 mRNA levels
for this treatment, suggesting that the product may induce a
negative feedback. However, Cyp27b1 mRNA expression in
25-D3 treated samples was not statistically different. Possibly,
with an earlier time point the induction of gene expression of
these enzymes would have been clearer, as the production
already showed differences after 48 h. As regards Cyp24a1, we
could only detect its mRNA levels in 25-D3 treated samples,
which showed a higher 1,25-D3 production. This finding is in
accordance with previous studies revealing that 1,25-D3 treat-
ment upregulates Cyp24a1 levels through a feedback system.39

Once we had established the effect of the different treat-
ments on mRNA expression levels of the enzymes responsible
for vitamin D3 hydroxylation, we analysed the levels of 25-D3

and 1,25-D3 released to cell culture media after 48 h of treat-
ment. Our data reveal a dose-dependent increase in both, the
production of 25-D3 and of 1,25-D3 levels for UV-activated
7-DHC samples unlike UV-untreated ones. A previous study

has demonstrated the generation of 25-D3 and of 1,25-D3 in a
human skin equivalent model (fibroblasts co-cultured with
keratinocytes in a collagen matrix) enriched with 7-DHC and
irradiated with UVB.33 In this study, the need for UV-
irradiation was also demonstrated. In the present work, HPLC
results showed a 8.6 ± 0.7% conversion of 7-DHC to preD3

after 30 min of UV exposure, for the 0.2 nmol dose, which
allowed us to calculate a conversion of preD3 to 25-D3 by the
osteoblastic cells of 6.7 ± 2.8%.

Active vitamin D acts directly on osteoblasts and regulates
osteoblast differentiation (reviewed in ref. 27). Therefore, we
analysed the effect of the different treatments on the
expression of different osteoblast related genes: Coll-1, an early
marker which supports the cell proliferation stage,40 Osx, a
transcriptional factor involved in osteoblast differentiation,41

and Oc, the most abundant non-collagenous protein in bone.40

These genes showed increased mRNA levels in cells treated
with some of the higher doses of UV-irradiated 7-DHC, point-
ing to an enhanced osteoblast differentiation in accordance
with the effects observed by active vitamin D treatment pre-
viously reported.42–45 Nonetheless, longer cell culture experi-
ments could have shown higher differences among the groups.

Different effects have been found on the expression of Il-6
by 1,25-D3 treatment in osteoblasts. Il-6 is a cytokine produced
by cells of the osteoblast and osteoclast lineages that not only
has a role in inflammation but also increases bone resorption
and possibly bone remodeling.46 In our study, 25-D3 treatment
induced higher mRNA expression levels of this interleukin
compared to the control. In other studies, Il-6 protein
expression has been found to be down-regulated,47

unchanged48 and up-regulated49 when murine osteoblasts
were exposed to vitamin D treatments. Since this cytokine
undergoes both transcriptional and translational regulation,
Il-6 mRNA expression could be different from its secreted
protein levels.

1,25-D3 has been shown to induce osteoclast formation via
up-regulation of RANKL and increasing the RANKL/OPG ratio
in a number of reports,50–55 although a decrease of the Rankl/
Opg mRNA ratio56 has also been shown, probably due to the
fact that the studies were carried out at different moments of
osteoblastic maturation with changes in the VDR expression.56

Our results showed no remarkable effects as regards the Rankl/
Opg relative expression.

In conclusion, our findings provide the feasibility of using
UV irradiation to exogenously activate the vitamin D precursor
7-DHC for the endogenous synthesis of 1,25-D3 by osteoblastic
cells, as a proof-of-concept. In fact, the results found on osteo-
blast gene expression confirmed that treatment of MC3T3-E1
with UV-activated 7-DHC exerts a similar effect on osteoblast
differentiation as 1,25-D3 treatment. Furthermore, we have
demonstrated that the enzymatic machinery for this pathway
is present and is biologically active in bone cells. The authors
do not envision that 7-DHC treatment and UV irradiation have
to be performed directly in the patient, but as a pretreatment
of biomaterial surfaces during implant production and always
prior to their use in vivo, with the aim of improving
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osseointegration in patients with reduced bone volume and
quality or impaired bone healing. Further research is ongoing
to study this clinical application.

Abbreviations

7-DHC 7-Dehydrocholesterol
D3 Cholecalciferol
25-D3 25-Hydroxyvitamin D3

1,25-D3 1,25-Dihydroxyvitamin D3

Cyp27a1 Vitamin D3 25-hydroxylase
Cyp27b1 25-Hydroxyvitamin D3-1alpha-hydroxylase
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a b s t r a c t

Vitamin D plays a central role in bone regeneration, and its insufficiency has been reported to have pro-
found negative effects on implant osseointegration. The present study aimed to test the in vitro biological
effect of titanium (Ti) implants coated with UV-activated 7-dehydrocholesterol (7-DHC), the precursor of
vitamin D, on cytotoxicity and osteoblast differentiation. Fourier transform infrared spectroscopy con-
firmed the changes in chemical structure of 7-DHC after UV exposure. High-pressure liquid chromatog-
raphy analysis determined a 16.5 ± 0.9% conversion of 7-DHC to previtamin D3 after 15 min of UV
exposure, and a 34.2 ± 4.8% of the preD3 produced was finally converted to 25-hydroxyvitamin D3 (25-
D3) by the osteoblastic cells. No cytotoxic effect was found for Ti implants treated with 7-DHC and
UV-irradiated. Moreover, Ti implants treated with 7-DHC and UV-irradiated for 15 min showed increased
25-D3 production, together with increased ALP activity and calcium content. Interestingly, Rankl gene
expression was significantly reduced in osteoblasts cultured on 7-DHC-coated Ti surfaces when UV-irra-
diated for 15 and 30 min to 33.56 ± 15.28% and 28.21 ± 4.40%, respectively, compared with the control. In
conclusion, these findings demonstrate that UV-activated 7-DHC is a biocompatible coating of Ti
implants, which allows the osteoblastic cells to produce themselves active vitamin D, with demonstrated
positive effects on osteoblast differentiation in vitro.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Calcitriol (1,25-dihydroxyvitamin D3, 1,25-D3), the biologically
active form of vitamin D3, is produced by a hydroxylation cascade,
which is preceded by photochemical activation. When provitamin
D3 (7-dehydrocholesterol, 7-DHC) is exposed to ultraviolet (UV) B
irradiation, it is then converted to precholecalciferol (previtamin
D3). Afterwards, this molecule is transformed into cholecalciferol
(D3) and twice hydroxylated until 1,25-D3 is formed and released
to the circulation. This biological pathway starts in the skin, where
7-DHC is UV-activated, while the rest of the process continues in
liver and kidney tissues through hydroxylation reactions [1]. 7-
DHC is not normally detectable in tissues and fluids of human
beings except in skin, and its synthesis is decreased in the skin
with aging [2–4]. Moreover, extrarenal synthesis of 1,25-D3 is pos-
sible and feasible in other tissues or cells, such as the skin [5–7],
liver [8], lymph nodes [9], activated monocytes and macrophages
[10,11] and dendritic cells [12].

Local production of 1,25-D3 in bone cells from 25-D3 was first
reported by Howard et al. in 1981 [13]. They found that primary

cultures of human bone cells incubated with 25-D3 synthesized
both 1,25-D3 and 24,25-D3, with specific activities similar in mag-
nitude to those of the enzymes found in kidney cells [13]. Ichikawa
et al. [14] confirmed 1,25-D3 conversion from 25-D3 in mouse bone
cells and reported the expression of the vitamin D3 25-hydroxylase
CYP27A1 mRNA in mouse osteoblasts. Recently, 25-hydroxyvita-
min D3–1-alpha-hydroxylase CYP27B1 mRNA expression in bone
cells has been identified [15,16], and the role in osteoblast differen-
tiation and mineralization of locally produced 1,25-D3 has been
evidenced [17–19].

It was demonstrated recently that the vitamin D precursor 7-
DHC can be used locally to produce active vitamin D by osteoblas-
tic cells when 7-DHC is coating a tissue culture plastic (TCP) sur-
face and is UV-irradiated before the cell culture [20]. Hence, UV-
activated 7-DHC may be a feasible approach to be used in thera-
peutics focused on bone regeneration, e.g., functionalizing bioac-
tive titanium (Ti) surfaces to enhance osseointegration in
compromised patients. Recently, vitamin D has been suggested to
play a central role in bone regeneration, and its insufficiency has
been reported to have profound negative effects on implant osseo-
integration [21,22]. Also a high prevalence of vitamin D deficiency
has been found across all age groups in different populations stud-
ied worldwide, which results from inadequate dietary intake, to-
gether with insufficient exposure to sunlight [23–25].
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Ti is the material most commonly used for bone implants, as it
has outstanding physical and biological properties, such as low
density, high mechanical strength and good corrosion resistance
[22]. Current dental implant research aims to produce innovative
surfaces able to promote a more favorable biological response to
the implant material at the bone–implant interface and to acceler-
ate osseointegration. Provitamin D3 coating on Ti surfaces is sug-
gested here to have a stimulatory effect on bone cells and
accelerate bone regeneration as result of active vitamin D synthe-
sis. This coating could show several advantages over using other
hydroxylated forms of vitamin D, e.g., giving the vitamin D precur-
sor 7-DHC directly to the cells would reduce the risk of vitamin D
toxicity in the target cells, as its affinity for the vitamin D receptor
is lower than the affinity of 1,25-D3 [26]. Furthermore, 7-DHC is
easily available and cheaper than the other forms of vitamin D3,
so this approach would entail a lower cost.

The aim of the study was to develop and optimize a bioactive
coating of Ti implants with UV-activated 7-DHC. For that purpose,
different UV time exposures were analyzed, and the one that
achieved the highest 25-D3 synthesis and increased osteoblast dif-
ferentiation in vitro was selected. Fourier transform infrared spec-
troscopy (FTIR) analysis and high-pressure liquid chromatography
(HPLC) were used to characterize and quantify the conversion of 7-
DHC to preD3. Cytotoxicity, alkaline phosphatase (ALP) activity,
calcium (Ca) content, 25-D3 production, gene expression of bone
markers and enzymes involved in vitamin D3 synthesis were ana-
lyzed using MC3T3-E1 cells, as in an vitro model.

2. Materials and methods

2.1. Implants and treatments

Ti disks with diameter 6.25 mm and height 2 mm were ma-
chined from cp Ti rods (grade 2) and subsequently ground, pol-
ished and cleaned as described elsewhere [27]. For the surface
modification of Ti implants, a stock solution of 2 mM 7-dehydro-
cholesterol (7-DHC; Sigma, St. Louis, MO, USA) were prepared in
absolute ethanol and filtered with a 0.22 lm pore size filter before
use.

To coat the implant surfaces, 10 ll of 7-DHC dilution (to have
0.2 nmol per Ti disk) or only ethanol were left on the surfaces
and allowed to air-dry for 15 min in a sterile flow bench. UV-
irradiation of implants was performed with a UV lamp emitting
light at a wavelength of 302 nm with an intensity of �6 mW cm�2.
In a previous pilot study, it was shown that 0.2 nmol was the
optimal amount of 7-DHC to be used in polystyrene TCP
(30.7 mm2 of well surface area) under UV irradiation for the
production of active vitamin D in MC3T3-E1 osteoblasts [20]. The
same amount of 7-DHC was applied on the surface of Ti disks in
the present study, as the culture plates containing the Ti disks
had the same surface area as those previously used.

Thus, different groups were prepared: (1) non-irradiated sam-
ples, 7-DHC (0.2 nmol per Ti disk), D3 and 25-D3 (2 � 10�2 nmol
per Ti disk) and ethanol (used as control for the non-irradiated
group, EtOH); and (2) UV-irradiated samples, 7-DHC (0.2 nmol
per Ti disk) and EtOH (used as control for the 7-DHC-irradiated
group).

2.2. FTIR analysis of 7-DHC and D3 coating on Ti surfaces

FTIR spectroscopy in reflective mode (DRIFT; Spectrum 100,
Perkin Elmer, USA) was used to analyze the effect of UV irradiation
on vitamin D conversion after 0, 15, 30 and 60 min of UV irradia-
tion. Ti disks coated with 7-DHC or D3 were UV-irradiated as de-
scribed above. An equally irradiated but untreated Ti disk was

used as a background for the FTIR measurements. The spectra ob-
tained by FTIR spectroscopy were analyzed for typical absorbances
connected to changes in chemical structure of 7-DHC and D3 after
UV exposure of the surface coatings. The spectra were smoothed
and baseline corrected with the Spectrum program (version
6.3.2.0151, PerkinElmer, Inc., Waltham, USA). Typical peak areas
were fitted and quantified with CasaXPS (version 2.3.15, Casa Soft-
ware Ltd.) for comparison.

2.3. Quantitative determination of the conversion efficiency of 7-DHC
to preD3 by HPLC

The amounts of 7-DHC and preD3 present in the 0.2 nmol 7-
DHC surface coating after 15 min of UV irradiation were quantified
by HPLC. Results were compared with non-irradiated 7-DHC-
coated surfaces. Pure ethanol was used as control. All solvents used
were HPLC or analytical grade. Methanol (HPLC gradient grade),
acetonitrile and tetrahydrofurane (both HPLC grade) were pur-
chased from Fisher Scientific (Thermo Fisher Scientific, MA, USA).
High-purity deionized Milli-Q water was obtained from a Millipore
system (Millipore Corporation, Billerica, MA, USA). Absolute etha-
nol was purchased from Scharlab (Barcelona, Spain). Individual
stock standard solutions of 7-DHC (250 lg ml�1) and D3

(10 mg ml�1) were prepared in methanol and stored at �20 �C.
Standard solutions of lower concentrations were obtained by dilut-
ing stock solutions with methanol.

The coating of each surface was extracted by adding 100 ll of
methanol/acetonitrile/tetrahydrofurane/water (67:16:2:15, v:v)
to each well and shaking the plate for 2 min at 20 rpm. The content
of three replicate wells was mixed to give a sample of �300 ll. An
aliquot of 100 ll of the sample was injected into the HPLC system.
Two replicate samples were prepared and analyzed for each group.

The analysis were carried out using a Waters liquid chromato-
graphic system (Milford, MA, USA), equipped with a refrigerated
automatic injector WISP700 and a 600 pump system, connected
to a Waters 996 photodiode array detector. The Empower software
was used for instrument control and data analysis. Detection was
carried out at 282 nm.

A Nova Pak C18 column (Waters) was used to separate sample
components before detection. The column temperature was set to
30 �C. Two solvents were used in gradient elution mode as the mo-
bile phase: A, methanol/acetonitrile/tetrahydrofurane/water
(67:16:2:15, v:v); and B, methanol/acetonitrile/tetrahydrofurane
(75:20:5, v:v). Solvents A and B were vacuum-filtered through a
nylon membrane (0.45 lm pore diameter) and degassed before
use. The mobile phase flow rate was 1 ml min�1. The binary gradi-
ent used was as follows: from 5% B to 90% B in 3 min, held for
9.5 min at 90% B, from 90% B to 5% B in 1 min and equilibrated be-
tween injections at the initial conditions for 5 min (total run
time = 15 + 5 min equilibration between injections).

Quantification was performed by integration of the peak area of
the corresponding analyte and interpolation of the peak area in 7-
DHC or D3 standard curves.

2.4. Cell culture

The mouse osteoblastic cell line MC3T3-E1 (DSMZ, Braun-
schweig, Germany) was chosen as an in vitro model. Cells were
routinely cultured in a-MEM (PAA Laboratories GmbH, Pasching,
Austria), which contains ascorbic acid (45 lg ml�1) and sodium
dihydrogen phosphate (140 mg l�1), and supplemented with 10%
fetal bovine serum (PAA Laboratories GmbH, Pasching, Austria)
and antibiotics (50 IU penicillin ml�1 and 50 lg streptomy-
cin ml�1) (Sigma, St. Louis, MO, USA) under standard cell culture
conditions (at 37 �C in a humidified atmosphere of 5% CO2).
Under these conditions, these cells are able to differentiate and
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mineralize. Cells were subcultured 1:4 before reaching confluence
using phosphate buffered saline (PBS) and trypsin/EDTA. All exper-
iments were carried out after eight passages of the MC3T3-E1 cells.

To test the effect of the surface modification, 96-well plates
were used. Ti disks were placed in the wells, and then 7-DHC treat-
ment was added. Once Ti surfaces were coated, UV-activation was
performed there. Cells grown on untreated polystyrene TCP were
added as a control for all experiments. Cells were seeded at a den-
sity of 30,000 cells cm�2, and they were maintained in a-MEM sup-
plemented with 10% FCS and antibiotics. Culture media were
collected after 24 h to test cytotoxicity and after 48 h to determine
the production of the hydroxylated form of vitamin D, 25-D3. Cells
were harvested after 2 days of culture using Trizol reagent (Roche
Diagnostics, Mannheim, Germany), to analyze the gene expression
of several osteoblast differentiation markers and enzymes involved
in vitamin D synthesis using real-time reverse-transcription-poly-
merase chain reaction (RT-PCR). Cell number and morphology
were also assessed after 48 h. Further, MC3T3-E1 cells were har-
vested after 21 days to measure ALP activity and after 28 days to
measure the Ca content in the cell monolayer.

2.5. Quantitative determination of 25-D3 released to the culture media

The 25-D3 released to the culture media was analyzed by en-
zyme-linked immunosorbent assay (ELISA). Aliquots from the cul-
ture media (25 ll) were centrifuged at 1800 rpm for 5 min at 4 �C,
and supernatants were used for 25-D3 and determination follow-
ing instructions described by the manufacturer (Immunodiagnos-
tic Systems Ltd, Boldon, Tyne & Wear, UK).

2.6. Determination of cell viability: LDH activity

Lactate dehydrogenase (LDH) activity in the culture media was
used as an index of cell death. LDH activity was determined spec-
trophotometrically after 30 min incubation at 25 �C of 50 ll of cul-
ture and 50 ll of the reaction mixture by measuring the oxidation
of NADH at 490 nm in the presence of pyruvate, following the man-
ufacturer’s protocol (Cytotoxicity Detection Kit (LDH), Roche Diag-
nostics, Mannheim, Germany). Toxicity was presented relative to
the LDH activity in the media of cells seeded on TCP without treat-
ment (low control, 0% of cell death) and on cells grown on TCP trea-
ted with 1% Triton X-100 (high control, 100% of death), using the
following equation: cytotoxicity (%) = (exp. value � low control)/
(high control � low control) � 100.

2.7. Determination of number of cells

Cells growing on the different surfaces were lysed after 48 h of
cell culture by a freeze–thaw method in deionized distilled water.
Cell lysates were used for determining DNA quantity using Hoechst
33258 fluorescence assay. Samples were mixed with 20 lg ml�1 of
Hoechst 33258 fluorescence stain (Sigma, St. Quentin Fallavier,
France) in TNE buffer at pH 7.4 containing 10 mM Tris–HCl,
1 mM EDTA and 2 M NaCl. The intensity of fluorescence was mea-
sured at excitation and emission wavelengths of 356/465 nm using
a multifunction microplate reader (Cary Eclipse fluorescence spec-
trophotometer, Agilent Technologies, Santa Clara, USA). Relative
fluorescence units were correlated with the cell number using a
linear standard curve.

2.8. Cell staining and cell morphology analysis

Confocal images of cells growing in the different treated sur-
faces at 48 h of cell culture were obtained. Cells were first fixed
and then permeabilized and stained with Phalloidin-FITC
(50 lg ml�1; Sigma, St. Louis, MO, USA) to stain actin filaments. Fi-

nally, a drop of DAPI (Sigma, St. Louis, MO, USA) was added to stain
the cell nucleus. Various images of each implant were taken with
the confocal microscope (Leica DMI 4000B equipped with a Leica
TCS SPE laser system) by measuring the fluorescence signal be-
tween 430 and 480 nm for DAPI and 500 and 525 nm for Phalloi-
din-FITC.

Images of cells were captured by scanning electron microscopy
(SEM; Hitachi S-3400N, Hitachi High-Technologies Europe GmbH,
Krefeld, Germany) at 48 h of cell culture (p = 40 Pa, V = 10 kV, anal-
ysis of backscattered electrons). In this case, cells were washed
twice with PBS and fixed with glutaraldehyde 4% in PBS for 2 h.
Then, the fixative solution was removed, and the cells were washed
twice with distilled water. At 30 min intervals, the cells were dehy-
drated by the addition of 50%, 70%, 90% and 100% ethanol solutions
and were subsequently air dried.

Quantitation of the percentage of Ti surface covered with
MC3T3-E1cells was achieved by analyzing the previous images
with ImageJ software (Rasband, W.S., ImageJ, US National Insti-
tutes of Health, Bethesda, MD, USA).

2.9. RNA isolation

RNA was isolated from cells using a monophasic solution of
phenol and guanidine thiocyanate (Trizol, Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s protocol.
RNA was quantified at 260 nm using a Nanodrop spectrophotome-
ter (NanoDrop Technologies, Wilmington, DE, USA).

2.10. Real-time quantitative PCR analysis

Total RNA previously isolated was reverse-transcribed to cDNA
using a High Capacity RNA to cDNA kit (Applied Biosystems, Foster
City, CA) according to the protocol of the supplier. The same
amount of total RNA from each sample was converted into cDNA.
Each cDNA was diluted 1:4 and aliquots were stored at �20 �C un-
til the PCR reactions were carried out.

Real-time RT-PCR was performed for two reference genes: 18S
ribosomal RNA (18S rRNA), glyceraldehyde-3-phosphate dehydro-
genase (Gapdh); and 10 target genes: alkaline phosphatase (Alp),
Interleukin 6 (Il-6), collagen (Coll-1), Osteocalcin (Oc), bone mor-
phogenetic protein 2 (Bmp-2), Osterix (Osx), receptor activator of
nuclear factor kappa-B ligand (Rankl), osteoprotegerin (Opg) and
genes involved in vitamin D synthesis such as vitamin D3 25-
hydroxylase (Cyp27a1) and 25 hydroxyvitamin D3–1-alpha
hydroxylase (Cyp27b1). Real-time PCR was performed in the Light-
cycler 480� (Roche Diagnostics, Germany). Each reaction contained
5 ll of LightCycler-FastStart DNA MasterPLUS SYBR Green I (Roche
Diagnostics, Mannheim, Germany), 0.5 lM of the sense and anti-
sense specific primers (Table 1) and 3 ll of the cDNA dilution in
a final volume of 10 ll. The normal amplification program con-
sisted of a preincubation step for denaturation of the template
cDNA (10 min, 95 �C), followed by 45 cycles consisting of a dena-
turation step (10 s, 95 �C), an annealing step (10 s, 60 �C, except
for Alp, which was 10 s at 65 �C, and Osx with 10 s at 68 �C) and
an extension step (10 s, 72 �C). After each cycle, fluorescence was
measured at 72 �C. Every run included a negative control without
cDNA template. To confirm amplification specificity, PCR products
were subjected to a melting curve analysis on the LightCycler and,
subsequently, 2% agarose/TAE gel electrophoresis, Tm and amplicon
size, respectively.

To allow relative quantification after PCR, real-time efficiencies
were calculated from the given slopes in the LightCycler 480 soft-
ware (Roche Diagnostics, Mannheim, Germany) using serial dilu-
tions. Relative quantification after PCR was calculated by
normalizing target gene concentration in each sample by the con-
centration mean of the two reference genes in the given sample,
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using the Advanced relative quantification method provided by the
LightCycler 480 analysis software.

2.11. ALP activity, Ca content and total protein determination

Cell monolayers were collected at 21 cell differentiation days to
determine ALP activity and total protein. In the same way, the Ca
content was obtained from cell monolayers collected after 28 days
of cell differentiation. In both cases, PBS containing 0.1% Triton X-
100 was added to solubilize proteins. Cell lysates were put into
freeze/thaw cycles (liquid nitrogen and a 37 �C water bath) to im-
prove protein recovery. After centrifugation at 33,000g for 15 min
at 4 �C, the supernatants were acquired and assayed for ALP activ-
ity, total protein and Ca content determination. ALP activity was
calculated by measuring the cleavage of p-nitrophenyl phosphate
(pNPP) (Sigma, St. Louis, MO, USA) in a soluble yellow end product,
which absorbs at 405 nm. A volume of 100 ll of this substrate was
used in combination with 25 ll of each sample supernatant or
standard point. The standard curve was prepared from calf intesti-
nal ALP (CIAP, 1 U ll�1) (Promega, Madison, WI, USA) by mixing
1 ll from the stock CIAP with 5 ml of ALP buffer (1:5000 dilution),
and then making 1:5 serial dilutions. Once the reaction was carried
out, after 30 min in the dark at room temperature, it was stopped
with the addition of 50 ll of 3 M sodium hydroxide. At this point,
absorbance was read at 405 nm.

To determine the Ca content, samples were analyzed by induc-
tively coupled plasma atomic emission spectrometry (ICP-AES; Op-
tima 5300 DV, PerkinElmer, MA, USA). Cell supernatants were
diluted 1:1 in 0.5 N HCl to extract Ca. Data were compared with
the CaCl2 standard curve included in the assay.

Total protein was determined using a BCA protein assay kit
(Pierce, Rockford, IL, USA). For the analysis, cell supernatants were
diluted 1:1 in PBS containing 0.1% Triton X-100. The standard
curve and samples were analyzed as described by the manufac-
turer and reading the absorbance at 562 nm.

2.12. Statistics

All data are presented as mean values ± standard error of the
mean (SEM). Statistical differences between groups were deter-

mined by Mann–Whitney test or by the Student t-test, depending
on their normal distribution. The SPSS� program for Windows, ver-
sion 17.0, was used. Results were considered statistically signifi-
cant at p-values 60.05.

3. Results

3.1. Changes in chemical structure of 7-DHC after UV exposure and D3

on coated titanium implants

The FTIR absorbance spectra of 7-DHC changed with UV irradi-
ation time (Table 2, Fig. 1), starting from short UV irradiation
times of 15 min. From the absorbance spectra and the changes
in peak areas measured (Table 2, Fig. 1), one can assume that
no –OH groups were generated due to the irradiation, as the –
OH stretch absorbance at 3300 cm�1 decreased slightly in area
and also the absorbances of the –OH deformation vibration and
–C–O stretch typical for phenolic compounds at 1360 cm�1 and
1220 cm�1 did not change in intensity (data not shown). A peak
shift of the –OH stretching vibration towards higher wavenum-
bers for irradiated 7-DHC suggested the appearance of an addi-
tional peak at �3470 cm�1 (Fig. 1) that can be assigned to –C@O
stretching vibrations. Further, the –C@O stretching vibrations of
ester and carboxylic groups at 1716 cm�1 increased clearly with
irradiation time (Table 2) and may be caused by photo-oxidation
processes. Peak fitting of the absorbance peak at 1850 cm�1 to
1550 cm�1 (Fig. 1) revealed the appearance of trans C@C bonds
(1680 cm�1) with an increasing peak area with irradiation time.
The peak area of cis C@C double bonds (1650 cm�1) increased as
well, while the area of the C@C aromatic bonds (1625 cm�1) re-
mained stable (Table 2). In addition, changes in the region
970 cm�1 to �500 cm�1 indicated changes in the ring substitution
pattern, namely an increase for absorbances commonly assigned
to 1,2,3 trisubstituted benzenes (960 cm�1, 890 cm�1, 800 cm�1),
and decreased absorbances for pentasubstituted benzenes
(880 cm�1) and 1,2,4,5 tetrasubstituted benzene (865 cm�1)
(Fig. 2). Thus, the FTIR spectra showed signs of changes in the ring
structure, indicative of the ring opening reaction that converts
7-DHC to previtamin D3.

Table 1
Primer sequences used for real-time RT-PCR: product size and accession number are also indicated.

Name 50-Sequence-30 Product size Accession number

Alp S: AAC CCA GAC ACA AGC ATT CC
AS: GAG AGC GAA GGG TCA GTC AG

151 bp X13409

Bmp-2 S: GCT CCA CAA ACG AGA AAA GC
AS: AGC AAG GGG AAA AGG ACA CT

178 bp NM_007553.2

Coll-1 S: AGA GCA TGA CCG ATG GAT TC
AS: CCT TCT TGA GGT TGC CAG TC

177 bp NM_007742.3

Cyp27a1 S: CGT CCT CTG CTG CCC TTT TGG AAG
AS: GTG TGT TGG ATG TCG TGT CCA CCC

247 bp NM_024264.4

Cyp27b1 S: TCC TGT GCC CAC CCC CAT GG
AS: AGG GAG ACT AGC GTA TCT TGG GGA

167 bp NM_010009.2

Il-6 S: ACT TCC ATC CAG TTG CCT TC
AS: TTT CCA CGA TTT CCC AGA GA

171 bp NM_031168.1

Opg AS: GGT AGG GAG CTG GGT TAA GG
S: AGA CCA TGA GGT TCC TGC AC

131 bp NM_008764.3

Oc S: CCG GGA GCA GTG TGA GCT TA
AS: TAG ATG CGT TTG TAG GCG GTC

81 bp NM_007541

Osx S: ACT GGC TAG GTG GTG GTC AG
AS: AAA CAG CCC AGT GAC CAT TC

135 bp NM_007419

Rankl S: GGC CAC AGC GCT TCT CAG
AS: TGA CTT TAT GGG AAC CCG AT

141 bp NM_011613

Gapdh S: ACC CAG AAG ACT GTG GAT GG
AS: CAC ATT GGG GGT AGG AAC AC

171 bp XM_132897

18S rRNA S: GTA ACC CGT TGA ACC CCA TT
AS: CCA TCC AAT CGG TAG TAG CG

151 bp X00686
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3.2. Quantification of preD3 production from UV irradiated 7-DHC-
coated Ti implants and 25-D3 secretion by MC3T3-E1 cells

Following the characterization of the chemical changes oc-
curred in the 7-DHC after UV irradiation, the secretion of 25-D3

from MC3T3-E1 cells to the cell culture media after 48 h was ana-
lyzed for the different UV irradiation time conditions (Fig. 3). As
changes in the spectra indicating photo-oxidation increased with
UV irradiation times, short irradiation times up to 30 min were
chosen for further testing in vitro. Only 25-D3 was analyzed in
the samples because of its reported longer half-life and higher con-
centration than 1,25-D3 [28]. As shown in Fig. 3, significant differ-
ences were detected between 7-DHC and ethanol-treated Ti
samples when the UV exposure time was 15 min. Also significantly
different was the amount of 25-D3 released from 7-DHC UV-
treated vs. UV-untreated. Surprisingly, UV irradiation of ethanol-
treated Ti samples resulted in a time-dependent increase in the
release of 25-D3 by the cells, although this was not significant
and to a lesser extent than 7-DHC-treated samples, except for
the group UV irradiated for 30 min.

The conversion efficiency of 7-DHC to previtamin D3 on 7-DHC-
coated Ti surfaces was determined by HPLC after 15 min of irradi-
ation, since the maximum 25-D3 secretion was observed after

Table 2
Quantification of the FTIR absorbance peak between 3800 cm�1 and 2700 cm�1 and of some absorbance peaks between 1850 cm�1 and 1550 cm�1; the assigned molecular group
with the approximate wavenumber of the maximum absorbance is given.

Substance Peak area (A cm�1)

C@O 3470 cm�1 OH 3300 cm�1 C@O 1716 cm�1 trans C@C 1680 cm�1 cis C@C 1650 cm�1 C@C aromatic 1625 cm�1

Cholecalciferol – 59.7 0.2 0.1 1.0 1.1
7-DHC – 136.8 4.3 0.3 2.3 0.5
15 min UV 34.4 107.7 5.5 2.9 9.4 0.5
30 min UV 22.3 98.8 8.2 1.0 10.4 0.4
60 min UV 27.9 93.3 23.3 9.5 8.2 1.3

Fig. 1. Comparison of FTIR spectra for cholecalciferol (D3), non-irradiated 7-DHC and 7-DHC irradiated for 15 min. The absorbances in the regions (A) 3800 cm�1 to 2200 cm�1

and (B) 1850 cm�1 to 1550 cm�1 are shown with the respective peaks fitted into the spectra.

Fig. 2. Comparison of the FTIR absorbance spectra for cholecalciferol (D3), 7-DHC
after 15 min of UV irradiation, and 7-DHC after 60 min of UV irradiation for the
entire wavenumber region measured (4000–450 cm�1). The differences in the
spectra were increasing with irradiation time.
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15 min of UV irradiation in 7-DHC samples (Fig. 3). Fig. 4 shows
representative HPLC chromatograms of non-irradiated and irradi-
ated 7-DHC samples. In non-irradiated samples, only 7-DHC was
detected, eluting at 13.5 min. For the 15 min UV irradiated group,
formation of preD3 and other by-products like lumisterol and
tachysterol was observed. preD3 eluted at 11.7 min, lumisterol
eluted at 12.1 min and a small peak around 12.4 min probably cor-
responded to the presence of tachysterol in the mixture. Quantifi-
cation of peak areas showed that 1.49 ± 0.07 pmol mm�2 of preD3

in relation to the Ti disk surface area were produced when irradi-
ating Ti surfaces coated with 9.01 ± 0.29 pmol mm�2 of 7-DHC, giv-

ing a 16.5 ± 0.9% conversion of 7-DHC to preD3 after 15 min of UV
exposure.

Taking into account the HPLC results for the conversion of UV-
activated 7-DHC to preD3, the product yield of 25-D3 from preD3

was 34.2 ± 4.8% and 5.7 ± 0.8% of the initial amount of 7-DHC
was finally converted to 25-D3.

3.3. Effect of UV time exposure of 7-DHC-coated titanium implants on
cell viability

Next, the effect of different UV irradiation times of 7-DHC-coated
Ti implants on MC3T3-E1 cell viability after 24 h was investigated
and comparedwith control surfaces (treatedwith ethanol only) un-
der the same irradiation conditions. Cells were also cultured on TCP,
as a reference surface, to have the positive and negative control for
cytotoxicity. Fig. 5 shows that UV exposure decreased cytotoxicity
for the ethanol treatment. Furthermore, lower cytotoxicity was
found in the ethanol group from 0 to 15 min of UV irradiation com-
paredwith negative control (TCP), but also in 7-DHC samples previ-
ously UV-activated from 5 to 10 min. Significant differences were
also observed for the7-DHCgroup comparedwith their ethanol con-
trol group after 15 min of UV irradiation. D3 and 25-D3 treatments,
which do not need UV activation, were also analyzed to compare
their toxic levelswith both 7-DHC groups. As expected, low cytotox-
icity was observed in both treatments: �6.58 ± 1.42% and
�10.03 ± 0.38%, respectively.

3.4. Effect of UV time exposure of 7-DHC-coated titanium implants on
cell number and cell covered surface

Images obtained from confocal and SEM instruments show the
cell morphology and the cell number for different UV-exposure

Fig. 3. Effect of UV time exposure of 7-DHC-coated Ti implants on 25-D3 secretion
(pmols secreted per Ti surface unit area) after 24 h of cell seeding. Values represent
the mean ± SE (n = 3). Student’s t-test (p < 0.05): aUV-treated vs. UV-untreated for
7-DHC and ethanol, respectively; b7-DHC treatment vs. the corresponding ethanol
control at each UV irradiation time.

Fig. 4. Quantification of preD3 production from UV irradiated 7-DHC. (a) HPLC chromatogram of a 7-DHC non-irradiated sample. Only 7-DHC is detected, eluting at 13.5 min
retention time. (b) HPLC chromatogram of a 7-DHC irradiated sample (15 min irradiation time). Previtamin D3 elutes at 11.7 min, lumisterol at 12.1 min and 7-DHC at
13.5 min. A small peak at 12.4 min is attributed to tachysterol.
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times of 7-DHC and ethanol treatments on Ti surfaces (Fig. 6). More
cells were present after 30 min of UV irradiation for both 7-DHC
and ethanol groups. Data obtained from DNA content confirmed
the significantly higher number of cells in these groups. In addi-
tion, on 7-DHC samples exposed to 30 min of UV irradiation, a sig-
nificantly larger area of the Ti surfaces was covered with cells
compared with non-irradiated 7-DHC surfaces. Together with the
LDH activity results, the cell morphology and cell number con-
firmed the biocompatibility of the treatments and conditions used
for the studies.

3.5. Effect of UV time exposure of 7-DHC-coated titanium implants on
gene expression of hydroxylase enzymes

The gene expression of the hydroxylase Cyp27a1 mRNA in 7-
DHC samples (Fig. 7A) revealed a trend to be increased by the UV
irradiation time, with a maximum at 15 min. Significant differ-
ences were found at 10 and 30 min of UV exposure compared with
non-irradiated 7-DHC samples and at 30 min compared with etha-
nol-treated samples at the same UV-irradiation time. However,
Cyp27b1 gene expression was also upregulated with increasing
UV exposure time in 7-DHC samples (Fig. 7B), with significant dif-
ferences compared with UV-untreated 7-DHC samples at 15 and
30 min. Ethanol-treated samples kept a steady gene expression le-
vel, but with significant differences compared with non-irradiated
ethanol samples at 5 and 15 min of UV irradiation.

3.6. Effect of UV time exposure of 7-DHC-coated titanium implants on
osteoblast differentiation

Next, gene expression of several markers related to the prolifer-
ative stage of osteoblasts (collagen type-1), matrix maturation and
differentiation (Alp, Bmp-2, Osx), mineralization (osteocalcin) and
cytokines (Il-6, Rankl, Opg) was analyzed to investigate the effect
of UV time exposure of 7-DHC-coated Ti implants on MC3T3-E1
osteoblasts (Fig. 8). Coll-1 revealed a trend to decreased gene
expression with UV exposure time in 7-DHC samples (Fig. 8A).
Significant differences were found in 7-DHC samples exposed to
UV irradiation for 15 and 30 min compared with ethanol-treated
samples and non-irradiated 7-DHC samples. As regards Alp mRNA

levels (Fig. 8B), statistical differences were found for the 30 min
UV-exposed 7-DHC group compared with ethanol UV-exposed
group. Moreover, all groups treated with 7-DHC and UV irradiation
displayed higher Alp mRNA levels than their ethanol and UV-
treated groups. Osx mRNA levels were very similar for all the
groups (Fig. 8C), but significant differences were only found at
10 min of UV exposure. Oc gene expression was similar for differ-
ent UV exposure times among the groups (Fig. 8D), although signif-
icant differences were found in the control group irradiated for
15 min compared with the non-irradiated one. A tendency to in-
creased Oc mRNA levels in the 7-DHC UV-exposed for 15 min
was observed. No statistical differences were observed for Bmp-2
and Il-6 mRNA levels when exposed to UV (Fig. 8E and F). Interest-
ingly, Rankl mRNA levels revealed a statistically significant in-
crease for the 10 min UV-exposed 7-DHC group compared with
ethanol, but also a significant decrease for 15 and 30 min UV-
exposed 7-DHC samples compared with ethanol and UV-untreated
7-DHC groups (Fig. 8G). Meanwhile, OpgmRNA levels kept a steady
expression for the different UV exposure times (Fig. 8H), although a
decrease was found for the 30 min UV-exposed 7-DHC samples.

3.7. Effect of UV time exposure of 7-DHC-coated titanium implants on
Alp activity and mineralization

To investigate the effect of UV time exposure of 7-DHC-coated
titanium implants on terminal osteoblast differentiation, ALP activ-
ity was measured in the cell monolayer on day 21 and Ca content
on day 28 of cell culturing. UV-irradiated 7-DHC cells induced a
significant higher ALP activity than the non-irradiated 7-DHC
group (Fig. 9A). Additionally, non-irradiated 7-DHC and D3 groups
(44.75 ± 3.50% and 35.28 ± 4.23%, respectively) showed statistically
lower ALP activity than the non-irradiated ethanol group, and the
non-irradiated 25-D3 group showed similar ALP activity
(77.40 ± 13.40%) as the ethanol control. Ca levels were measured
by ICP-AES. MC3T3-E1 cells showed a significant increase in the
Ca content in UV-irradiated 7-DHC group compared with the
non-irradiated and control groups (Fig. 9B). A trend to increase
Ca levels was also observed for the 25-D3 group, while it was in
the same range for the D3 and the non-irradiated 7-DHC groups
(data not shown).

4. Discussion

Vitamin D deficiency has been reported to negatively affect
bone regeneration, including fracture healing [29] and implant
osseointegration [22]. Moreover, vitamin D supplementation has
been proved to have a positive effect on cortical peri-implant bone
formation in rats [21]. Overall, these investigations support the
important role of vitamin D in controlling bone regeneration in
healthy and osteoporotic bone. Ti and its alloys are the materials
most frequently used as bone implants. An abundance of methods
for surface modification to improve the performance of a Ti im-
plant can be found, e.g., by changing the surface roughness or cov-
ering the surface with a layer of a bioactive substance, as reviewed
in [30]. Recently, surface modification strategies have mostly been
based on biological principles, which give the appropriate stimulus
to the bone cells, thereby improving healing and integration re-
sponses after implantation [31,32]. This is important, especially
for those suffering from bone deficiencies, e.g., diabetes or osteopo-
rosis, which have increased drastically during the last century [33].
Here, the scientific basis is provided for a biocompatible coating of
Ti implants with UV-activated 7-DHC, which is easy and cheap to
produce, and allows the osteoblastic cells to produce themselves
the active form of the vitamin D, with demonstrated positive ef-
fects on osteoblast differentiation in vitro.

Fig. 5. Effect of UV time exposure of 7-DHC-coated implants on cell viability after
24 h of cell seeding. Positive control (+; 100% toxicity) was cell culture media from
cells cultured on plastic wells (TCP) and incubated with Triton X-100 at 1%.
Negative control (�; 0% toxicity) was cell culture media from untreated cells
cultured on plastic wells (TCP). Values represent the mean ± SE (n = 4). Student’s t-
test (p < 0.05): aUV-treated vs. UV-untreated for 7-DHC and ethanol, respectively;
b7-DHC treatment vs. the corresponding ethanol control at each UV irradiation
time; and ctreatments on Ti surfaces vs. the negative control (TCP).
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The first goal in the present investigation was to describe the
conversion from 7-DHC to cholecalciferol with increasing UV irra-
diation times. As expected, none of the 7-DHC FTIR absorbance
spectra after UV irradiation was completely similar to the absor-
bance spectrum of non-irradiated cholecalciferol, as it depends on
the efficiency of the photochemical conversion and the appear-
ance of several 7-DHC irradiation products. The FTIR spectra
showed signs of changes in the ring structure, which are indica-
tive of the ring opening reaction that converts 7-DHC to previta-

min D3 [34]. The appearance of –C@O groups indicated that other
photo-oxidation products were also formed during UV irradiation,
as reported earlier for oxidation of 7-DHC in benzene [35], but
not for reactions in methanol [36]. As long irradiation times indi-
cated photodegradation, short irradiation times up to 30 min
were chosen for further testing in vitro. Irradiation times were
carefully adjusted to enhance the formation of cholecalciferol
using a UV source, but also to avoid the formation of degradation
and/or undesired products from the UV-activated Ti surface. Ti is

Fig. 6. Effect of UV time exposure of 7-DHC-coated Ti implants on cell number and cell morphology. Representative images obtained from confocal laser scanning microscope
of MC3T3-E1 cells cultured for 48 h are shown. Cells were stained with phalloidin-FITC (stains actin filaments; green) and DAPI (stains nucleus, blue). 7-DHC treatment UV-
exposed during (A) 0, (B) 15 and (C) 30 min, and ethanol (control) coating also UV-irradiated for (D) 0, (E) 15 and (F) 30 min. In the same way, representative SEM images after
48 h of cell culture. Both (G–I) 7-DHC and (J–L) ethanol coating for different long UV time exposures, (G, J) 0, (H, K) 15 and (I, L) 30 min. (M) Values represent the mean ± SE
(n = 5) for total cell number per Ti implant and the percentage of Ti surface covered with MC3T3-E1 cells. Student’s test (p < 0.05): aUV-treated vs. UV-untreated for 7-DHC
and ethanol, respectively.
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a well-known photocatalyst, and UV irradiation of Ti has been re-
ported to result in surface sterilization and more biocompatible
surfaces with increased wettability, as generation of electron–
hole pairs leads to creation of reactive OH-groups on the surface,
which then react with organic material [37]. HPLC analysis of UV
irradiated 7-DHC-coated Ti surfaces confirmed the production of
preD3 with a 16.5 ± 0.9% product yield after 15 min of UV
irradiation.

Several studies have reported conversion efficiencies of 7-DHC
to previtamin D3 and other photoproducts, under different irradi-
ation and medium conditions. Few of the studies consulted re-
ported also the final D3 produced [38], which results from
previtamin D3 after thermal isomerization. Thus, Holick et al.
[1] determined up to a 10% conversion of 7-DHC to previtamin
D3 when exposing 7-DHC ethanolic solutions to sunlight at vari-
ous atmospheric conditions. MacLaughlin et al. [39] proposed an
action spectrum for the conversion of 7-DHC to previtamin D3 in
the skin and reported up to a 65% conversion to previtamin D3 at
295–300 nm irradiation wavelength. Norval et al. [40] calculated
a 64% and 43% previtamin D3 production in the photostationary
state when irradiating 7-DHC at 300 nm or 305 nm, respectively
[40].

Cytotoxicity was measured for the different conditions, and no
toxic effect was found in any of them, demonstrating the biocom-
patibility of 7-DHC and UV-treated Ti surfaces in MC3T3-E1 osteo-
blasts. In fact, a higher cell number was observed after 30 min of

UV irradiation, regardless of the coating, without differences in cell
morphology. A tendency to increase cell proliferation with longer
UV exposure time was reported earlier [36].

In addition, it was found that 25-D3 release to the cell culture
media was enhanced with UV-dose irradiation in the 7-DHC group,
especially for 15 min of irradiation. At this time,
0.51 ± 0.07 pmol mm�2 of 25-D3 in relation to the Ti surface area
was released to the media after 48 h of cell culture. However, there
was an important drop for samples irradiated for 30 min, which
could probably be linked to the generation of photo-oxidation
products. The gene expression profile of the hydroxylation en-
zymes Cyp27a1 and Cyp27b1 confirmed the effect of 7-DHC and
UV irradiation with the resulting formation of 25-D3. Thus, these
results proved that the biological machinery to produce active vita-
min D, which have been demonstrated previously on plastic TCP
surfaces [20], is active in osteoblasts seeded on Ti surfaces. More-
over, 7-DHC treatment effect over time revealed the same expres-
sion pattern for the hydroxylase Cyp27a1 as for its product 25-D3.
The quantification by HPLC of preD3 produced by 15 min irradia-
tion of 7-DHC allowed calculation of a 34.2 ± 4.8% conversion of
preD3 to 25-D3 by osteoblastic cells. Similar cellular conversion re-
sults were observed in an in vitro human skin equivalent model
[41]. They found that cellular levels of D3 and calcitriol after irradi-
ation of culture media supplemented with 7-DHC at 297 nm and
16 h incubation at 37 �C were �37% of the total amount of both
D3 and calcitriol formed in the original culture [41]. Thus, these re-
sults demonstrate that 15 min was a suitable UV exposure time to
activate the vitamin D biosynthetic pathway on Ti disks under the
conditions used.

Since vitamin D has been reported to increase osteoblast differ-
entiation in vitro [17], the expression of several marker genes was
analyzed. Coll-1 decreased its expression when UV exposure time
was increased in 7-DHC treated samples. This could be related to
the progression of the cell towards differentiation, since this mar-
ker has been reported to decrease once the differentiation process
starts [42]. This fact is also supported by the increase of relative Alp
mRNA levels with increased UV exposure time in 7-DHC samples,
which is linked to matrix maturation and differentiation processes
[43]. However, although no significant differences were found for
Oc and Bmp-2 gene expression in the group treated with 7-DHC
and UV irradiated for 15 min, a trend to increase their mRNA levels
was observed. Moreover, after 21 days of cell culture, significantly
higher ALP activity was found in this group compared with the
control. Furthermore, Ca levels obtained from cell monolayer at
28 days of cell culture were the highest for this group with statis-
tical differences compared with UV-untreated 7-DHC and control.
Thus, with the evaluation of ALP activity and Ca content, it was
possible to demonstrate an increased osteoblast differentiation in
the UV-irradiated 7-DHC samples.

Bone resorption is stimulated by different factors, including
1,25-dihydroxyvitamin D3 [44–46] and is controlled via osteoblas-
tic cells [47,48]. Both Rankl and Opg have been proved to play a
main role in osteoclastogenesis, and their ratio is a key factor for
analysis in bone remodeling processes [49,50]. Data obtained from
the present experiments revealed a significant and marked
decrease of Rankl gene expression compared with control and
UV-untreated 7-DHC groups, whereas Opg levels remained almost
unchanged. This finding could point to an indirect regulation of
osteoblasts decreasing osteoclastogenesis. Interestingly, a different
response to vitamin D action has been suggested, depending on the
osteoblastic differentiation stage. Hence, it has been reported that
vitamin D decreases the Rankl/Opg ratio in mature osteoblasts,
while it stimulates osteoclastogenesis through immature osteo-
blasts [48].

Although 1,25-dihydroxyvitamin D3 is thought to be an impor-
tant factor in osseointegration and fracture healing, there are not

Fig. 7. Effect of UV time exposure of 7-DHC-coated Ti implants on gene expression
of hydroxylase enzymes after 48 h of cell seeding. Data represent fold changes of
target genes normalized to reference genes (Gapdh, 18S rRNA), expressed as a
percentage of the ethanol UV-untreated group, which was set to 100%. Values
represent the mean ± SE (n = 4). Student’s t-test (p < 0.05): aUV-treated vs. UV-
untreated for 7-DHC and ethanol, respectively; b7-DHC treatment vs. the corre-
sponding ethanol control at each UV irradiation time.
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many investigations into its mechanism of action. However, one
study demonstrated that 1,25-dihydroxyvitamin D3 was accumu-

lated after fracture into the bony callus [51]. Recently, an ovariec-
tomized rat model provided evidence that oral administration of

Fig. 8. Effect of UV time exposure of 7-DHC-coated Ti implants on osteoblast differentiation. Several bone markers (Coll-1, Osx, Alp, Oc, Bmp-2, Il-6, Rankl and Opg) were
analyzed in MC3T3-E1 cells cultured for 48 h. Data represent fold changes of target genes normalized to reference genes (Gapdh and 18S rRNA), expressed as a percentage of
the EtOH UV-untreated group, which was set to 100%. Values represent the mean ± SE (n = 4). Student’s t-test (p < 0.05): aUV-treated vs. UV-untreated for 7-DHC and ethanol,
respectively; b7-DHC treatment vs. the corresponding ethanol control at each UV irradiation time.
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1,25-dihydroxyvitamin D3 could increase the mechanical strength
and microstructure of the fracture callus [52]. According to these
results, some in vivo studies have revealed the relevant role of
1,25-dihydroxyvitamin D3 on the osseointegration process. Indeed,
vitamin D insufficiency in diet was reported to significantly impair
the establishment of Ti6Al4V implant osseointegration in rat femur
bones [22]. In addition, a later study performed in ovariectomized
rats showed that the negative effect of vitamin D deficiency on cor-
tical peri-implant bone formation could be compensated by vita-
min D addition [21]. Since the results obtained in the present
investigation describe only the in vitro osteoblastic cell response
to Ti implants coated with UV-treated 7-DHC, no conclusions can
be drawn regarding their potential in vivo performance. Thus, fur-
ther research is ongoing to study their osseointegration in a vali-
dated animal model and its possible clinical application.

5. Conclusions

The present investigation showed for the first time the use of
UV-activated 7-DHC to produce cholecalciferol locally at the sur-
face of a titanium implant, which has been demonstrated to be a
biocompatible and bioactive coating to increase differentiation of
osteoblastic cells in vitro, as a result of endogenous cellular synthe-
sis of the active form of vitamin D from cholecalciferol.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 4 and 6, is diffi-
cult to interpret in black and white. The full color images can be
found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.11.021.
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Functional biomaterials surfaces

UV-activated 7-dehydrocholesterol-
coated titanium implants promote
differentiation of human umbilical cord
mesenchymal stem cells into osteoblasts

Marı́a Satué, Joana M Ramis and Marta Monjo

Abstract

Vitamin D metabolites are essential for bone regeneration and mineral homeostasis. The vitamin D precursor

7-dehydrocholesterol can be used after UV irradiation to locally produce active vitamin D by osteoblastic cells.

Furthermore, UV-irradiated 7-dehydrocholesterol is a biocompatible coating for titanium implants with positive effects

on osteoblast differentiation. In this study, we examined the impact of titanium implants surfaces coated with UV-

irradiated 7-dehydrocholesterol on the osteogenic differentiation of human umbilical cord mesenchymal stem cells.

First, the synthesis of cholecalciferol (D3) was achieved through the incubation of the UV-activated 7-dehydrocholesterol

coating for 48 h at 23�C. Further, we investigated in vitro the biocompatibility of this coating in human umbilical cord

mesenchymal stem cells and its potential to enhance their differentiation towards the osteogenic lineage. Human umbil-

ical cord mesenchymal stem cells cultured onto UV-irradiated 7-dehydrocholesterol-coated titanium implants surfaces,

combined with osteogenic supplements, upregulated the gene expression of several osteogenic markers and showed

higher alkaline phosphatase activity and calcein blue staining, suggesting increased mineralization. Thus, our results show

that the use of UV irradiation on 7-dehydrocholesterol -treated titanium implants surfaces generates a bioactive coating

that promotes the osteogenic differentiation of human umbilical cord mesenchymal stem cells, with regenerative poten-

tial for improving osseointegration in titanium-based bone anchored implants.

Keywords

7-Dehydrocholesterol, UV irradiation, vitamin D, titanium implant, mesenchymal stem cells, osteogenic differentiation

Introduction

Numerous investigations endorse the extremely import-
ant role of vitamin D in maintaining a healthy and
mineralized skeleton given its essential function in cal-
cium and phosphate homeostasis and in promoting
bone mineralization. Although the major source of
vitamin D synthesis comes from the ultraviolet (UV)
irradiation of 7-DHC, which is naturally found in our
skin and further processed in the liver and kidney, there
are evidences for extra renal synthesis of active vitamin
D, 1,25-dihydroxyvitamin D3 (1,25-D3).

1–3 Indeed, we
have demonstrated that 7-DHC can be used to locally
produce active vitamin D by osteoblastic cells, when
7-DHC is coated onto a tissue culture plastic (TCP)
surface and UV irradiated before the cell culture.4

Furthermore, we have also developed a bioactive

coating on titanium, based on UV-activated 7-DHC,
which allows preosteoblastic cells to produce them-
selves active 1,25-D3, with demonstrated positive effects
on osteoblast differentiation in vitro.5

Human mesenchymal stem cells (hMSCs)
have gained increasing interest in the past years for
their therapeutic potential in regenerative medicine.
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These multipotent cells are able to self-renew and dif-
ferentiate into a variety of cell types, such as osteo-
blasts, chondrocytes or adipocytes.6–8 Interestingly,
hMSCs have been described in virtually all post-natal
tissues9 and also in umbilical cord10 and placenta.11

Furthermore, their efficiency in different types of thera-
peutic strategies has been already demonstrated, includ-
ing bone tissue regenerative approaches.12–15 Although
the mechanism by which these cells undergo commit-
ment to one of the different mesenchymal lineages is
not completely understood, it is believed to depend
on the applied stimulus. Thus, several growth factors
and hormones have been identified as specific lineage
regulators, such as 1,25-D3, which enhances both early
and late stage markers of osteoblast differentiation in
hMSCs.16–18

Since titanium implants (Ti) implants coated with
UV-irradiated 7-DHC have already shown positive
effects on preosteoblast differentiation in vitro,5 we
here hypothesized that these bioactive surfaces could
also promote the osteogenic differentiation of hMSCs.
Therefore, human umbilical cord-derived mesenchymal
stem cells (hUC-MSCs) were used to evaluate the
osteopromotive action of the UV-irradiated 7-
DHC-coated implants. The biological response of
hUC-MSCs to the bioactive surfaces was tested in
terms of cytotoxicity, cell morphology, gene expression
analysis of several makers related to osteoblast differ-
entiation and finally, alkaline phosphatase (ALP) activ-
ity and staining of mineralized nodule, to examine
osteoblast function.

Experimental

Treatment of titanium surfaces

Stock solutions of 7-DHC (Sigma, St. Louis, MO,
USA) and cholecalciferol (D3, Sigma, St. Louis,
MO, USA) were prepared in absolute ethanol and fil-
tered with a 0.22mm pore size filter before use. Ti
disks used were all made of grade 2 Ti with a diameter
of 6.25mm and a height of 1.95mm. For the sur-
face modification of Ti disks, 10 ml of 7-DHC
(0.2 nmol/Ti disk) was dropped onto the Ti disks and
UV irradiated using a UV lamp of 302 nm with an
intensity of irradiation of 6 mW/cm2 (UVP, Upland,
CA, USA) for 15min, as defined in a previous work.4

Once irradiated, the Ti surfaces were incubated for 48 h
at 23�C in the absence of light in order to stimulate the
D3 synthesis. Additionally, D3 (75 pmol/Ti disk;
expected equivalent dose of D3 formed in
UV-irradiated 7-DHC) and UV-irradiated ethanol
were used as controls. Ti disks were processed to ana-
lyze their coating composition by HPLC or used for the
in vitro experiments.

Determination of the D3 synthesis from
UV-irradiated 7-DHC by HPLC

The amount of 7-DHC, preD3 and D3 on the surface
was quantified by HPLC just after the UV irradiation
and after 48 h of incubation post-irradiation as
described elsewhere.5

All solvents used were of HPLC or analytical grade.
Methanol (HPLC gradient grade), acetonitrile and
tetrahydrofurane (both HPLC grade) were purchased
from Fisher Scientific (Thermo Fisher Scientific,
MA, USA). High-purity deionized Milli-Q water was
obtained from a Millipore system (Millipore
Corporation, Billerica, MA, USA). Absolute ethanol
was purchased from Scharlab (Barcelona, Spain).

Isolation and culture of hUC-MSCs

hUC-MSCs were isolated from umbilical cords
obtained in the process of human umbilical cord
blood donation under the Concordia Cord Blood
Donation Program. The samples were obtained after
informed consent and with the approval of the
Ethical Committee of Balearic Islands (CEIC-IB).
Isolation of hUC-MSCs was performed as described
in literature.19

Variables among different donors must be taken into
account when using primary cells. For this reason and
to improve validity of our data, we used two different
donors. hUC-MSCs were seeded onto the modified
implants at a density of 4.7� 104 cell/cm2 in a ‘‘growing
media’’ consisting of DMEM/Glutamax/Low glucose,
supplemented with penicillin (50 IU/ml), streptomycin
(50 mg streptomycin/ml) and 20% fetal bovine serum
(HyClone) under standard cell culture. Cells were also
grown onto untreated TCP as a control. At confluence,
‘‘differentiation media’’ consisting of growing media
supplemented with dexamethasone (10 nM), ascorbic
acid (50 mg/ml) and b-glycerophosphate (10mM) were
used. Culture media were collected 48 h after cell
seeding to test cytotoxicity. Cell morphology was also
evaluated by confocal microscopy 48 h after seeding.
Further, cells were harvested at days 5 and 14 of culture
to analyze their gene expression levels of several
osteogenic markers by real-time RT-PCR. Finally,
hUC-MSCs cells were cultured for 21 days to analyze
the ALP activity and stained with calcein blue to detect
the formation of mineralized nodules.

Cell viability assay

Lactate dehydrogenase (LDH) activity in the cul-
ture media 48 h after cell seeding was used as an
index of cell death. The LDH activity was estimated
according to the manufacturer’s kit instructions
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(Roche Diagnostics, Mannheim, Germany) by assess-
ing the rate of oxidation of NADH at 490 nm in the
presence of pyruvate. Results were presented relative to
the LDH activity in the media of cells seeded on TCP
without treatment (negative control, 0% of cell death)
and of cells grown on TCP treated with 1% Triton
X-100 (positive control, 100% cell death). Eighteen
samples were used for each group. The percentage of
LDH activity was calculated using the following equa-
tion: Cytotoxicity (%)¼ (exp. value � negative con-
trol)/(positive control � negative control)� 100.

Cell morphology analysis

Confocal images of cells grown onto modified Ti disks
were obtained after 48 h of cell culture. Cells were first
fixed and then permeabilized and further stained with
Phalloidin-FITC (50 mgml�1; Sigma, St. Louis, MO,
USA) to stain actin filaments. Finally, a drop of
Fluoroshield-DAPI (Sigma, St. Louis, MO, USA) was
added to stain the cell nuclei. Various images of each
implant were taken with the confocal microscope (Leica
DMI 4000B equipped with a Leica TCS SPE laser
system) by measuring the fluorescence signal between
430 and 480 nm for DAPI and 500 and 525 nm for
Phalloidin-FITC.

RNA isolation and real-time RT-PCR analysis

RNA was isolated from cells using a monophasic solu-
tion of phenol and guanidine thiocyanate (Tripure,
Roche Diagnostics, Mannheim, Germany) according
to the manufacturer’s protocol. RNA was quantified
at 260 nm using a Nanodrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

Total RNA previously isolated was reverse-
transcribed to cDNA using High Capacity RNA to
cDNA kit (Applied Biosystems, Foster City, CA)
according to the protocol of the supplier. The same

amount of total RNA from each sample was converted
into cDNA.

Real-time RT-PCR was performed for two reference
genes: beta-actin (b-ACTIN) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and six osteo-
genic target genes: collagen type I (COLL-I),
runt-related transcription factor (RUNX2), osteocalcin
(OC), bone morphogenetic protein 2 (BMP2), osteonec-
tin (SPARC) and osteopontin (SPP1). Nine samples for
each group were used for the RT-PCR analyses after
5 days of cell culture while twelve samples per group
were used for the RT-PCR analyses after 14 days of cell
culture.

The reactions were performed in the Lightcycler
480� (Roche Diagnostics, Germany). Each reaction
contained 500 nM of the corresponding oligonucleotide
primers (Table 1), 5 ml of LightCycler-FastStart DNA
MasterPLUS SYBR Green I (Roche Diagnostics,
Mannheim, Germany) and 3 ml of the cDNA dilution
in a final volume of 10 ml. The normal amplification
program consisted of a pre-incubation step for denatur-
ation of the template cDNA (10min 95�C), followed by
45 cycles consisting of a denaturation step (10 s 95�C),
an annealing step (10 s 60�C, except for OC, which was
10 s at 68�C) and an extension step (10 s 72�C).
After each cycle, fluorescence was measured at 72�C.
Every run included a negative control without cDNA
template. To confirm amplification specificity, PCR
products were subjected to a melting curve analysis
on the LightCycler and subsequently 2% agarose/
TAE gel electrophoresis, Tm and amplicon size,
respectively.

Real-time efficiencies (E) were calculated from the
given slopes in the LightCycler 480 software using
serial dilutions, showing all the investigated transcripts
high real-time PCR efficiency rates, and high linearity
when different concentrations were used.

All samples were normalized by the geometric mean
of the expression levels of �-actin, and Gapdh and fold

Table 1. Primer sequences used for real time RT-PCR.

Gene Sequences Product size Accession number

BMP-2 S: CCT GAA ACA GAG ACC CAC CC AS: TCT CCG GGT TGT TTT CCC AC 208 bp NM_001200.2

COLL-1 S: CCT GAC GCA CGG CCA AGA GG AS: GGC AGG GCT CGG GTT TCC AC 122 bp NM_000088.3

OC S: GAA GCC CAG CGG TGC A AS: CAC TAC CTC GCT GCC CTC C 70 bp NM_199173

RUNX2 S: CTG TGC TCG GTG CTG CCC TC AS: CGT TAC CCG CCA TGA CAG TA 118 bp NM_004348

SPARC S: GCG GTC CTT CAG ACT GCC CG AS: CTT GCT GAG GGG CTG CCA AGG 138 bp NM_003118

SPP1 S: ATG ATG GCC GAG GTG ATA GT AS: ACC ATT CAA CTC CTC GCT TT 134 bp AF052124.1

�-ACTIN S: CTG GAA CGG TGA AGG TGACA AS: AAG GGA CTT CCT GTA ACA A 140 bp NM_001101

GAPDH S: TGC ACC ACC AAC TGC TTA GC AS: GGC ATG GAC TGT GGT CAT GAG 87 bp NM_002046

Note: Product size and accession number are also indicated.
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changes were related to the control group using
the mathematical model described by Pfaffl20:
ratio¼Etarget

�Cp target (mean control – sample)/Ereference
�Cp

reference (mean control – sample), where Cp 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.21

A good consistence of the bestkeeper index was
proved as its contributing reference genes were tightly
correlated with it, with a significance level of p¼ 0.001
for all reference genes.

ALP activity analysis

Cell monolayers were collected at 21 days of cell culture
in order to determine ALP activity. Proteins were solu-
bilized by adding PBS containing 0.1% Triton X-100.
Then, cell lysates were put into freeze/thaw cycles to
improve protein recovery. After centrifugation at
33,000 g for 15min at 4�C, supernatants were acquired
and assayed for ALP activity. The method used meas-
ures the cleavage of p-nitrophenyl phosphate (pNPP;
Sigma, St. Louis, MO, USA) in a soluble yellow end
product which absorbs at 405 nm. A volume of 100 ml
of this substrate was used in combination with 25 ml of
each sample supernatant (10 samples for each group
were used) or standard point. The standard curve was
prepared from calf intestinal alkaline phosphatase
(CIAP, 1 U/ml) (Promega, Madison, WI, USA)
by mixing 1 ml from the stock CIAP with 5ml of alka-
line phosphatase buffer (1:5000 dilution), and
then making 1:5 serial dilutions. Once the reaction
was carried out, after 30min in dark at room tempera-
ture, it was stopped with the addition of 50 ml of
3M sodium hydroxide. Finally, absorbance was read
at 405 nm.

Calcein blue staining

After 21 days of cell culture, bone-like nodule forma-
tion in hUC-MSCs was evaluated. To perform this
assay, 10mg of calcein blue was dissolved in 0.25ml
of KOH (1M) and further 9.75ml of distilled water
was added to make up a 3.1� 10�3M calcein blue solu-
tion, as indicated in literature22; 15 ml of the solution
was added to the culture media achieving a final con-
centration of calcein blue of 3.1� 10�5M and then
incubated for 1 h at room temperature. Cells were
washed with PBS and further fixed with 3.7% formal-
dehyde in PBS for 10min. Cells were then washed
with PBS and dried. Various images of each implant
were taken using a confocal microscope (Leica DMI
4000B equipped with a Leica TCS SPE laser system)
by measuring the fluorescence signal between 430 and
480 nm.

Statistics

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 distribu-
tions for the normality tests. Differences between
groups were assessed by Mann-Whitney-test,
Student’s t-test or by paired t-test. The SPSS� program
for Windows, version 17.0 (SPSS, Chicago, IL, US) was
used. Results were considered statistically significant at
p-values� 0.05.

Results

D3 production from UV-irradiated 7-DHC-coated
Ti disks

We found that while preD3 and lumisterol were formed
immediately after UV irradiation (Figure 1(a)), D3 was
produced in sufficient amount (32.35� 4.16 pmol of D3)
after 48 h of incubation at 23�C (Figure 1(b)). In the
case of D3 control surfaces, HPLC analysis determined
48.68� 3.29 pmol of D3 per Ti implant. Therefore,
the mentioned surfaces previously coated with
UV-irradiated 7-DHC and further incubated for 48 h
at 23�C were analyzed for their osteopromotive poten-
tial in hUC-MSCs.

Cell viability and cell morphology

The effect of UV-irradiated 7-DHC-coated Ti disks on
hUC-MSC cell cytotoxicity after 48 h was investigated
and compared with control surfaces. Cells were also
cultured on TCP to have the positive and negative con-
trol for cytotoxicity. Figure 2(a) shows that
UV-irradiated 7-DHC coating increased the LDH
activity in the culture media although values were rela-
tively low, with 12.9� 2.9%. Indeed, at this time point,
we also examined the cell morphology induced by each
condition. As observed in Figure 2(b), hUC-MSCs
seeded onto UV-irradiated 7-DHC-coated Ti disks
showed their typical fibroblastic morphology as well
as cells seeded onto EtOH and D3 control surfaces.
Thus, these findings confirmed that UV-irradiated
7-DHC-coated surfaces were biocompatible in
hUC-MSCs.

mRNA levels of different osteogenic markers

The effect of UV-irradiated 7-DHC-coated Ti disks on
mRNA levels of different markers was analyzed by real-
time RT-PCR after 5 (Figure 3) and 14 days (Figure 4)
of cell culture. Six different osteogenic markers were
analyzed including COLL-I, RUNX2, OC, BMP2,
SPARC and SPP1.
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After five days of treatment (Figure 3),
UV-irradiated 7-DHC-coated Ti disks induced higher
COLL-1 mRNA expression levels than EtOH control,
similar to D3 control. In the same way, a trend to
increase RUNX2 gene expression in UV-irradiated 7-
DHC surfaces was found although it was only signifi-
cantly enhanced in D3 control. There was also a ten-
dency to increase OC mRNA levels in both UV-
irradiated 7-DHC and D3-coated surfaces but statistical
significance was not reached. Finally, the gene expres-
sion levels of BMP-2, SPARC and SPP1 in both UV-
irradiated 7-DHC and D3 surfaces were similar to
EtOH control.

Interestingly, after 14 days of treatment (Figure 4),
COLL-1, RUNX2, OC, BMP2 and SPARC mRNA
levels were higher in cells cultured onto UV-irradiated
7-DHC and D3-coated surfaces than cells cultured onto
EtOH control surfaces. Also, a trend to increase the
SPP1 mRNA levels was found in UV-irradiated
7-DHC and D3-coated surfaces but significant differ-
ences were only found for UV-irradiated 7-DHC.

ALP activity and mineralization staining

To investigate the effect of UV-irradiated 7-DHC-
coated Ti disks on terminal osteoblast differentiation,
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Figure 1. Quantification of the coating composition of UV-irradiated 7-DHC-coated Ti disks. (a) Absorption spectra of preD3

(260.4 nm), lumisterol (280.6 nm) and 7-DHC (281.8 nm) immediately after UV activation of the 7-DHC coating. (b) Absorption
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ALP activity was measured in the cell monolayer
on day 21 of cell culture (Figure 5(a)). Results revealed
that cells cultured onto UV-irradiated 7-
DHC-coated Ti disks induced a significantly higher
ALP activity than the EtOH control group. In the
same way, D3 control also showed higher ALP activity
than EtOH.

Finally, matrix mineralization was qualitatively
evaluated in order to confirm the previous findings

after 21 days of cell culture using Calcein Blue fluores-
cent staining (Figure 5(b) to 5(d)). In agreement to
the ALP activity results, more mineralization nodules
were observed in cells seeded onto UV-irradiated
7-DHC and D3 coatings than onto EtOH control
surfaces, supporting a promotive action of these
bioactive implants towards the osteogenic lineage in
hUC-MSCs.

Discussion

There is a great interest in the extrarenal synthesis of
vitamin D and its consequent biological potential, espe-
cially for the bone microenvironment.3 Accordingly, we
previously demonstrated that MC3T3-E1 osteoblasts
were able to produce themselves final active vitamin
D from UV-irradiated 7-DHC.4 In the same way as
osteoblastic cells, hMSCs are known to possess the
necessary molecular machinery to both respond and
form the active vitamin D metabolite, 1,25-D3.

23

Thus, hMSCs express the VDR and vitamin D hydro-
xylases (CYP27A1, CYP27B1, CYP24A1 and
CYP2R1) that regulate the concentration of final
active 1,25-D3.

24

In the last years, a high prevalence of vitamin D
deficiency has been found across all age groups world-
wide, having a profound negative effect on osseointe-
gration.25,26 Although vitamin D supplementation is
being used as a therapy to maintain bone mineral dens-
ity,27–29 giving cells the vitamin D precursor to locally
synthesize themselves final active vitamin D could be
more effective in the modulation of the osseointegrative
properties of the implant. Therefore, we aimed at
developing a biocompatible and bioactive coating
using UV-irradiated 7-DHC for bone anchored
implants, which could promote osteogenic differenti-
ation of MSCs. Furthermore, this coating would lead
to other important advantages than using other hydro-
xylated forms of vitamin D; for instance, it would be
cheaper to produce, since 7-DHC is easily available and
low-priced compared to 1,25-D3.

The synthesis of 1,25-D3 from 7-DHC involves a
complex pathway. It starts when 7-DHC is UV-
irradiated resulting in the formation of preD3, which
further isomerizes to D3. This last reaction is time
and temperature dependent.30–32 According to these
studies, we incubated the UV-activated 7-DHC-coated
Ti disks at 23�C for 48 h in order to favor the formation
of our target metabolite, D3. Indeed, we managed to
promote the conversion from preD3 to D3 when adding
this incubation step, achieving a coating formed by
32.35� 4.16 pmol of D3 per Ti implant.

UV-irradiated 7-DHC is a biocompatible coating for
Ti disks with positive effects on MC3T3-E1 osteoblast
differentiation in vitro,5 but its effect on MSCs was

100

50

0

CTRL – CTRL + EtOH D3

C
yt

ot
ox

ic
ity

 (
%

)

7-DHC

*#

DAPI (nuclei)

Phalloidin (F-actin)

(a)

(b)

Figure 2. Effect of UV-activated 7-DHC-coated Ti disks on cell

viability and morphology. (a) LDH activity measured from cell

supernatants after 48 h of cell culture. Values were calculated

using the following equation:

Cytotoxicity(%)¼ (exp.value�negative control)/(positive con-

trol�negative control)� 100. Positive control (100% cytotox-

icity) was culture media from cells treated with 1% Triton X-100.

Negative control (0% cytotoxicity) was culture media from

control vehicle cells. Values represent the mean� SEM (18 sam-

ples were used for each group). Differences between groups

were assessed by Mann-Whitney test (p< 0.05): *7-DHC versus

EtOH control; and # 7-DHC versus D3. (b) Cell morphology of

treated cells after 48 h of cell culture. Representative images

were obtained using confocal laser scanning microscope.

Bar scale¼ 50 mm.
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unknown. These cells have huge potential and its
appeal leads in the fact that MSCs are the main
source of osteoprogenitor cells. Indeed, they are
involved in normal skeletal homeostasis33 and in bone
reparative mechanisms.34 Thus, hUC-MSCs provide a
multipotent cell source capable to differentiate into
osteoblasts when cultured with osteogenic supple-
ments.35 Also, vitamin D supplementation is known
to promote osteoblast differentiation of hMSCs
in vitro.17,24,36–38 Indeed, all three metabolites (D3, 25-
D3, and 1,25-D3) have been suggested to stimulate
in vitro osteoblastogenesis in hMSCs.24 On the basis
of that, we investigated the biological effect of D3-
coated implants, previously synthesized from
UV-irradiated 7-DHC, on the osteogenic differenti-
ation of hUC-MSCs.

First, we evaluated the cytotoxic effect of the sur-
faces and the cell morphology appearance after 48 h
of cell culture. This coating showed higher LDH activ-
ity in hUC-MSCs but values were low with
12.9� 2.9%. In fact, the cell morphology observed in
all treated surfaces corresponded to that which is

typical of hUC-MSC, with thin fibroblastic cells.
Thus, these findings confirmed the biocompatibility of
Ti disks coated with UV-irradiated 7-DHC in these
cells, in agreement with results obtained with MC3T3-
E1 osteoblasts.5

Previous investigations demonstrate that vitamin D
is required in human osteoblasts for their correct bone
matrix mineralization.39 Furthermore, 1,25-D3 regu-
lates the expression of other bone markers like
COLL1, RUNX2 and OC,40,41 reinforcing its role in
the osteogenic differentiation. Experiments using
human embryonic stem cells (hESCs) have shown that
treatment with 1,25-D3 increases COLL1, RUNX2,
OC, SPARC and SPP1 when cells are cultured in an
osteogenic induction medium.42 In the same way, 1,25-
D3 also accelerates osteoblast differentiation of hMSCs,
increasing COLL1, OC and SPP1.43,44 With this aim,
we evaluated the gene expression levels of several osteo-
genic markers (COLL1, RUNX2, OC, BMP2, SPARC
and SPP1), ALP activity and nodule mineralization.
In our study, we found that after 14 days of cell culture
COLL1, RUNX2, BMP2, OC, SPARC and SPP1 were
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increased in UV-irradiated 7-DHC coatings and in con-
trol D3 compared with control EtOH. These results are
in accordance with the mentioned investigations and
demonstrate that UV-irradiated 7-DHC coating has
the same osteopromotive action than D3 treatment in
these cells. Furthermore, the high expression of these
markers might be explained by the fact that several
target genes, such as OC, RUNX2 and SPP1, seem to
be regulated by the vitamin D response elements
(VDREs) located in their gene promoters,39,45–48 1,25-
D3 also elevates ALP activity and increases matrix min-
eralization of both human osteoblasts and mesenchy-
mal stem cells.17,49,50 Accordingly, we found higher
ALP activity in UV-irradiated 7-DHC-coated Ti
disks, similar to D3 control, when compared with
EtOH. Moreover, mineralization images were also in
agreement with the ALP results.

Conclusion

All in all, the present investigation shows for the first
time the biological relevance of D3-coated Ti disks, pre-
viously synthesized from UV-irradiated 7-DHC, in pro-
moting hUC-MSC osteogenic differentiation.
Regulating the fate of hMSC by hormones, such as
1,25-D3, is critically relevant for the prevention of
bone diseases and could be desirable in a bone tissue
regenerative context, e.g. improving osseointegration in
titanium-based bone anchored implants.

Acknowledgement

The authors thank Dr. Antoni Gayà and Dr. Javier Calvo for
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Abstract: UV-activated 7-dehydrocholesterol (7-DHC) has

been successfully used as a biocompatible coating for tita-

nium (Ti) implants producing active vitamin D with positive

effect on osteoblast differentiation. Since an osseointegrating

implant must promote bone formation while delay resorp-

tion, here we determine the effect of this coating on the pre-

osteoclast cell line RAW 264.7. Moreover, D3 synthesis was

optimized by (1) the supplementation with VitE of the 7-DHC

coating to reduce 7-DHC oxidation and (2) the addition of an

incubation step (48 h at 23�C) after UV-irradiation to favor

isomerization. In vitro results with RAW264.7 cells showed

no cytotoxic effect of the coatings and a significant decrease

of osteoclastogenesis. Indeed, TRAP immunostaining sug-

gested an inhibition of Trap-positive multinucleated cells and

the mRNA levels of different phenotypic, fusion, and activity

markers were reduced, particularly with 7-DHC:VitE. In con-

clusion, we demonstrate an improvement of the D3 synthesis

from UV-activated 7-DHC when combined with VitE and

show that these implants inhibit osteoclastogenesis in vitro.

VC 2014 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 00A:000–

000, 2014.

Key Words: 7-dehydrocholesterol, cholecalciferol, a-tocoph-

erol, titanium implant, osteoclastogenesis
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INTRODUCTION

Current dental implant research aims at producing innova-
tive surfaces via modifying the implant surface with biologi-
cally active substances to improve the biological response to
the implant material and to accelerate the osseointegration
process. We have previously proved that ultraviolet (UV)-
activated 7-dehydrocholesterol (7-DHC) is a biocompatible
and bioactive coating that allows osteoblasts to produce
themselves active vitamin D3, with positive effects on their
differentiation in vitro.1 Indeed, multiple research studies
have demonstrated the essential role of vitamin D3 in main-
taining a healthy and mineralized skeleton. Not only that,
but also its deficiency leads to bone resorption, osteoporo-
sis, reduced bone mineralization, and poor implant
osseointegration.2,3

The synthesis of vitamin D3 from the 7-DHC precursor
is a complex pathway. UVB-irradiation of 7-DHC produces a
ring opening that results in the formation of previtamin D3

(preD3), an unstable metabolite which further isomerizes
via heat to cholecalciferol (D3),

4 as seen in Figure 1. How-
ever, preD3 not only isomerizes to D3, but also to the sec-
ondary products lumisterol, tachysterol, and toxisterols.5,6

UVB irradiation at the optimal wavelength and during the
right time is an important factor for the synthesis of preD3.
Indeed, the use of long irradiation periods or long UV

wavelengths can lead to the synthesis of irreversible or
undesired products.7 In human skin cells, for instance, the
UVB spectral range 290–315 converts 7-DHC into preD3,

with a maximum at 302 nm, and there is no production
when UV wavelengths> 315 nm are used.8 In line with this,
we previously screened the time of UV exposure at 302 nm
and an optimal production of preD3 was found when 7-DHC
was UV exposed for 15 min.1 However, once preD3 is syn-
thesized, it undergoes a thermal isomerization to D3 that is
time and temperature dependent.9,10 In our previous stud-
ies, implants were characterized immediately after UV irra-
diation, but, in the light of the above, in the present study
we have incubated the 7-DHC coating after UV irradiation
and evaluated the effect of time and temperature during
this incubation on the yield of D3 synthesis. Thus, we first
aimed at optimizing the 7-DHC coating for the synthesis of
D3 by testing different incubation times and temperatures.
Second, we combined this coating with increasing concen-
trations of a-tocopherol (VitE) to protect 7-DHC from oxida-
tion after UV-irradiation.

To achieve greater peri-implant bone formation, an
implant surface must promote osteogenesis while delay
bone resorption, ultimately producing more bone before the
start of the remodeling process.11 Since in a previous study
we showed that Ti implants coated with UV-irradiated 7-
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DHC have positive effects on osteoblast differentiation in
vitro,1 in the present study we aimed to determine the
effect of the optimized coating on osteoclastogenesis. To this
end, we determined the in vitro response of RAW264.7 cells
to the modified implants by analyzing cytotoxicity, TRAP
and actin immunostaining, and the gene expression of
osteoclast phenotypic, fusion, and activity markers.

EXPERIMENTAL

Treatment of polystyrene and titanium surfaces
Stock solutions of 7-DHC (Sigma, St. Louis, MO) and VitE
(Sigma, St. Louis, MO) were prepared in absolute ethanol
and filtered with a 0.22 mm pore size filter before use. Four
different groups were prepared by adding 0.2 nM 7-DHC
per well or 0.2 nM 7-DHC per well supplemented with VitE
(20:1, 5:1, 1:1) on a mass-to-mass (m:m) basis. To treat tis-
sue culture plastic wells, 10 lL of 7-DHC:VitE (20:1, m:m)
were left on the TCP surfaces (30.68 mm2 of surface area
per well) and after UV-irradiated using a UV lamp of
302 nm with an intensity of irradiation of 6 mW/cm2 (UVP,
Upland, CA) during 15 min, as defined in a previous study.1

Once UV-irradiated, coating composition was analyzed by
HPLC at this point of time and after incubation up to 96 h
at 220�C, 4�C, or 23�C in absence of light.

Ti implants used were all made of grade 2 with a diame-
ter of 6.25 mm and a height of 1.95 mm. All disks were
machined from cp Ti rods and subsequently ground, pol-
ished, and cleaned as described elsewhere.12 For the surface
modification of Ti implants, 10 mL of 7-DHC:VitE (20:1, 5:1,
1:1; m:m) were left on the surfaces. Additionally, only etha-
nol, VitE (0.18 pmol/Ti disk) or 7-DHC (0.2 nM /Ti disk)
were considered as controls for the in vitro experiments.
Once the surfaces were coated, UV irradiation was per-
formed as described earlier. Ti implants were immediately
processed to analyze their coating composition by HPLC or
directly used for the in vitro experiments.

Determination of the conversion of 7-DHC to D3 by HPLC
The amount of 7-DHC, preD3, and D3 present in the surface
coating after 15 min of UV irradiation and after different
incubation times was quantified by HPLC.

All solvents used were HPLC or analytical grade. Metha-
nol (HPLC gradient grade), acetonitrile, and tetrahydrofurane
(both HPLC grade) were purchased from Fisher Scientific
(Thermo Fisher Scientific, MA). High-purity deionized Milli-Q
water was obtained from a Millipore system (Millipore Cor-
poration, Billerica, MA). Absolute ethanol was purchased
from Scharlab (Barcelona, Spain). The coating of each surface
was extracted and analyzed as described elsewhere.1

Cell culture
The transformed murine monocytic cell line RAW 264.7 was
obtained from ATCC (Manassas, VA). Cells were cultured at
37�C in 5% CO2 atmosphere in Dulbecco modified Eagles
medium (DMEM) supplemented with 10% FBS and antibiot-
ics (50 IU penicillin/mL and 50 mg streptomycin/mL).

To test the effect of the surface modification, cells were
seeded at a density of 3.0 3 104 cells/cm2 and, after an

overnight period, the culture medium was replaced with
medium containing 4 ng/mL RANKL (R&D Systems, Minne-
apolis, MN). Medium was changed every 48 h over the
course of 5 days.

Determination of cytotoxicity
The LDH activity in the culture medium was estimated
according to the manufacturer’s kit instructions (Roche
Diagnostics, Mannheim, Germany), by assessing the rate of
oxidation of NADH at 490 nm in presence of piruvate.
Results were presented relative to the LDH activity in the
medium of cells seeded on tissue culture plastic (TCP) with-
out treatment (low control, 0% of cell death) and of cells
grown on TCP treated with 1% Triton X-100 (high control,
100% cell death). The percentage of LDH activity was calcu-
lated using the following equation:

Cytotoxicity %ð Þ5ðexp:value2low controlÞ=
ðhigh control2low controlÞ3100:

TRAP immunostaining
To confirm the generation of multinucleated osteoclast-like
cells, TRAP positive multinucleated (three or more nuclei)
osteoclasts were visualized by confocal microscopy. Confocal
images of cells growing in the different coated implants
were obtained after 5 days of cell culture. Cells were first
fixed for 15 min with 2% formaldehyde in PBS and then
permeabilized for 10 min with 0.1% Triton X-100 in PBS.
Cells were immunostained with anti-Trap antibody (1:100;
Thermo Fisher Scientific, MA) for 1 h at 37�C followed by
1.5 h of incubation at room temperature with Cy3 (1:200;
Thermo Fisher Scientific, MA). Cells were then incubated
with Phalloidin-FITC (5 mg/mL; Sigma, St. Louis, MO) to
stain actin rings. Finally, a drop of Fluoroshield-DAPI
(Sigma, St. Louis, MO) was added to stain cell nuclei. Two
implants for each group were used to perform the experi-
ment and six images of each implant were taken with the
confocal microscope (Leica DMI 4000B equipped with Leica
TCS SPE laser system).

RNA isolation and real-time RT-PCR analysis
RNA was isolated from cells using a monophasic solution of
phenol and guanidine thiocyanate (Trizol, Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s proto-
col. RNA was quantified at 260 nm using a Nanodrop spec-
trophotometer (NanoDrop Technologies, Wilmington, DE).

Total RNA previously isolated was reverse-transcribed to
cDNA using High Capacity RNA to cDNA kit (Applied Biosys-
tems, Foster City, CA) according to the protocol of the sup-
plier. The same amount of total RNA from each sample was
converted into cDNA. Each cDNA was diluted 1/4 and ali-
quots were stored at 220�C until the PCR reactions were
carried out.

Real-time RT-PCR was performed for two reference
genes: 18S ribosomal RNA (18S rRNA), glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), and 10 target genes: tar-
trate resistant acid phosphatase (Trap), calcitonin receptor
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(CalcR), integrin alpha-V (Itgav), integrin beta-3 (Itgb3), a
disintegrin, and metalloproteinase domain-containing pro-
tein 8 (Adam8), dendritic cell-specific transmembrane pro-
tein (Dc-Stamp), vacuolar-type H1 ATPase (subunit
Atp6v0d2) (H1-ATPase), carbonic anhydrase II (Car2),
cathepsin K (CtsK) and metalloproteinase-9 (Mmp9).

The reactions were performed in the Lightcycler 480VR

(Roche Diagnostics, Germany). Each reaction contained 500
nM of the corresponding oligonucleotide primers (18s rRNA-
F: 50-GTAACCCGTTGAACCCCATT-30; 18s rRNA-R: 50-CCATCCA
ATCGGTAGTAGCG-30; Gapdh-F: 50-ACCCAGAAGACTGTG-GATG
G-30; Gapdh-R: 50-CACATTGGG-GGTAGGAACAC-30 Trap-F: 50-G
CGACCATTGTTAGCCACATACG-30; Trap-R: 50-CGTTGATGTCGCA
CAGAGGGAT-30; CalcR-F: 50-TGGTGCGGCGGGATCCTATAAGT-30:
CalcR-R: 50-AGCGTAGGCGTTGCTCGTCG-30; Itgav-F: 50-TCGTTT
CTATCCCACCGCAG-30; Itgav-R: 50-GAAGACCAGCGAGCAGTTGA-
30; Itgb3-F: 50-AGGGGAGATGTGTTCCGGCCA-30; Itgb3-R: 50-AC
ACACAGCTGCCGCACTCG-30; Adam8-F: 50-GCCTCTGGCTGCTCA
GCGTCTTA-30; Adam8-R: 50-CCCAGCAGGTCCCTGTTCTTTCG-30;
Dc-Stamp-F: 50-GGCTGACGGGAAACCGAGCC-30; Dc-Stamp-R:
50-ACAGAAGCAGCAGTTGGCCCAG-30; Ctsk-F: 50-AGCAGAACGGA
GGCATTGACTC-30; Ctsk-R: 50-TTTAGCTGCCTTTGCCGTGGC-30;
Mmp9-F: 50-GCTGACTACGATAAGGACGGCA-30; Mmp9-R: 50-GC
GGCCCTCAAAGATGAACGG-30); H1ATPase-F: 50-ACGGTGATGTC
ACAGCAGACGT-30; H1ATPase-R: 50-CCTCTGGATAGAGCCTGCC
GCA-30; Car2-F: 50-CTCTGCTGGAATGTGTGACCTG-30 and Car2-
R: 50-CTGAGCTGGACGCCAGTTGTC-30). 5 lL of LightCycler-
FastStart DNA MasterPLUS SYBR Green I (Roche Diagnostics,
Mannheim, Germany) and 3 lL of the cDNA dilution in a
final volume of 10 lL. The normal amplification program
consisted of a preincubation step for denaturation of the tem-
plate cDNA (10 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. Every run included a
negative control without cDNA template. To confirm amplifi-
cation specificity, PCR products were subjected to a melting
curve analysis on the LightCycler and subsequently 2% aga-
rose/TAE gel electrophoresis, Tm and amplicon size,
respectively.

Real-time efficiencies (E) were calculated from the given
slopes in the LightCycler 480 software using serial dilutions,
showing all the investigated transcripts high real-time PCR
efficiency rates, and high linearity when different concentra-
tions were used.

All samples were normalized by the geometric mean of
the expression levels of 18S rRNA and Gapdh and fold
changes were related to the control group using the mathe-
matical model described by Pfaffl13:

ratio5Etarget
DCp target ðmean control2sampleÞ=

Ereference
DCp reference ðmean control2sampleÞ

where Cp is the is the crossing point of the reaction amplifi-
cation curve as determined by the LightCycler 480 software.
Stability of reference genes was calculated using the Best-
Keeper tool.14 A good consistence of the bestkeeper index
was proved as its contributing reference genes were tightly
correlated with it, with a significance level of p5 0.001 for
all reference genes.

Statistics
All data are presented as mean values6 standard error of
the mean (SEM). The Kolmogorov-Smirnov test was done to
assume parametric or non-parametric distributions for the
normality tests. The effect of time on the coating composi-
tion was assessed by the univariate analysis of variance

FIGURE 1. Scheme of the vitamin D3 photosynthesis from 7-DHC. UVB irradiation produces previtamin D3 formation, which further undergoes a

temperature-dependent isomerization to the thermally stable cholecalciferol. However, UVB exposure also results in the photoisomerization of

preD3 to tachysterol, lumisterol, and toxisterols.
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(UNIANOVA) test followed by post-hoc pairwise compari-
sons using the minimum significance difference (DMS) test.
When ANOVA test was not suitable for data, Mann-Whitney-
test or Student t-test were run depending on the normal
distribution of the data. The SPSSVR program for Windows,
version 17.0 (SPSS, Chicago, IL) was used. Results were con-
sidered statistically significant at the p-values� 0.05.

RESULTS

Effect of incubation time on the composition of the
7-DHC:VitE (20:1; m:m) coatings after UV-irradiation
In polystyrene surfaces. The coating composition in poly-
styrene was dependent on the incubation time. PreD3 was
detected just after UV-irradiation of 7-DHC:VitE (20:1; m:m)
coatings in polystyrene surfaces, and its amount decreased
over time. D3 was detected after 24 h of incubation at 23�C
[Fig. 2(A)], increasing its amount after 96 h of incubation at
23�C. The amount of 7-DHC decreased over time. In addi-
tion, we found that polystyrene surfaces incubated for 24 h

at 4�C or 220�C showed only 7-DHC and preD3, similar to
that found immediately after irradiation (data not shown).

In Ti surfaces. The coating composition in Ti surfaces was
dependent on the incubation time, except for preD3. Ti
surfaces coated with 7-DHC:VitE (20:1; m:m) and incubated
at 23�C after UV-irradiation [Fig. 2(B)] showed similar
amount of D3 after 24 and after 48 h of incubation, but the
amount of D3 measured in titanium was much lower than

FIGURE 2. Coating composition of UV-irradiated 7-DHC:VitE

(20:1;m:m) in polystyrene and Ti surfaces after different incubation

times at 23�C. The remainder of 7-DHC and the formed preD3 and D3

in polystyrene (A) and Ti (B) surfaces were quantified by HPLC. Values

represent the mean6SEM (N56). The effect of time (T) was assessed

by UNIANOVA test: p-values obtained from post-hoc analyses (DMS

test), in bold when statistically significant. No ANOVA test could be

performed for preD3 composition in Ti surfaces, so p-values were

calculated by Mann-Whitney-test.#

FIGURE 3. Coating composition of UV-irradiated 7-DHC:VitE (5:1, 1:1;

m:m) in Ti surfaces after different incubation times at 23�C. The

remainder of 7-DHC and the formed preD3 and D3 were quantified by

HPLC. Values represent the mean6SEM (N5 6). The effect of time (T)

was assessed by UNIANOVA test: p-values obtained from post-hoc

analyses (DMS test), in bold when statistically significant. No ANOVA

test could be performed for preD3 composition in Ti surfaces, so

p-values were calculated by Mann-Whitney-test.#
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in polystyrene surfaces. Furthermore, the amount of 7-DHC
considerably decreased over the first 48 h whereas no
preD3 was detected after 48 h of incubation. Finally, no
metabolites were detected after 96 h of incubation at 23�C.

Effect of the VitE dose and incubation time on the
composition of the 7-DHC:VitE coatings in Ti surfaces
after UV-irradiation
Figure 3 shows the amount of 7-DHC, preD3, and D3 detected
on the Ti surfaces coated with different VitE doses (5:1 and
1:1; 7-DHC:VitE; m:m) and incubated over time after UV-
irradiation at 23�C. 7-DHC and D3 composition was depend-
ent on the incubation time for both doses of 7-DHC:VitE.
Indeed, after 24 h of incubation at 23�C there was synthesis
of D3 in both cases but the highest amount of D3 was found
after 48 h of incubation at 23�C, especially with the maxi-
mum dose of VitE used. Thus, the highest synthesis of D3

was found when 7-DHC:VitE (1:1; m:m) was incubated for 48
h at 23�C, in which 75.66 3.5 pmol/Ti implant of D3 were
measured. Then, this condition was selected to perform the
in vitro experiments in RAW264.7 cells.

In vitro response of RAW264.7 cells to UV-activated
7-DHC:VitE (1:1;m:m) coated Ti surfaces
Effect on cytotoxicity. We evaluated the toxic effect of the
UV-activated 7-DHC:VitE (1:1; m:m) coated Ti implants on
RAW264.7 cells by measuring LDH activity in the culture
medium after 24 h of cell culture. As seen in Figure 4, UV
exposure increased cell viability in OCL cultured on
UV-irradiated EtOH and VitE coated implants, whereas also a
trend to protect cell viability was observed in the 7-DHC and
the 7-DHC:VitE groups but without significant differences.

Effect on osteoclastogenesis. For the investigation of
OCL formation, cells were immunostained for actin
filaments, nuclei, and TRAP protein (Fig. 5). TRAP-positive

multinucleated osteoclast-like cells (OCL) were found in con-
trol (UV-irradiated EtOH) Ti surfaces [Fig. 5(A,B)]. A lower
number of OCL was found in Ti disks when coated with VitE
[Fig. 5(C,D)], 7-DHC [Fig. 5(E,F)] and especially with
7-DHC:VitE [Fig. 5(G,H)]. We also assessed the gene expres-
sion levels of key phenotypic and functional OCL markers.
Our findings show that Trap and CalcR mRNA expression
levels were decreased in cells seeded on Ti surfaces
coated with VitE, 7-DHC and especially with 7-DHC:VitE

FIGURE 4. Effect of UV-irradiated 7-DHC:VitE (1:1; m:m) coated Ti on

cell viability after 24 h of RAW264.7 cell seeding. High control (100%

cytotoxicity) was culture medium from cells cultured on tissue culture

plastic (TCP) treated with 1% Triton X-100. Low control (0% cytotoxic-

ity) was culture medium from control vehicle cells cultured on TCP.

The percentage of LDH activity was calculated using the following

equation: Cytotoxicity (%)5 (exp.value2low control)/(high con-

trol2low control) 3 100. Values represent the mean6SEM (N56).

Differences between groups were assessed by Mann-Whitney test: a

p< 0.05 treatment versus control.

FIGURE 5. Effect of UV-irradiated 7-DHC:VitE (1:1; m:m) coated

implants on the generation of multinucleated TRAP-positive cells

(OCL). Cells were seeded over UV-irradiated EtOH (A-B), VitE (C-D),

7-DHC (E-F), or 7-DHC:VitE (G-H) coated Ti and dosed with 4 ng/mL

RANKL for 5 days. Cells were then stained with Phalloidin-FITC (actin

filaments; green), Fluoroshield-DAPI (nucleous; blue) and anti-Trap

labeled with Cy3 (Trap protein, red). Representative images from con-

focal laser scanning are shown. Bar scale5 50 mm. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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[Fig. 6(A,B)], in agreement with the TRAP staining results
(Fig. 5). Regarding the fusion markers, 7-DHC:VitE decreased
Itgav [Fig. 6(C)] while the three coatings down-regulated
Itgb3 [Fig. 6(D)], mainly the 7-DHC:VitE one. No differences
were achieved for Adam8 [Fig. 6(E)] but Dc-Stamp was inhib-
ited in all treatments, especially in 7-DHC:VitE [Fig. 6(F)].

The functional markers Car2 [Fig. 7(A)], Ctsk and Mmp9
[Fig. 7(C,D)] were down-regulated in cells cultured in all
coated surfaces, particularly the 7-DHC:VitE one, although
no statistical differences were reached for Car2 in 7-DHC
surfaces. No statistical differences were found for H1ATPase
[Fig. 7(B)] in any coating, although expression levels tended
to be lower than control for all the coatings.

DISCUSSION

In this study, we show that the yield of D3 synthesis from
UV-irradiated 7-DHC can be improved on titanium implant
surfaces by adding vitamin E and an incubation step after
irradiation with appropriate time and temperature condi-
tions. We previously showed that polystyrene surfaces
coated with 7-DHC and UV-irradiated for 30 min produced
8.6% of preD3

15 and that Ti surfaces coated with 7-DHC
produced 16.5% of preD3 when UV-irradiated for 15 min.1

In our previous studies, implants were characterized imme-
diately after UV irradiation. However, since published stud-
ies support that the preD3-D3 isomerization occurs via
heat,4,9,10 we decided to incubate our coatings after UV-

FIGURE 6. Effect of UV-irradiated 7-DHC:VitE (1:1; m:m) coated implants on the mRNA expression levels of phenotypic and fusion markers of

RAW 264.7 cells. Cells were cultured over the treated surfaces and dosed with 4 ng/mL RANKL for 5 days. (A) Trap; (B) CalcR; (C) Itgab; (D)

Itgb3; (E) Adam8; and (F) Dc-Stamp mRNA levels of RANKL-stimulated cells seeded over Ti surfaces coated with UV-irradiated 7-DHC:VitE (1:1;

m:m). Data were normalized to reference genes (Gapdh and 18S rRNA), expressed as percentage of control which was set to 100%. Values rep-

resent the mean6SEM (N5 6). Differences between groups were assessed by Student0s t test: ap< 0.05 treatment versus EtOH control; bp< 0.05

7-DHC:VitE versus VitE control; and cp< 0.05 7-DHC:VitE versus 7-DHC control.
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irradiation and to evaluate the effect of time and tempera-
ture of this incubation on the yield of D3 synthesis.

Our first results were discouraging, since we could not
detect either 7-DHC or its photoproducts (data not shown).
These lack of detection could be the result of a rapid degra-
dation of the compounds, since 7-DHC and its photoprod-
ucts are sensitive to light, heat, and oxygen. In particular, 7-
DHC is the most reactive lipid known to maintain a peroxi-
dative free radical chain reaction.16,17 Therefore, we
hypothesized that the supplementation with an antioxidant
agent could preserve 7-DHC and its photoproducts stability.
VitE was selected as a lipid soluble antioxidant18 with posi-
tive effects on bone. VitE suppresses the production of cer-
tain cytokines involved in increased bone loss19 and
prevents bone resorption as oxygen-free radicals are linked
to osteoclast formation and activation.20

The addition of VitE to the 7-DHC coating (20:1; m:m)
increased the percentage of preD3 production without fur-
ther incubation in both, polystyrene (14.5%) and Ti surfaces
(29.0%). In agreement with this result, a recent study dem-
onstrated that VitE supplementation decreased the oxyster-
ols levels derived from 7-DHC in cultured human SLOS
fibroblasts,21 reinforcing its antioxidant action in preserving
7-DHC stability.

Our next step was to evaluate the effect of time and
temperature on 7-DHC:VitE (20:1; m:m) coatings after irra-
diation in polystyrene surfaces. We determined that, in
polystyrene surfaces, the optimal incubation conditions
that promote the thermal conversion to cholecalciferol

were 48 h at 23�C. Furthermore, incubation at 4�C and at
220�C stopped the thermal isomerization and maintained
the initial composition of the UV-photoactivated 7-DHC;
whereas incubation at 37�C yielded no metabolites (data
not shown), probably due to their degradation. This dis-
crepancy at 37�C with previous research4,9,22–24 might be
explained by the fact that the thermal isomerization, here,
is done onto Ti surfaces in dry conditions, rather than in
aqueous solutions.

Then, we evaluated the effect of time on the synthesis of
D3 when 7-DHC:VitE (20:1; m:m) coatings were incubated
at 23�C after UV irradiation on Ti implants. Surprisingly, we
found that D3 synthesis in Ti surfaces was inferior to that in
polystyrene, and that no metabolite could be detected after
96 h of incubation. This result can be explained by the dif-
ferent material composition. UV treatment of Ti surfaces
improves the hydrophilicity and removes hydrocarbons
from the Ti surface.25,26 In fact, Ti implants have an outer
layer of titanium dioxide (TiO2) that produces high levels of
reactive oxygen species (ROS), such as hydroxyl radicals,
super-oxide anions, hydrogen peroxide and single oxygen,
when UV-irradiated.27–30 However, ROS cause oxidative
damage to organic compounds, such as the 7-DHC coating,
what results in a lower synthesis of D3. In the case of the
polystyrene surfaces, UV irradiation may form species of
lower oxidation states maintaining better the stability of 7-
DHC. As a result, the difference in the degree of oxidation in
Ti and polystyrene leads to a different composition of the
coatings after UV irradiation.

FIGURE 7. Effect of UV-irradiated 7-DHC:VitE (1:1; m:m) coated implants on the mRNA expression levels of functional makers of RAW264.7 cells.

Cells were cultured over the treated surfaces and dosed with 4 ng/mL RANKL for 5 days. (A) Car-2; (B) H1ATPase; (C) Ctsk; and (D) Car-2 mRNA

levels of RANKL-stimulated cells seeded over Ti surfaces coated with UV-irradiated 7-DHC:VitE (1:1; m:m). Data were normalized to reference

genes (Gapdh and 18S rRNA), expressed as percentage of control which was set to 100%. Values represent the mean6SEM (N5 6). Differences

between groups were assessed by Student’s t test: ap< 0.05 treatment versus EtOH control; bp< 0.05 7-DHC:VitE versus VitE control; and
cp< 0.05 7-DHC:VitE versus 7-DHC control.
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To solve this problem in Ti surfaces, we evaluated
increasing VitE doses (5:1 and 1:1; 7-DHC:VitE; m:m) to
avoid the oxidation of 7-DHC and its photoproducts and, in
consequence, increase the formation of D3. And indeed, we
found that using the higher dose of VitE (1:1; 7-DHC:VitE;
m:m), the function of preventing 7-DHC degradation was
completely fulfilled, leading to a higher synthesis of D3

when incubated for 48 h at 23�C (75.66 3.5 pmol/Ti
implant of D3).

Successful osseointegration of an implant requires equi-
librium between the action of both osteoblasts and osteo-
clasts. Reducing osteoclastogenesis in the peri-implant
region is then an effective strategy to improve bone-implant
integration and its further maintenance. Given the positive
results obtained in osteoblastic cells,1 we investigated the in
vitro response of 7-DHC:VitE (1:1; m:m) coated Ti surfaces
in the murine pre-osteoclastic cell line RAW264.7. As osteo-
blastic cells, RAW264.7 cells express the enzymatic machin-
ery required to synthesize final active vitamin D.31 Initially,
vitamin D was thought to be a bone resorption inductor.32,33

Indeed, 1,25(OH)D3 induced OCL formation from bone mar-
row cells.34,35 Nevertheless, active vitamin D compounds are
used as therapeutic drugs to treat osteoporosis. These com-
pounds improve bone mineral density, reduce bone resorp-
tion and bone fracture frequency by inhibiting
osteoclastogenesis.36,37 Various in vivo studies confirm the
effect of vitamin D metabolites on suppressing osteoclast
activity.38–41 These vitamin D compounds are believed to
improve the bone remodeling process by changing the bone
microenvironment.42 The in vitro inhibitory action of vita-
min D metabolites on osteoclastogenesis is said to work
through the suppression of the c-Fos transcription factor43

and the induction of interferon b.44 According to these find-
ings, we aimed at evaluating if there was a reduction in
osteoclastogenesis through the biological action of UV-
activated 7-DHC:VitE coated implants.

We demonstrate the biocompatibility of the coating in
RAW264.7 cells and the inhibition of the osteoclastogenesis
in vitro. RAW264.7 cells are in a pre-osteoclast state that
responds to RANKL stimulation in vitro to develop mature
OCL through the monocyte fusion. Mature OCLs contain
multiple nuclei and are surrounded by a stabilizing ring of
actin filaments. Furthermore, OCL highly express TRAP, a
sensitive and specific indicator of osteoclast functional-
ity45,46 and several fusion markers involved in the formation
of the multinucleated OCL.47–49 But besides TRAP and the
fusion factors, an active OCL express markers that partici-
pate in the bone resorption process, via acidifying the bone
microenvironment and digesting the organic matrix. Inter-
estingly, several studies link the gene expression levels of
these markers to the resorptive effect of mature OCL.50–53

Therefore, our results show that our optimized surface
impaired both osteoclastogenesis and bone resorption in
vitro.

In summary, we have optimized D3 synthesis in our
implants by supplementing 7-DHC with VitE and by adding
an incubation step of 48 h at 23�C after UV-irradiation. The
optimized implants have shown a strong effect inhibiting

osteoclastogenesis. Therefore, this approach can be consid-
ered as a novel implant therapy aiming at reducing osteo-
clast resorption and increasing bone formation.
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ABSTRACT 

Background and Objective. UV-irradiated 7-dehydrocholesterol (7-DHC) and vitamin E (VitE) 
coated titanium (Ti) implants have a beneficial effect on bone cells. Human gingival fibroblasts 
(HGFs) are the most abundant cells in periodontal tissues and they are involved in the wound 
healing repair. The objective of this study was to evaluate the response of HGFs to Ti implants 
coated with UV-irradiated 7-DHC and VitE, for improved soft tissue integration of dental 
implants. 
Methods. Ti surfaces were coated with 7-DHC and VitE, UV-irradiated and incubated for 48 
hours at 23ºC to allow cholecalciferol (D3) synthesis from 7-DHC onto the Ti surface. HGFs 
were cultured on the modified surfaces and the influence of the coating in these cells was 
evaluated through the analysis of (i) biocompatibility, (ii) mRNA levels of genes involved in the 
extracellular matrix composition and turnover, inflammatory response, periodontal bone 
resorption and wound healing, and (iii) protein levels of matrix metalloproteinase-1 (MMP1) and 
metallopeptidase inhibitor-1 (TIMP1).   
Results. We found a beneficial effect of UV-irradiated 7-DHC:VitE coated Ti implants on HGFs. 
Besides being biocompatible with HGFs, our coating increased collagen III α1 and fibronectin 
whilst decreased interleukin-8 mRNA levels. TIMP1 was increased at both mRNA and protein 
levels in HGFs cultured on UV-irradiated 7-DHC:VitE coated Ti implants. Finally, our coating 
decreased RANKL mRNA levels in HGFs.  
Conclusion. UV-irradiated 7-DHC:VitE coated Ti implants have a positive effect on HGFs in 
vitro by reducing the inflammatory response and ECM breakdown.   
 

Keywords 

7-Dehydrocholesterol, vitamin D, soft tissue integration, dental implant. 
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1. INTRODUCTION 

The biological relevance of vitamin D in the bone metabolism is widely recognized (1). 
However, non-skeletal functions of vitamin D are currently gaining notoriety since several 
evidences link this hormone to autoimmune diseases, cancers and periodontal health (2). The 
synthesis of vitamin D starts in our body when its precursor, 7-dehydrocholesterol (7-DHC), is 
UV-irradiated and further twice hydroxylated in the liver and kidney until forming the final active 
metabolite, 1-25-dihydroxyvitamin D3 (1,25-D3). Interestingly, recent investigations have 
revealed extra-renal sites of vitamin D production, such as macrophages (3), skin (4), bone (5,6) 
and periodontal tissues (7–9). 

A successful dental implant requires its integration with hard (bone) and soft (gingiva) 
tissues. Although there are numerous strategies aiming at improving osseointegration of dental 
materials, recent studies are also focusing on the soft tissue integration (10–12). Gingival 
fibroblasts (HGFs) are the most abundant cells in the gingiva and they are responsible for the 
synthesis of extracellular matrix (ECM) and for the wound healing repair and regeneration after 
the dental implant installation (13,14). HGFs are able to produce final active vitamin D since 
they express the required enzymatic machinery to synthesize 1,25-D3 (15), as the osteoblastic 
cells do (5). In previous studies we proved that UV-irradiated 7-DHC coated titanium (Ti) 
implants allow pre-osteoblastic (16) and mesenchymal stem cells (17) to produce themselves 
active vitamin D with positive effects on their osteogenic differentiation. Furthermore, these 
modified surfaces inhibit osteoclastogenesis, especially when combining 7-DHC with the 
antioxidant α-tocopherol (VitE), as it allows the achievement of higher levels of vitamin D 
synthesis (6). Therefore, given the promising results of UV-irradiated 7-DHC:VitE coated Ti 
implants on bone cells, it was of our great interest to determine their biological effect on HGF. 

To this purpose, we assessed the effect of UV-irradiated 7-DHC:VitE coated Ti implants on 
HGF cell viability, morphology, gene expression and protein levels of specific markers involved 
in the ECM turnover and wound healing. 

 

2. MATERIALS AND METHODS 

2.1. Implants and treatments 

Stock solutions of 7-DHC and VitE (Sigma, St. Louis, MO, USA) were prepared in absolute 
ethanol and filtered with a 0.22 µm pore size filter before use. Ti implants used were all made of 
grade 4 with a diameter of 6.2 mm and a height of 2 mm (Implantmedia, Lloseta, Spain). All 
disks were machined from cp Ti rods and subsequently cleaned as described elsewhere (18). 
For the surface modification of Ti implants, 10 µL of 0.2 nM 7-DHC supplemented with VitE on a 
mass-to-mass basis (1:1; m:m) were left on the surfaces. Additionally, only ethanol, VitE (0.18 
pmol/Ti disk) or 7-DHC (0.2 nmols/Ti disk) were considered as controls for in vitro experiments. 
Once the surfaces were coated, UV irradiation was performed as described elsewhere (16), 
UV-irradiation produces a ring opening of 7-DHC that results in the formation of preD3. Ti 
surfaces were then incubated for 48 hours at 23 ºC in absence of light in order to favor the 
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preD3-D3 isomerization. Finally, modified surfaces were processed to analyze their coating 
composition by HPLC or directly used for in vitro experiments. 

2.2. Determination of the conversion of 7-DHC to D3  by HPLC 

The amount of 7-DHC, preD3 and D3 on the surface was quantified by HPLC just after the 
UV-irradiation and after 48 hours of incubation post-irradiation as described in a previous study 
(16).  

2.3. Cell culture 

Three different donors of primary 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. HGFs were cultured at 37˚C/5% 
CO2 and maintained in fibroblast growth medium (Provitro GmbH) supplemented with 10% fetal 
calf serum, 50 ng amphotericin/mL and 50 µg gentamicin/mL (Provitro GmbH). Experiments 
were performed with HGFs between passages 7 and 8 after isolation. 

To test the effect of the surface modification, cells were seeded at a density of 2.3x104 
cells/cm2. Culture media were changed every other day with 100 µM ascorbic acid addition in 
order to promote collagen deposition. Cytotoxicity, cell morphology, gene expression, protein 
quantification, wound healing assay and inflammatory response were evaluated after 3 days of 
culture and gene expression and protein quantification after 14 days of culture.  

2.4. Cytotoxicity analysis 

Lactate dehydrogenase (LDH) activity in the culture media 3 d after cell seeding was used 
as an index of cell death. The LDH activity was estimated according to the manufacturer's kit 
instructions (Roche Diagnostics, Mannheim, Germany) by assessing the rate of oxidation of 
NADH at 490nm in presence of pyruvate. Results were presented relative to the LDH activity in 
the media of cells seeded on tissue culture plastic (TCP) without treatment (low control, 0% of 
cell death) and of cells grown on TCP 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) x 100. 

2.5. Cell morphology analysis 

Confocal images of cells grown onto modified Ti disks were obtained after 3 d of cell culture. 
Cells were first fixed and then permeabilized and further stained with Phalloidin-FITC (50 µg/mL; 
Sigma) to stain actin filaments. Finally, a drop of Fluoroshield-DAPI (Sigma) was added to stain 
the cell nuclei. Various images of each implant were taken with the confocal microscope (Leica 
DMI 4000B with Leica TCS SPE laser system) by measuring the fluorescence signal between 
430 and 480 nm for DAPI and 500 and 525 nm for Phalloidin-FITC. 

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

Total RNA was isolated using Tripure® (Roche Diagnostics) and total RNA was quantified 
at 260 nm using a Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, 
USA). The same amount of RNA was reverse transcribed to cDNA at 42 ºC for 60 min using 
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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 °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 contained 7 µL Lightcycler-FastStart DNA MasterPLUS SYBR Green I 
(containing Fast Start Taq polymerase, reaction buffer, dNTPs mix, SYBR Green I dye and 
MgCl2), 0.5 µM of each, the sense and the antisense specific primers (Table 1) 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 a cDNA template was run in each assay. Real-time efficiencies (E) were calculated from 
the given slopes in the LightCycler 480 software using serial dilutions, showing all the 
investigated transcripts high real-time PCR efficiency rates, and high linearity when different 
concentrations were used. PCR products were subjected to a melting curve analysis on the 
LightCycler 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 control groups using the following equation 
(19): ratio = Etarget

Cp target (mean control – sample) / Ereference
Cp reference (mean control – sample), where Cp is the is the 

crossing point of the reaction amplification curve amd E is the efficiency from the given slopes 
using serial dilutions, as determined by the LightCycler 480 software. Stability of reference 
genes was calculated using the BestKeeper tool (20). 

2.7. Enzyme-linked immunosorbent assays (ELISA) 

The detection of TIMP1 and MMP1 was performed from cell culture media after 3 and 14 d 
of cell culture by commercially available ELISA kits (Sigma) according to kit instructions. 
Absorbance values were measured with a microplate reader at 450 nm. 

2.8. Wound healing assay  

Wound healing assay was performed on confluent monolayers (after 3 d of cell culture) 
grown on the modified Ti surfaces. HGF cells were scraped with 10 µl sterile pipette tips in a 
straight line to create a scratch. HGF cells grown on TCP were used as control to determine 
confluence. Then, cell monolayers were washed once with growth medium to remove cell 
debris and detached cells. HGF cells were allowed to close the scratch for 2 days at standard 
cell culture conditions. At this point of time, culture medium was removed and RNA was isolated 
as described before to study gene expression of MMP1, ACTA2, EDN1 and TGFB1. 

2.9. Statistical analysis 

All data are presented as mean values ± standard error of the mean (S.E.M.). The 
Kolmogorov–Smirnov test was done to assume parametric or non-parametric distributions. 
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Differences between groups were assessed by Mann-Whitney-test, Student t-test or by paired t-
test. The SPSS® program for Windows, version 17.0 (SPSS, Chicago, IL, US) was used. 
Results were considered statistically significant at the p-values ≤ 0.05. 
 
3. RESULTS 

3.1. D3 production from UV-irradiated 7-DHC coated Ti disks  

 We analyzed the coating composition of the different modified Ti disks after 48 h of 
incubation at 23 ºC. HPLC analyses determined 61.82 ± 9.96 pmol and 31.34 ± 5.10 pmol of D3 
per Ti disk for 7-DHC:VitE and 7-DHC surfaces, respectively.  

3.2. Effect of UV-irradiated 7-DHC:VitE coated Ti surfaces on cell viability and 
morphology in HGFs 

We first evaluated the effect of these modified surfaces on cell viability and morphology. 
LDH activity, an index of cytotoxicity, showed that 7-DHC coated Ti surfaces produced a higher 
LDH release (8.44 ± 3.15 %) compared with EtOH control (1.48 ± 5.45 %). Otherwise, no 
differences were found in 7-DHC:VitE coated Ti surfaces (2.70 ± 2.71 %) and in VitE coated Ti 
surfaces (6.31 ± 2.50 %) when compared with EtOH control. Furthermore, cell morphology 
visualization (not shown) indicated that cells maintained their typical fibroblastic morphology in 
all the coated surfaces.  

3.3. Effect of UV-irradiated 7-DHC:VitE coated Ti surfaces on gene expression in 
HGFs 

We analysed the mRNA levels of HGF cells cultured on the modified Ti surfaces after 3 and 
14 days of culture (Figure 1). 7-DHC:VitE up-regulated COL3A1 and FN1 expression compared 
with 7-DHC control at day 14 (37% and 55% increase respectively). Also 7-DHC and 7-
DHC:VitE increased almost a 20% FN1 expression at day 3 compared with EtOH control. 
Regarding MMP1, cells cultured on 7-DHC:VitE showed a 40% higher mRNA expression levels 
compared with EtOH control at day 3, although the same group showed a significantly lower 
expression levels at day 14 when compared with VitE and 7-DHC controls (20% and 30% 
decrease respectively). TIMP1 gene expression at day 3 increased a 10% in cells cultured onto 
7-DHC:VitE compared with EtOH control and VitE .  

In evaluating the cytokines, no differences were found in IL6 gene expression but 7-
DHC:VitE significantly decreased the mRNA levels of IL8 after 14 days of cell culture when 
compared with the three controls (up to 3-fold decrease). After 3 days, VitE increased IL10 
whilst 7-DHC decreased its expression compared with EtOH control. Also a lower expression of 
IL10 was found in 7-DHC:VitE when compared with VitE after 3 and 14 days of culture. Finally, 
RANKL expression was down-regulated in cells cultured for 3 days on 7-DHC compared with 
EtOH control and in cells cultured on 7-DHC:VitE surfaces compared with EtOH and VitE 
controls (40% and 60% decrease respectively). Furthermore, OPG increased a 20% in 7-
DHC:VitE group when compared with VitE control. RANKL and OPG mRNA levels after 14 days 
of cell culture could not be determined due to their low expression levels.  
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3.4. Effect of UV-irradiated 7-DHC:VitE coated Ti surfaces on MMP1 and TIMP1 
production in HGFs  

We quantified MMP1 and TIMP1 protein levels after 3 and 14 days of cell culture (Figure 2). 
Production of MMP1 was similar in all modified surfaces but TIMP1 significantly increased in 
cells cultured for 14 days on 7-DHC:VitE surfaces compared with VitE control.  

3.5. Effect of UV-irradiated 7-DHC:VitE coated Ti surfaces on wound healing in HGFs 

We analysed the effect of UV-irradiated 7-DHC:VitE coating on gene expression after 
wound healing (Figure 3). No differences were found for ACTA2, TGFB1 and EDN mRNA levels 
but cells cultured on 7-DHC showed a lower mRNA expression of MMP1 compared with EtOH 
and VitE controls.   
 
4. DISCUSSION 

Most of the dental implant studies have only focused on osseointegration although their 
success depends on both hard and soft tissue integration. Indeed, an ideal dental implant 
should: (i) promote peri-implant bone healing and osseointegration, and (ii) promote soft tissue 
healing around the implant forming a biological seal between the oral cavity and the bone (21). 
Thus, an optimal soft tissue healing would prevent bacterial penetration, reduce inflammation 
and induce gingival fibroblast proliferation to aid in the tissue regeneration process. However, if 
fibroblasts fail to repair the wound between the implant and the surrounding tissue, the 
generated inflammatory reaction to bacterial invasion could lead to implant loss via peri-
implantitis. 

Although rough/micro-rough surfaces are required for optimal osseointegration of implant 
fixtures in contact to the jawbone, most implant systems use machined surface topographies for 
implant abutments (22,23), which are in contact with the soft tissue. In fact, several in vitro 
studies show that fibroblasts prefer smooth surfaces, and especially machined micro-grooved 
surfaces, rather than rough surfaces (24–27) while in vivo studies show that surface roughness 
does not affect soft tissue dimensions (21). Furthermore, micro-grooved surfaces can inhibit 
epithelial downgrowth (24). For these reasons, we selected machined micro-grooved surfaces 
for this study. 

Vitamin D has a positive role in implant osseointegration (28–31). In previous studies, we 
proved that UV-irradiated 7-DHC coated Ti implants allowed vitamin D in-cell biosynthesis, 
promoting osteoblast differentiation (16) and inhibiting osteoclastogenesis especially when 
supplemented with VitE (6). Furthermore, on one hand, vitamin D supplementation has been 
suggested to have a beneficial effect on the oral health (2), on the other hand,  HGFs were able 
to produce final active vitamin D (15), thus, we hypothesized that UV-irradiated 7-DHC:VitE 
coated Ti implants would have a positive effect on soft tissue integration. Our results show that 
the UV-irradiated 7-DHC:VitE coated Ti surfaces are biocompatible with HGFs, up-regulate FN1, 
COL3A1 and down-regulate IL8 and RANKL mRNA levels. Furthermore, this coating increases 
TIMP1 mRNA and protein levels, suggesting a beneficial effect on soft tissue integration. 

Excessive inflammation levels after an implant placement are related to decreased wound 
healing, leading to limited soft tissue integration. In the present study, we show that UV-
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irradiated 7-DHC:VitE coated Ti surfaces significantly downregulated IL8 mRNA levels, an 
important proinflamatory cytokine closely related to peri-implantitis (32). Similarly, human 
periodontal ligament cells decreased IL8 when stimulated with vitamin D (33), suggesting its 
potential to inhibit gingival inflammation. Another important event during inflammation is the 
induction of MMPs that leads to increased collagen destruction (13) which is regulated by their 
inhibitors, TIMPs (34). Therefore, the increase in TIMP1 production found on our coating might 
damp down the excessive collagen breakdown caused by inflammation. 

HGFs are responsible for forming a collagen-rich ECM and for repairing wound (14,35). 
Besides its anti-inflammatory activity, our coating increases FN1 and COL3A1 mRNA levels. On 
one hand, FN1 is involved in cell adhesion (36) so a higher FN1 expression may be related to 
an increased cell adhesion onto 7-DHC:VitE coated Ti. However, cell adhesion studies should 
be performed to confirm this result. On the other, COL3A1 is increased in HGF maturation (37) 
and scarless wound healing (38) so an increase in their mRNA levels may also be beneficial for 
soft tissue integration. In addition, healing process can produce either a scarred tissue or a 
functional regenerated tissue, depending on the expression of fibrotic markers (39). No 
differences were found in the mRNA levels of these markers after the wound healing among the 
different surfaces. Thus, this steady expression suggests a more regenerative response rather 
than a more scarring effect.  

HGFs can produce osteoclast-stimulating or inhibiting cytokines that are involved in bone 
resorption in periodontitis (40,41). These include RANKL, which activates osteoclastogenesis, 
and its decoy OPG that prevents osteoclast formation. Indeed, clinical investigations showed 
that RANKL is upregulated while OPG is downregulated in periodontitis, leading to a higher 
bone resorption (42,43). In this study, we found that UV-irradiated 7-DHC:VitE coated Ti 
surfaces decreased RANKL mRNA levels at short term, which could be beneficial to avoid peri-
implant bone resorption. However, Liu et al. (8) found that 25D3 and 1,25D3 addition up-
regulated RANKL mRNA in HGF. This discrepancy may be explained by the vitamin D 
metabolite dose used to stimulate cells. Here, according to previous studies using this coating 
(16), a lower 25D3 and 1,25D3 cell production is expected when compared with the 
concentrations used by Liu et al. (8). 

5. CONCLUSIONS 

In this study we show for the first time the biological potential of UV-irradiated 7-DHC:VitE 
coated Ti implants on gingival fibroblasts. We demonstrate that these modified surfaces are 
biocompatible with HGFs, decrease IL8 and increase FN1 and COL3A1 mRNA levels, 
suggesting a positive action in the inflammatory response and in the ECM maturation. Also, UV-
irradiated 7-DHC:VitE coated Ti increases TIMP1 at both mRNA and protein levels, suggesting 
therefore a decrease in the MMP-related ECM breakdown. Additionally, our coating decreases 
RANKL mRNA levels, which may imply an indirect inhibition of bone resorption. All in all, these 
findings show that UV-irradiated 7-DHC:VitE coated Ti implants may have a beneficial effect for 
soft tissue integration and implant success. Nevertheless, we acknowledge that in vivo studies 
are required to confirm the results here presented and to settle the clinical potential of the 
coating here proposed.  
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TABLES 

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

Related 
function 

Gene Primer sequence (5´- 3´) 
Produc
t size 
(bp) 

GeneBank 
Accession 
Number 

ECM 
component 

Collagen III α1 
(COL3A1) 

S: GGCCTACTGGGCCTGGTGGT 
A: CCACGTTCACCAGGGGCACC 

190 NM_000090.3 

ECM turnover 
Matrix 
metalloproteinase-1 
(MMP1) 

S: 
TGTCAGGGGAGATCATCGGGACA 
A: TGGCCGAGTTCATGAGCTGCA 

177 NM_002421.3 

ECM turnover 
Metallopeptidase 
inhibitor 1 (TIMP1) 

S: TTCCGACCTCGTCATCAGGG 
144 NM_003254.2 

A: TAGACGAACCGGATGTCAGC 

ECM 
component / cell 
adhesion 

Fibronectin  (FN1) 

S: 
CGGAGAGACAGGAGGAAATAGCC
CT 
A: TTGCTGCTTGCGGGGCTGTC 

150 NM_212482.1 

Anti-
inflammatory 
cytokine 

Interleukin-10 (IL10) 

S: TTA TCT TGT CTC TGG GCT 
TGG 
A: ATG AAG TGG TTG GGG AAT 
GA 

139 NM_000572.2 

Pro-inflamatory 
cytokine 

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

196 NM_000600.3 

Pro-inflamatory 
cytokine 

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

183 NM_000584.3 

Periodontal 
bone resorption 

Osteoprotegerin (OPG) 
S: AGGCGATACTTCCTGTTGCC 
A: GATGTCCAGAAACACGAGCG 

163 NM_002546.3 

Periodontal 
bone resorption 

Receptor Activator of 
NF-κB Ligand 
(RANKL) 

S: CAGAGCGCAGATGGATCCTAA 
A: TCCTTTTGCACAGCTCCTTGA 

180 NM_003701.3 

Wound healing 
α-smooth muscle actin 
(ACTA2) 

S: TAAGACGGGAATCCTGTGAAGC 
A: TGTCCCATTCCCACCATCAC 

184 
NM_001141945
.1 

Wound healing Endothelin-1 (EDN1) 
S: ACGGCGGGGAGAAACCCACT 
A: ACGGAACAACGTGCTCGGGA 

147 NM_001955.4 

Wound healing 
Transforming growth 
factor-β1 (TGFB1) 

S: TGTCACCGGAGTTGTGCGGC 
A: GGCCGGTAGTGAACCCGTTG 

131 NM_000660.4 

Reference gene Beta-actin (ACTBL2) 
S: CTGGAACGGTGAAGGTGACA 
A: 
AAGGGACTTCCTGTAACAATGCA 

136 NM_001101.3 

Reference gene 

Glyceraldehyde 3-
phosphate 
dehydrogenase 
(GAPDH) 

S: TGCACCACCAACTGCTTAGC 
A: GGCATGGACTGTGGTCATGAG 

87 NM_002046.3 

ECM: extracellular matrix 
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FIGURES 

 
 
Figure 1. Effect of UV-irradiated 7-DHC:VitE coated Ti disks on gene expression levels of HGF 
grown for 3 and 14 d. Data represent fold changes of target genes normalized to beta-actin and 
GAPDH (reference genes) expressed relative to EtOH control (3 d or 14 d) that was set at 
100%. Values represent the mean ± S.E.M. (N=6; 3 donors). Significant differences were 
assessed by paired t t-test: a treatment versus the corresponding EtOH control for each time 
point; b treatment versus the corresponding VitE control for each time point; c treatment versus 
the corresponding 7-DHC control for each time point. 
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Figure 2. Effect of UV-irradiated 7-DHC:VitE coated Ti disks on MMP1 and TIMP1 protein 
levels and their ratio after 3 and 14 d of cell culture. Values represent the mean ± S.E.M. (N=6; 
3 donors). Significant differences were assessed by paired t-test: b treatment versus the 
corresponding VitE control for each time point. 
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Figure 3. Effect of UV-irradiated 7-DHC:VitE coated Ti disks on wound healing. Gene 
expression levels 48 h after scratching HGF monolayers of MMP1, ACTA2, EDN1 and TGFB1 
of HGF cells seeded on to the different modified Ti surfaces. Data represent fold changes of 
target genes normalized to beta-actin and GAPDH (reference genes) expressed relative to 
EtOH control that was set at 100%. Values represent the mean ± S.E.M. (N=6, 1 donor). 
Significant differences were assessed by Student t- test (p< 0.05): a treatment versus EtOH 
control; b treatment versus VitE control. 
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ABSTRACT 

Objectives. This study aimed at evaluating the biological response of titanium implants coated 
with UV-irradiated 7-dehydrocholesterol (7-DHC) and vitamin E (VitE) in vivo and analyzing the 
effects of ageing on their stability and bioactivity in vitro. 
Materials and Methods. Titanium surfaces were coated with 7-DHC and VitE, UV-irradiated 
and incubated for 48 hours at 23ºC to allow cholecalciferol synthesis. The in vivo biological 
response was tested using a rabbit tibial model after 8 weeks of healing by analyzing the wound 
fluid and the mRNA levels of several markers at the bone-implant interface. The stability of the 
coating after storage up to 12 weeks was determined using HPLC analysis and the bioactivity of 
the stored modified implants was studied by an in vitro study with MC3T3-E1 cells.  
Results. A significant increase in gene expression levels of osteocalcin was found in the bone 
tissue attached to implants coated with the low dose of 7-DHC and VitE, together with a higher 
ALP activity in the wound fluid. Implants treated with the high dose of 7-DHC and vitE showed 
increased tissue necrosis and inflammation. Regarding the ageing effects, coated implants 
were stable and bioactive up to 12 weeks when stored at 4ºC and avoiding oxygen, light and 
moisture. 
Conclusion. The present work demonstrates that Ti implants coated with UV-irradiated 7-DHC 
and VitE  promote in vivo gene expression of bone formation markers and ALP activity, while 
they keep their osteopromotive potential in vitro and composition when stored up to 12 weeks at 
4ºC. 
 

Keywords 

7-Dehydrocholesterol, vitamin D, vitamin E, dental implant, titanium, bone formation, in vivo, 
coating stability  
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1. INTRODUCTION 

Vitamin D deficiency leads to bone resorption, osteoporosis and reduced bone mineralization 
(Holick et al., 2005; Mata-Granados et al., 2013; Lips and Van Schoor, 2011). Thus, patients 
with bone diseases, such as the case of osteoporosis, are supplemented with vitamin D (Amin 
et al., 1999; Lips and Van Schoor, 2011; Nordin and Morris, 1992). Although the major source 
of vitamin D comes from the 7-dehydrocholesterol (7-DHC), which is present in our skin and 
subsequently processed in the liver and kidney, extra renal synthesis of vitamin D is also 
possible (Lehmann and Meurer, 2003; Bikle, 2004; Hewison et al., 2007). UV-irradiated 7-DHC 
can be used to locally produce active vitamin D by osteoblastic cells (Satué, Córdoba, et al., 
2013) and as a biocompatible coating for Ti implants allowing both osteoblastic (Satué, Petzold, 
et al., 2013) and mesenchymal stem cells (Satué et al., 2015) to produce active vitamin D, with 
positive effects on their osteogenic differentiation in vitro. Interestingly, not just a beneficial 
effect of these modified implants on stimulating osteoblast differentiation has been proved but 
also an inhibition of osteoclastogenesis and bone resorption has been suggested in vitro, 
especially when combining 7-DHC with the antioxidant α-tocopherol (VitE) (Satué et al., 2014).  

The modern implants were introduced by Brånemark who demonstrated that titanium 
embedded in rabbit bone was completely attached and difficult to remove (Brånemark et al., 
1969). Since then, implant research has evolved; improving the survival rate and longevity. 
Current implants show high success rates but there is still ongoing research to improve the 
clinical performance in more challenging conditions. Thus, there is an urgent need for improving 
dental implants in patients with compromised skeletal structures, with poor bone quality or 
quantity (Simon and Watson, 2002). Furthermore, the increase of life expectancy in the current 
society increases age-related bone diseases (Kloss and Gassner, 2006). Given the fact that Ti 
implants coated with the vitamin D precursor promote osteoblast differentiation and inhibit 
osteoclastogenesis in vitro, we hypothesized that this strategy could improve osseointegration 
in a validated animal model. Another important factor to consider in dental implant research is 
the maintenance of the bioactivity of the implant for a certain period of time. Thus, orthopedic 
and dental implants are sold as storable medical devices but the ageing effects on them have 
barely been addressed (Att et al., 2009). Although Ti is the most commonly used material for 
bone implants due to its outstanding properties (Palmquist et al., 2010), the addition of bioactive 
molecules to the implant surface makes them more difficult to handle and store than unmodified 
ones, which could limit their clinical use (Ferraris et al., 2012). Thereby, developing a bioactive 
coating with good stability and able to maintain its bioactivity during storage is of high interest 
for future clinical use.  

The purpose of this study was to evaluate the biological response of UV-activated 7-DHC:VitE 
coated Ti implants in vivo. The secondary aim was to analyze the effect of ageing on the 
stability and bioactivity of the coating. A rabbit tibial model of bone peri-implant bone healing 
was used to confirm its biological activity in vivo whilst MC3T3-E1 murine pre-osteoblast cells 
were used to assess their stability and bioactivity in vitro after storage up to 12 weeks. 
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2. MATERIALS AND METHODS 

2.1. Sample preparation 

This study employed Ti disks with a diameter of 6.25 mm and a height of 2 mm, machined 
from cp Ti rods (grade 2). For the in vivo study, surfaces were subsequently blasted with 
titanium dioxide (TiO2) particles with grain size between 90-110 µm. The distance from the 
implants to the jets was approximately 20 mm during blasting procedure and the TiO2 particle 
stream hit the surface with an angle of 90º. The air pressure used for blasting was set to 0.5 
MPa. All implants were cleaned with trichloroethylene followed by rising with 100% ethanol and 
subsequently by ethanol in an ultrasonic bath. A final rinse with deionized water and neutral pH 
was performed to ensure clean surface.  

Stock solutions of 7-dehydrocholesterol and α-tocopherol (7-DHC and VitE; Sigma St. 
Louis, MO, USA) were prepared in absolute ethanol and filtered with a 0.22 µm pore size filter 
before use. For the surface coating, two doses of 7-DHC were used in the in vivo study: 0.2 
nmol per Ti disk (Low dose; LD) and 2 nmol per Ti disk (High dose; HD); both supplemented 
with VitE (1:1) on a mass-to-mass (m:m) basis. Only the LD of the in vivo study (0.2 nmols 7-
DHC /Ti disk) supplemented with VitE (1:1) on a mass-to-mass (m:m) basis was used for the in 
vitro analyses. Thus, 10 µl of each treatment were left on the surfaces and further UV-irradiated 
and incubated for 48 hours at 23ºC as described in previous studies (Satué et al., 2014). 
Ethanol (EtOH) coating was used for the control group, which was also UV-irradiated and 
incubated for 48 hours at 23ºC.  
Ti disks were processed to analyze their coating composition by HPLC. Implants for in vivo 
analysis were stored in cold, dry and dark conditions until the animal study was performed. 
Similarly, implants for in vitro analysis were packaged in dark and dry conditions and further 
stored at -20, 4 and 23ºC, for 3, 6 and 12 weeks.  

2.2. Determination of the D3 synthesis from UV-irradiated 7-DHC by HPLC 

The coating composition of the different surfaces, both in vivo and in vitro, was quantified 
by HPLC as previously described (Satué, Petzold, et al., 2013). All solvents used were HPLC or 
analytical grade. Methanol (HPLC gradient grade), acetonitrile and tetrahydrofurane (both 
HPLC grade) were purchased from Fisher Scientific (Thermo Fisher Scientific, MA, USA). High-
purity deionized Milli-Q water was obtained from a Millipore system (Millipore Corporation, 
Billerica, MA, USA). Absolute ethanol was purchased from Scharlab (Barcelona, Spain).  
 

2.3. In vivo study  

Six New Zealand White female rabbits (ESF Produkter Estuna AB, Norrtälje, Sweden) were 
used for in vivo testing of the effect of UV-irradiated 7-DHC:VitE Ti implants on 
osseointegration. During the experimental period, the animals were kept in at standardized 
room temperature, humidity and diet. The experiments were approved by the Norwegian Animal 
Research Authority (NARA) and registered by this authority. The procedures have thus been 
conducted in accordance with the Animal Welfare Act of June 01st 2010, No. 94 and Regulation 
on Animal Experimentation of January 15th 1996. Sedation and anesthesia and all surgical 
procedures were done as described by Rønold et al (Rønold and Ellingsen, 2002). After eight 
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weeks of healing, animals were sacrificed and the effect of the bioactive modified surfaces was 
evaluated by assessing the bone-to-implant attachment strength, wound fluid analyses (LDH 
activity, ALP activity and protein content) and bone tissue analyses (mRNA levels of bone 
markers using real-time RT-PCR). After removing the implants, photographs of the implantation 
sites were taken. These pictures were evaluated to assess the blood presence on the 
implantation site. 

Evaluation of the strength needed to detach the implants from the bone was determined by 
using a tensile removal test. The detachment of the implants from the cortical bone was 
performed using a Lloyds LRX Materials testing machine (Lloyds Instruments Ltd, Segensworth, 
UK) fitted with a calibrated load-cell of 100 N. Cross-head sped range was set to 1.0 mm/min. 
Detailed information concerning this removal tensile test have been published elsewhere 
(Rønold and Ellingsen, 2002). 

After implant detachment, wound fluid sampling and analysis of LDH activity, ALP activity 
and total protein were performed as previously detailed (Haugen et al., 2013; Monjo et al., 
2010). Total RNA was isolated from peri-implant bone tissue attached to the extracted implants 
using TRIzol® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the 
manufacturer's protocol and quantified at 260 nm using a Nanodrop spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). The same amount of RNA (450 ng) of the 
total RNA isolated was reverse transcribed to cDNA using RevertAid First Strand cDNA 
Synthesis kit (Thermo Scientific, USA) that contains both oligo(dT) and random hexamers. Each 
cDNA was diluted 1/6 and aliquots were frozen (-20C) until the PCR reactions were carried 
out. Real-time PCR was performed in the CFX96 Real-time PCR system (Bio-Rad, Hercules, 
CA) using SYBR green detection. Real-time PCR was done for three reference genes: 18S 
ribosomal RNA (18S rRNA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and -
actin, and thirteen target genes: collagen type I (COLL-I), bone morphogenetic protein 2 (BMP-
2), runt-related transcription factor 2 (RUNX2), osteocalcin (OC), tartrate-resistant acid 
phosphatase (TRAP), calcitonin receptor (CALCR), vacuolar type proton ATPase (H+ATPase), 
receptor activator of nuclear factor-kappaB ligand (RANKL), tumor necrosis factor-α (TNF-), 
interleukin-6 (IL-6), interleukin-10 (IL-10), vitamin D 25-hydroxylase (CYP27A1) and vitamin D 
receptor (VDR). The primer sequences used are detailed in Table 1. The concentration of PCR 
reaction components, amplification program and quantification were performed as documented 
earlier (Monjo et al., 2008).  

2.4. In vitro study 

The mouse osteoblastic cell line MC3T3-E1 (DSMZ, Braunschweig, Germany) was chosen 
as the in vitro model to evaluate the bioactivity of the modified surfaces after storage. Cells 
were routinely cultured in α-MEM (PAA Laboratories GmbH, Pasching, Austria), supplemented 
with 10% fetal bovine serum (PAA Laboratories GmbH, Pasching, Austria) and antibiotics (50 
IU penicillin mL-1 and 50 µg streptomycin mL-1) (Sigma, St. Louis, MO, USA) under standard cell 
culture conditions (at 37 ºC in a humidified atmosphere of 5% CO2). Cells were seeded at a 
density of 30,000 cells cm-2. After 48 h of cell culture, supernatants were collected to test 
cytotoxicity and metabolic activity, and further cells were harvested to analyze the mRNA levels 
of several osteoblast differentiation markers using real-time reverse-transcription-polymerase 
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chain reaction (RT-PCR). Further, MC3T3-E1 cells were harvested after 5 days of cell culture to 
measure ALP activity and total protein content. 

Cytotoxicity and metabolic activity analyses from the culture media were carried out using 
the Cytotoxicity Detection kit (Roche Diagnostics, Mannheim, Germany) and Presto Blue 
reagent (Life Technologies, Carlsbad, CA), according to each supplier’s protocol.  

RNA was isolated from cells using Tripure (Roche Diagnostics, Mannheim, Germany) 
following the instructions of the manufacturer. RNA was quantified at 260 nm using a Nanodrop 
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Total RNA previously 
isolated was reverse-transcribed to cDNA using High Capacity RNA to cDNA kit (Applied 
Biosystems, Foster City, CA) according to the protocol of the supplier. Real-time PCR was 
performed for  two reference genes: 18S ribosomal RNA (18S rRNA), glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), and four target genes: Collagen (Coll-1), Bone 
morphogenetic protein 2 (Bmp-2), Osteocalcin (Oc) and Osterix (Osx). The primer sequences, 
the concentration of PCR reaction components, amplification programs and quantification 
methods have been previously reported (Satué, Petzold, et al., 2013). Finally, ALP activity and 
protein content analyses were performed as documented earlier (Satué, Petzold, et al., 2013). 

2.5. Statistics 

All data are presented as mean values ± standard error of the mean (S.E.M.). The 
Kolmogorov-Smirnov test was done to assume parametric or non-parametric distributions. 
Differences between groups were assessed by Mann-Whitney-test or by Student t-test 
depending on their normal distribution. The SPSS® program for version 17.0 (SPSS, Chicago, 
IL, US) and GraphPad Prism® version 5.0 (GraphPad Software Inc., San Diego, CA, USA) 
were used. Results were considered statistically significant at the p-values ≤ 0.05.  
 

3. RESULTS 

3.1. Quantification of the D3 production from UV-irradiated 7-DHC:VitE coated Ti 
implants  

We analyzed the coating composition of the modified blasted Ti implants used for the in 
vivo analyses. Once coated with 7-DHC:VitE, these surfaces were further UV-irradiated and 
incubated for 48 h at 23ºC. HPLC analyses determined 771.3 ± 6.3  pmol and 61.4 ± 4.2 pmol 
of D3 per Ti implant produced after UV irradiation for 2 and 0.2 nmol 7-DHC:VitE (1:1; m:m) 
coated surfaces, respectively.  

Similarly, modified Ti implants used for the in vitro study were analyzed by HPLC to 
determine their composition after different conditions. First, UV-irradiated coated Ti implants 
(0.2 nmol 7-DHC:VitE (1:1; m:m)), once incubated for 48 h at 23ºC, were then stored at different 
temperatures (-20, 4 and 23ºC) for up to 3 weeks in order to assess their shelf-life stability. After 
the 3-week storage, similar results in the coating composition were observed when stored at -20 
and 4ºC (66.49 ± 1.66 and 73.35 ± 0.72 pmol D3 per Ti implant respectively), but a decrease in 
the D3 composition was found when stored at 23ºC (49.88 ± 0.35 pmol D3 per Ti implant). Given 
these results, we selected 4ºC for the 12-week storage and further bioactivity analyses. As 
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expected, no relevant changes were found in the coating composition of the 4ºC-stored UV-
activated 7-DHC:VitE Ti implants (73.8 ± 2.4; 75.7 ± 1.8 and 72.9 ± 2.3 pmol D3 per Ti implant 
were measured after 3, 6 and 12-week storage at 4ºC, respectively) when compared with the 
non-stored ones. 

3.2. In vivo biomechanical evaluation, wound fluid analyses and macroscopic 
observation of the implant site 

The biomechanical evaluation of the implants using the tensile test showed that the pull-out 
force applied until loosening implants was similar in the control group and in both groups 
treated with low and high vitamin D doses (Fig. 1A). However, the LDH activity present in the 
wound fluid collected from the implant site was higher in the VitD-HD group when compared 
with the Ti control (Fig. 1B). The ALP activity, which was corrected for total protein content in 
the wound fluid to calculate the specific ALP activity, was increased in VitD-LD coated Ti 
implants although only significantly when compared with VitD-HD (Fig. 1C). A visual inspection 
of the implant site was also performed. Thus, representative pictures of the cortical bone 
defects hosting the different Ti implants were selected to illustrate the visible amount of blood 
clot remaining at the interface (Fig. 1D). The VitD-HD group showed a higher amount of blood 
remaining at the interface compared with the control, while the VitD-LD group showed the 
lowest amount of blood.  

3.3. In vivo gene expression analyses from peri-implant cortical bone tissue 

Changes in the relative mRNA levels of target genes related to bone formation (COLL-1, 
BMP-2, RUNX2 and OC), bone resorption (TRAP, CALCR, H+ATPase and RANKL), 
inflammation (TNF-α, IL6 and IL10) and vitamin D metabolism (CYP27A1 and VDR) were 
evaluated in the peri-implant bone tissue (Fig. 2). Although without significant differences, VitD-
LD and VitD-HD showed lower COLL-1 mRNA levels compared with control (Fig. 2A). Levels of 
BMP-2, RUNX2 and OC were increased in the VitD-LD group, and OC was significantly higher 
in VitD-LD coated implants (Fig. 2A). Regarding the indicators of bone resorption (Fig. 2B), 
TRAP levels were significantly decreased in VitD-HD coated samples compared with the control 
group. Nevertheless, no significant differences were observed in the mRNA levels of CALCR 
and H+ATPase. A trend to increase RANKL levels was found in VitD-LD coated samples. In 
addition, mRNA levels of pro-inflammatory (TNF-α and IL6) cytokines showed that VitD-HD 
significantly increased TNF-α levels (Fig. 2C). However, the levels of the anti-inflammatory 
(IL10) cytokine remained unchanged for the different groups (Fig. 2C). Finally, vitamin D 25-
hydroxylase (CYP27A1) and vitamin D receptor (VDR) mRNA levels tended to be increased in 
implants coated with VitD-LD (Fig. 2D).  

3.4. In vitro bioactivity analyses of UV-irradiated 7-DHC:VitE coated Ti implants. 

Since we observed that the coating composition of UV-activated 7-DHC:VitE was stable up 
to 12 weeks of storage at 4ºC, we assessed whether the bioactivity of these surfaces using 
MC3T3-E1 cells was also maintained. First, we analyzed the cell viability of these cells seeded 
onto modified Ti surfaces that had been previously stored for 3, 6 and 12 weeks at 4ºC (Fig. 
3A). EtOH-treated surfaces were used as control for each storage time and also fresh 
treatments (EtOH and UV-activated 7-DHC:VitE that were not stored (NS)) were ran in every 
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experiment as controls. Although 3-week stored UV-activated 7-DHC:VitE showed a lower LDH 
activity than non-stored UV-activated 7-DHC:VitE, no differences were found for the rest of the 
stored treatments. Furthermore, metabolic activity of cells cultured onto non-stored UV-
activated 7-DHC:VitE and stored UV-activated 7-DHC:VitE coated Ti implants revealed no 
differences among the groups (data not shown). 

In order to determine whether the stored implants were bioactive after the storage or not, 
we analyzed the mRNA levels of several markers related to proliferation, matrix maturation and 
mineralization (Fig. 3B-E). Thus, Coll-1 was up-regulated in 3 week-stored UV-irradiated 7-
DHC:VitE and 6 week-stored EtOH control when compared with the non-stored ones. 
Interestingly, Bmp-2, Osx and Oc levels were significantly increased in all UV-irradiated 7-
DHC:VitE coated Ti implants, both non-stored and stored samples. Furthermore, Bmp-2 and 
Osx were also upregulated in 3 week-stored EtOH compared with the non-stored EtOH. UV-
irradiated 7-DHC:VitE coated Ti implants stored after 3 and 6 weeks increased Osx mRNA 
levels compared with the non-stored control. Also, Oc was upregulated in UV-irradiated 7-
DHC:VitE coated Ti implants after 3-week storage compared with the non-stored control and 
EtOH control stored for 12 weeks was increased when compared with the non-stored EtOH. 
Finally, to investigate the effect of ageing on the terminal osteoblast differentiation induced by 
UV-irradiated 7-DHC:VitE coated Ti implants, ALP activity was measured in the cell monolayer 
on day 7 of cell culturing (Fig. 3F). In agreement with the gene expression findings, ALP activity 
was statistically increased in both stored and non-stored UV-irradiated 7-DHC:VitE coated Ti 
implants compared with EtOH control, although a lower ALP activity was observed in the EtOH 
control group at 6 and 12 weeks of storage. 
 

4. DISCUSSION  

The present study shows that UV-irradiated 7-DHC:VitE coated Ti implants promote the 
gene expression of the late bone formation marker osteocalcin in the peri-implant bone, 
increased ALP activity in the wound fluid and maintain their stability and bioactivity properties 
after 12-week storage in vitro.  

Recently, several investigations have confirmed the importance of vitamin D action in the 
osseointegration process; with impaired implant osseointegration in vitamin D deficiency cases 
(Cho et al., 2011; Dvorak et al., 2012; Wu et al., 2013; Naito et al., 2014; Liu et al., 2014) and 
promoted peri-implant bone formation in vitamin D supplementation treatments (Kelly et al., 
2009; Mengatto et al., 2011; Dvorak et al., 2012). However, to the best of our knowledge, the 
present study shows for the first time the effect of the UV-irradiated vitamin D precursor coated 
implants, supplemented with VitE, in the in vivo bone response. Thus, in order to study the 
osseointegration process of UV-irradiated 7-DHC:VitE coated Ti implants, we used 
standardized coin-shaped Ti implants that were placed in cortical bone defects in the rabbit 
tibia. This model is close to the clinical situation for implant osseointegration and can be 
considered as a valid model in humans (Monjo et al., 2008; Rønold and Ellingsen, 2002). 
Furthermore, it enables to analyze the bone-implant retention, the visual inspection of the 
healing defect as well as sampling of the bone tissue attached to the extracted implants to 
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evaluate specific biological markers related to bone formation, bone resorption, inflammation 
and vitamin D metabolism.  

After the implant placement, a series of bone modeling and remodeling steps take place 
(Stanford, 2010). First, a blood clot is formed at the implant surface (Slaets et al., 2006) which 
further influences the osteogenic response (Hong et al., 1999; Hong et al., 2005). Chemistry 
and topography of the implant surface influence interactions with blood components (Gorbet 
and Sefton, 2004; Baker et al., 2008) as well as the further recruitment of osteogenic cells 
(Kloss et al., 2013; Wennerberg et al., 1996). Furthermore, cessation of circulation at the 
broken ends causes necrosis in the peri-implant bone tissue (Davies, 2003). In the present 
study, visual observation of the bone defects after implant detachment revealed a denser blood 
clot in the VitD-HD samples whilst the less dense blood clot was found in the VitD-LD group. A 
possible explanation of these results is that the VitD-HD increased necrosis in the peri-implant 
tissue, as suggested by the LDH activity results, and also implied a higher expression of pro-
inflammatory cytokines such as TNF-α. Accordingly, several animal and clinical studies have 
identified suppressive effects of high dose vitamin D supplementation on bone formation 
(Yamaguchi and Weitzmann, 2012). However, the lower presence of blood observed in the 
interface after removal of VitD-LD coated implants suggested that this coating accelerates the 
formation of the coagulum and its further replacement with granulation tissue and osteoid. 
Indeed, the ALP activity results revealed a higher degree of matrix mineralization for VitD-LD 
coated implants. Furthermore, VitD-LD coated implants showed the most suitable balance in 
mRNA levels of markers involved in bone formation and bone resorption in the bone-implant 
interface. Thus, a trend to decrease COLL-1 whilst to increase BMP-2 and RUNX2 mRNA 
levels were found in VitD-LD samples, which then significantly increased OC levels. Also, lower 
TRAP mRNA levels were observed, in line with the inhibition of the osteoclastogenesis in vitro 
(Satué et al., 2014). The mRNA levels of cytokines expressed by monocytes and macrophages 
in the peri-implant bone tissue revealed that VitD-LD coated implants may trigger the most 
appropriate inflammatory response during healing. Finally, peri-implant bone tissue in contact 
with VitD-LD coated surfaces tended to up-regulate CYP27A1 and VDR mRNA levels, 
suggesting an increased vitamin D synthesis in the peri-implant bone tissue. Similarly, systemic 
administration of vitamin D in different animal models has resulted in the improvement of the 
implants osseointegration (Dvorak et al., 2012; Wu et al., 2013; Liu et al., 2014) but also the 
action of implants treated with vitamin D locally has been investigated in vivo. Thus, Cho et al. 
(Cho et al., 2011) demonstrated that PLGA/1,25(OH)2D3 coating stimulated bone formation 
adjacent to the surface of implants and later, Naito el at. (Naito et al., 2014) observed possible 
dose dependent effects of 1,25(OH)2D3 coated implants on the peri-implant bone response 
although without statistical differences. Therefore, differences in the bone response depend on 
the vitamin D dose used. Indeed, a different response was found in the present study 
depending on the dose of the coating used, with a negative effect on bone (higher inflammation 
and necrosis) when a higher dose of VitD was used.  

It is well known that current innovative biomaterials use biologically active molecules to 
improve their functions in regenerating or repairing target tissues (Healy et al., 1999; Rice et al., 
2013; Joddar and Ito, 2011). But their packaging and storage may involve difficulties for their 
further clinical application. Furthermore, the shelf life of common titanium materials designed for 
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the clinical practice rarely has been recorded; very few investigations have studied the effects of 
storage methods and time-related bioactivity of these biomaterials. But due to its clinical 
relevance, there is increasing awareness and interest in this issue (Suzuki et al., 2009; Ferraris 
et al., 2012; Lu et al., 2012; Guillot et al., 2013; Wang et al., 2013; Ueno et al., 2012). For 
instance, it has been proved that the biological potential of an old Ti implant is lower than a new 
one as it is exposed to air adsorbing unavoidably contaminations, changing the surface 
composition (Lu et al., 2012). Thus, UV treatment of Ti surfaces is an example of strategy 
overcoming time-related degrading bioactivity (Suzuki et al., 2009). Also changes in the 
temperature, moisture and other storage conditions influence the final bioactivity of the 
biomaterial (Ferraris et al., 2012; Guillot et al., 2013; Tian et al., 2002; Scharnweber et al., 
2010). Biological molecules usually present low stability under environmental conditions since 
they tend to denature in activity due to humidity and heat (Ferraris et al., 2012). Indeed, several 
investigations confirm the effect of storage temperatures on the stability of different drugs (Tian 
et al., 2002; Mohl and Winter, 2006; Dong et al., 2006). Vitamin D stability  depends on 
temperature but also on other specific conditions, such as oxygen, light and moisture which 
cause its degradation (Kaushik et al., 2014; Haham et al., 2012). Accordingly, we protected the 
modified coatings from light, oxygen and moisture and further evaluated how temperature 
affected the coating composition. In this research, we proved that our coating was stable up to 
12 weeks when stored in a refrigerator (4ºC), under nitrogen packaging and in absence of light. 
Moreover, in vitro studies demonstrated its bioactivity after 12-week storage at the mentioned 
conditions, in the same way that the previous study performed with UV-irradiated 7-DHC coated 
implants (Satué, Petzold, et al., 2013). 
 
5. CONCLUSION 

The present work demonstrates that Ti implants coated with UV-irradiated 7-DHC and VitE 
promote in vivo gene expression of bone formation markers and keep their osteopromotive 
potential in vitro and composition when stored up to 12 weeks at 4ºC and avoiding light, oxygen 
and moisture. Developing a coating for dental implants with potential to improve the biological 
response in skeletal compromised structures and with minimum shelf-life stability and bioactivity 
is critically relevant for its further clinical application.  
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TABLES 

Table 1. Oligonucleotide sequences of sense (S) and antisense (A) primers used in the real-
time PCR of target and reference genes and amplicon size of the resulting products.   

Gene Primer sequence 
Product 
size (bp) 

BMP2 
S   5´- ATG GGT TTG TGG TGG AAG TG-3´  
A   5´- GCT GTT TGT GTT TCG CTT GA -3´ 
 

195 

CALCR 
S   5´- CAA ATG ACA CCC ATC CAA CA -3´  
A   5´- ACA TCC ATC CAT CCC AGG TC -3´  162 

COLL1 
S   5´- AGA GCA TGA CCG ATG GAT TC-3´  
A   5´- CCT TCT TGA GGT TGC CAG TC-3´ 
 

177 

CYP27A1 
S   5´- CGC GTC CTC TGC TGC CCT TT-3´ 
A   5´- ACC CGG ACT CCA TCT GGC CC-3´ 
 

139 

H+ATPase 
S   5´ -CCG AAA CCT CCT GAA GAA AA-3´ 
A   5´- ATA GCC GTG GTG CTG AAG TC-3´ 165 

IL10 
S   5´- CCT TTG GCA GGG TGA AGA CT -3´ 
A   5´- ATG GCT GGA CTC TGG TTC TC -3  
 

175 

IL6 
S   5´- TAA TGA GAC CTG CCT GCT GA -3´  
A   5´- GCT TGA GGG TGG CTT CTT C -3´ 
 

191 

OC 
S   5´- GAA GCC CAG CGG TGC A -3´  
A   5´- CAC TAC CTC GCT GCC CTC C -3´ 
 

70 

RANKL 
S   5’- CAG AGC GCA GAT GGA TCC TAA -3´ 
A   5´- TCC TTT TGC ACA GCT CCT TGA -3´ 
 

180 

RUNX2 
S   5´- GCC TTC AAG GTG GTA GCC C -3´ 
A   5´- CGT TAC CCG CCA TGA CAG TA -3´ 
 

67 

TNF-α 
S   5´- TCC GTG AAA ACA GAG CAG AA -3´  
A   5´- GAG CAG AGG TTC GGT GAT GT -3´ 
 

160 

TRAP 
S   5´- CCT GGG CGA CAA CTT TTA CT -3´  
A   5´- TTG GAG ACC TTG GAA TAG GC -3´ 
 

180 

VDR 
S   5´- GGGAGATGATCCTGAAGCGG -3´ 
A   5´- GGAACTGAGGTGGTCTGAGC -3´ 
 

254 

β-ACTIN 
S   5´- GCG ACC TCA CCG ACT ACC T -3´  
A   5´- GCC ATC TCG TTC TCG AAG TC -3´ 
 

136 

GAPDH 
S   5´- TGC ACC ACC AAC TGC TTA GC -3´  
A   5´- GGC ATG GAC TGT GGT CAT GAG -3´ 
 

87 

18S rRNA 
S   5´- GTA ACC CGT TGA ACC CCA TT -3´ 
A   5´- CCA TCC AAT CGG TAG TAG CG -3´ 

151 
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FIGURES 

 

Figure 1. In vivo analysis of wound fluid from implantation sites after implant removal. (A) 
Median values, interquartile ranges, and minima and maxima for forces needed to pull out the 
implants after 8 weeks of implantation. (B) LDH activity from the wound fluid collected from the 
implant site was expressed as a percentage of Ti control, which was set to 100%. (C) ALP 
activity corrected for total protein in the wound fluid. Values represent the mean ± S.E.M. (N=8). 
Differences between groups were assessed by Student’s t-test (p< 0.05): a treatment versus Ti; 
b VitD-LD versus VitD-HD. (D) Representative pictures of the bone defects after implant 
removal.  
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Figure 2. In vivo mRNA levels of bone formation markers COLL-1, BMP-2, RUNX2 and OC (A), 
bone resorption markers TRAP, CALCR, H+ATPase and RANKL (B), inflammation markers 
TNF-α, IL6 and IL10 (C) and vitamin D related markers CYP27A1 and VDR (D) at the bone 
implant interface after 8 weeks of healing. Data represent fold changes of target genes 
normalized to reference genes (GAPDH, β-actin and 18S rRNA), expressed relative to Ti 
surfaces which were set at 100%. Values represent the mean ± S.E.M. (N=8). Significant 
differences were assessed by Student’s t-test (p< 0.05): a treatment versus Ti; b VitD-LD versus 
VitD-HD. 
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Figure 3. In vitro cell study confirming the bioactivity of UV-irradiated 7-DHC:VitE coated Ti 
implants. (A) LDH activity measured from culture media of MC3T3-E1 cells. Positive control 
(100%) was cell culture media from cells incubated with Triton X-100 at 1%. Negative control 
(0%) was cell culture media from cells seeded without any treatment. (B-E) mRNA levels of 
osteoblast differentiation markers Coll-1 (B), Bmp-2 (C), Osx (D) and Oc (E) in MC3T3-E1 cells. 
Data represent fold changes of target genes normalized to reference genes (GAPDH and 18S 
rRNA), expressed as percentage of control which was set to 100%. (D)  ALP activity corrected 
for total protein in culture media of MC3T3-E1 cells. Values represent the mean ± S.E.M. (N=6). 
Significant differences were assessed by Student’s t-test (p< 0.05): a 7-DHC:VitE versus EtOH 
for each storage time; b treatment of each storage time versus the same NS treatment. 
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5. General discussion & Future perspectives 

The ultimate goal of current implant research is the development of new strategies in order to 
include patients that nowadays are excluded from dental implant therapies, being implant surface 
modifications among the strategies developed (Le Guéhennec et al., 2007; Novaes et al., 2010). This 
challenge is related to the increasing number of patients with compromised skeletal health what is 
partly due to the ageing of the population (Geetha et al., 2009). On one hand, it should be noted that 
one of the most important factors to avoid bone loss is the maintenance of adequate vitamin D status. 
Indeed, vitamin D deficiency leads to decreased bone mineral density and increases the risk of 
fractures (Lips and Van Schoor, 2011; Atkins et al., 2007; St-Arnaud, 2008) whilst its supplementation 
has shown beneficial effects on bone (Plum and DeLuca, 2010; Kubodera, 2009; Nishii, 2002; Tilyard 
et al., 1992). Interestingly, vitamin D has also a positive effect on oral health since it seems to lower 
the risk of periodontal diseases (Garcia, 2014; Martelli et al., 2014; Amano et al., 2009). On the other 
hand, it is important to consider that osteoporosis and related fractures are increasing considerably 
due to the increasing life expectancy and ageing of the population. Furthermore, vitamin D levels 
decline with increasing age (Feldman et al., 2013), which enhances the risk for bone loss and 
periodontal disease prevalence. Therefore, it is evident the crucial importance of vitamin D in 
maintaining a healthy skeleton and its application in challenging skeletal structures with impaired hard 
or soft tissue regeneration.  

An ideal implant should promote peri-implant bone healing and osseointegration, whilst enhance 
soft tissue healing around the implant. Current dental implant surface modifications aim at improving 
these processes, especially in compromised skeletal structures, to further achieve successful long-
term implant integration and stability. Thus, the research of this thesis aimed at developing a novel 
bioactive coating using the UV-irradiated vitamin D precursor 7-DHC to enhance hard and soft tissue 
regeneration. First, we aimed at investigating whereas osteoblastic cells could produce final active 
vitamin D from external UV-irradiated 7-DHC in vitro. Once it was demonstrated (Paper I), the use of 
UV-irradiated 7-DHC as a bioactive coating for Ti implants to promote osteoblast differentiation as well 
as the biological action of this coating on other cells related to the skeletal tissue were further 
evaluated (Papers II to V). Finally, the modified surfaces were tested in vivo using a rabbit animal 
study and the ageing effects on their composition and bioactivity were studied in vitro (Paper VI). 

The role of vitamin D in controlling bone mineralization is widely recognized (St-Arnaud, 2008) as 
well as its natural synthesis. It starts when human skin is exposed to sunlight which photoactivates 7-
DHC and forms D3 that is further twice hydroxylated in the liver and in the kidney until forming the 
active metabolite. Interestingly, extrarenal tissues and cells, including bone and gingival cells, express 
the enzymatic machinery required for synthesizing active vitamin D (Bikle, 2009). Furthermore, the 
use of the vitamin D precursor could entail several benefits when compared with the active metabolite, 
including lower cell toxicity, since the affinity of the non-hydroxylated forms for the vitamin D receptor 
is lower than the affinity of 1,25(OH)2D3 (Chen et al., 2000). Also, 7-DHC is easily available and lower 
priced than the other forms of vitamin D3, so this approach would entail a cheaper production. In the 
present doctoral thesis, UV-irradiated 7-DHC was used for the first time to locally produce vitamin D in 
bone and gingival cells and the resulting biological response was further evaluated. Results concluded 
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that UV-irradiated 7-DHC can be used as a bioactive coating for Ti implants to promote peri-implant 
tissue healing. Indeed, in accordance with numerous studies using vitamin D metabolites to maintain 
bone mineralization and reduce bone resorption (Atkins et al., 2007; Plum and DeLuca, 2010; 
Duncan, 2013), UV-irradiated 7-DHC coating involved higher osteoblast differentiation and 
mineralization whilst decreased osteoclast formation in vitro, especially when supplemented with 
vitamin E (VitE). The addition of an antioxidant to the coating was necessary for maintaining 7-DHC 
stability as well as for avoiding the oxidation of the vitamin D metabolites. For this purpose, VitE was 
the ideal candidate since it is a lipid soluble antioxidant with positive effects on bone. It prevents bone 
resorption (Nazrun et al., 2012) and preserves 7-DHC stability through its antioxidant properties 
(Korade et al., 2014). On the other hand, isomerization of preD3 into D3 is known to be a time and 
temperature dependent reaction (Holick, 2010). Accordingly, a controlled time and temperature 
incubation step was included in the coating preparation in order to favour the D3 synthesis onto the Ti 
surface. Thus, the antioxidant addition and the incubation step after the UV-irradiation process 
increased the yield of the D3 conversion obtained from the 7-DHC coating on the Ti surfaces. 

The coating proposed in this doctoral thesis is based on the synthesis of D3 on the Ti implant, 
which is further metabolized to its active form by the cells. Therefore, it would be expected that our 
coating has a similar mechanism of action than that found when 1,25(OH)2D3 is added. However, 
although the positive action of active vitamin D in maintaining a healthy skeleton is well-known, the 
fully biological pathway in which it is involved is not completely clear. Numerous investigations have 
suggested that vitamin D induces osteoblast differentiation and mineralization through the activation of 
the VDREs located in their gene promoters, such as COLL1, SPP1, OC, etc (Pike et al., 2012). 
Similarly, 1,25(OH)2D3 stimulates in the same manner the osteogenic differentiation from human 
mesenchymal stem/stromal cells (Zhou et al., 2006; Prince et al., 2001; Jørgensen et al., 2004; Zhou 
et al., 2012) by promoting the expression of similar bone markers (D’Ippolito et al., 2002; Chen et al., 
2011). Additionally, 1,25(OH)2D3 elevates ALP activity and matrix mineralization of both human 
osteoblasts and mesenchymal stem cells (Van Driel and Van Leeuwen, 2014). In accordance with 
these studies, we proved that UV-irradiated 7-DHC coated implants promoted both in vitro 
differentiation of osteoblasts (Paper II) and MSCs (Paper III), demonstrating its potential for the 
improvement on the osseointegration process of the implants. From these results, it can be 
considered that these modified implants are osteoconductive, since they support bone cell growth 
over its surface. However, in addition to being osteoconductive, an implant surface should be 
osteoinductive, in other words, it should be able to stimulate undifferentiated and pluripotent cells into 
bone forming cells. However, with the studies we have performed in this thesis we can not confirm the 
osteoinductive properties of our coating. In order to determine its osteoinductive capacity, MSCs 
should have been seeded on the modified surfaces without the supplementation of osteogenic factors 
and analyse if cells differentiate into the osteogenic lineage.   

Besides the bone-forming cells, osteoclasts perform a relevant function in the bone remodelling 
process and their role at the bone-implant interface should be considered when evaluating dental 
implants. Interestingly, 1,25(OH)2D3 is thought to be involved in the suppression of bone resorption in 
an autocrine/paracrine manner (Takahashi et al., 2014). Thus, vitamin D may alter the bone 
microenvironment as well as affect the differentiation of MSCs into osteoblasts, modifying the RANKL 
expression. RANKL is expressed by most osteoblast-lineage cells and its levels decrease during 
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osteoblast maturation (Atkins et al., 2003). Vitamin D may directly affect osteoblasts to suppress bone 
resorption in a site-specific manner, by modulating RANKL expression. In fact, in this thesis we found 
that our coating inhibited RANKL mRNA levels in osteoblastic cells in vitro (Paper II). But also a direct 
action of vitamin D on osteoclast activity has been considered (Takahashi et al., 2014), regulating the 
c-Fos transcription factor (Takasu et al., 2006) and the interferon β (Sakai et al., 2009), which are 
involved in osteoclastogenesis. These findings could explain the results found in this thesis when our 
coating was evaluated in osteoclastic cells, demonstrating its inhibitory action in osteoclastogenesis in 
vitro (Paper IV). 

On the other hand, since endosseous implants are in contact with both hard and soft tissues, it 
was of our interest to determine the biological potential of our coating in gingival cells. 1,25(OH)2D3 

has been suggested to have a beneficial effect on oral health (Garcia et al., 2011; Bashutski et al., 
2011) and HGFs are able to produce the final active vitamin D (Liu et al., 2012). In line with this, we 
found that our coating showed a beneficial impact on HGFs through its anti-inflammatory properties 
(Paper V). Similarly, previous literature suggested a favourable anti-inflammatory response in 
periodontal ligament cells when treated with 1,25(OH)2D3  (Tang et al., 2013). Furthermore, results 
showed that our coating decreased MMP-related ECM breakdown and increased collagen synthesis, 
what would lead to the improvement of the soft tissue integration and the implant success. However, 
despite the positive results found in our study regarding the gingival fibroblast response to our 
modified implants, more in-depth studies would be required to elucidate the biochemical mechanisms 
involved in the cell response to the modified surfaces and the in vivo response of the soft tissue. Also, 
recent investigations have highlighted the anti-inflammatory potential of vitamin D as well as its anti-
microbial activity (Amano et al., 2009; Stein et al., 2013; Martelli et al., 2014). Developing a bioactive 
surface coating capable of reducing possible bacterial infections and painful inflammatory processes 
would provide a key strategy in the dental implant field. Therefore, it would be very interesting to carry 
out future studies investigating the potential of UV-irradiated 7-DHC:VitE coated Ti implants in 
combating inflammation and bacterial colonization.  

In vivo, two doses of 7-DHC were evaluated, the optimal in vitro dose and a 10 times higher 
dose. This experimental design was set in order to overcome the difficulty of the extrapolation of in 
vitro data to the in vivo situation. Moreover, it is known that the dose of vitamin D applied influences its 
effect. A different action of the modified implants was found in the in vivo experiment when using the 
low and the high doses of treatment. We found higher OC mRNA levels in the peri-implant bone tissue 
in the low dose studied, suggesting a more mature stage of the differentiation process (Paper VI). 
Indeed, OC is considered one of the best predictive markers for osseointegration of Ti implants 
(Monjo et al., 2012). While the low dose of UV-irradiated 7-DHC:VitE revealed a positive effect on 
bone formation, a more toxic and inflammatory response was observed when using the high dose. 
This finding is in agreement with other studies which have identified suppressive effects of high dose 
of vitamin D supplementation on bone formation (Yamaguchi and Weitzmann, 2012). Further 
experiments could be performed using an animal model with poor bone quality or reduced bone 
quantity, e.g. an osteoporotic rat model which resembles human osteoporosis. In fact, several studies 
have used ovariectomized rats when studying the effect of vitamin D levels on the osseointegration of 
Ti implants (Kelly et al., 2009; Dvorak et al., 2012; Zhou et al., 2012). In any case, it is important to 
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consider the limitation of animal models and consequently we can not draw conclusions on the 
success or failure of a modified implant through the data collected by animal models used alone. 

Another important issue considered in the present doctoral thesis was the ageing effect on the 
bioactive modified implants. Thus, although not many works describe the shelf-life stability of 
implantable medical devices, it is of great interest to determine how long these materials remain 
bioactive as well as the possible changes in their surface composition.  Indeed, it is believed that one 
of the major limitations of implant surfaces modified with biological molecules is their shelf-life stability 
during storage and after their sterilization. In this thesis we demonstrated that UV-irradiated 7-
DHC:VitE coated implants maintain their composition and their osteopromotive potential when stored 
up to 12 weeks at 4ºC and avoiding light, oxygen and moisture exposure (Paper VI). However, further 
studies analyzing the ageing effects on the coating after storage at longer-term as well as the 
influence of the sterilization process in the stability and bioactivity of the coating would be greatly 
useful to consider its further clinical application. Thus, the sterilization of biomaterials is challenging 
due to the physicochemical changes and possible toxic residues obtained with the commonly used 
sterilization techniques (Türker et al., 2014). However, gamma radiation does not have any toxic 
residue and seems to be the best method to sterilize surface modified implants in future studies.   

All in all, the work derived from this thesis has proved the feasibility of using the UV-irradiated 
vitamin D precursor, 7-DHC, to produce active vitamin D in cells involved in both hard and soft tissues. 
Furthermore, this finding has resulted in the development of a novel bioactive coating for Ti implants, 
using UV-irradiated 7-DHC, which may represent a potential strategy to improve both hard and soft 
tissue integration of dental implants.  
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6. Conclusions 
 

I. Osteoblastic cells have the whole enzymatic machinery required to synthesize the final active 
vitamin D metabolite and are able to produce 1,25(OH)2D3 from external UV-irradiated 7-DHC 
coated onto polystyrene surfaces. Furthermore, UV-irradiated 7-DHC can be used to produce D3 

locally at the surface of a Ti implant, which is a biocompatible and bioactive coating that 
increases differentiation of osteoblastic cells. Similarly, Ti implants coated with UV-irradiated 7-
DHC promote hUC-MSC osteogenic differentiation in vitro. 

II. The addition of an antioxidant agent, such as vitamin E, to the 7-DHC coating prior to UV-
irradiation preserves the stability of the coating increasing the yield of preD3 synthesis. 
Furthermore, D3 formation from preD3 is improved by including an incubation step at 23ºC for 48 
hours after the UV-irradiation of the coated implant. 

III. UV-irradiated 7-DHC : VitE coated Ti implants decrease in vitro osteoclastogenesis, reducing the 
number of Trap-positive multinucleated cells and the expression of different phenotypic, fusion 
and activity markers.  

IV. A beneficial biological response was observed when UV-irradiated 7-DHC : VitE coated Ti 
implants were tested in HGFs in vitro. The coating shows a positive action in the inflammatory 
response and in the ECM maturation/breakdown. 

V. In vivo, UV-irradiated 7-DHC : VitE coated Ti implants promote the gene expression of the late 
bone formation marker OC in the peri-implant bone and increase ALP activity in the wound fluid. 
Additionally, this coating maintains its composition and its bioactivity properties when stored up to 
12 weeks at 4ºC, avoiding light, oxygen and moisture exposure. 

VI. All in all, UV-irradiated 7-DHC : VitE coating can be considered in future dental implant therapies 
aiming at improving both, peri-implant hard and soft tissue healing.   
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