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Abstract: Achieving suitable yields of cell therapy products without compromising the cell quality remains a great 

challenge for biochemical engineers. Microcarriers seem like a promising solution for scalable production of adherent 

cells as they enable cell culture similar to the fermentation process and can provide biochemical and physical cues for 

the cells. Engineered from implantable biomaterials with a fine-tuning rate of degradation allow expansion and 

transplantation avoiding the cell harvesting step. They can also be doped with metal oxides such as TiO2 and CoO2 

which can promote interesting cell responses: osteodifferentiation and angiogenesis, respectively.  

To promote cell adhesion calcium phosphate microcarriers doped with 5% TiO2 were tethered a fusion protein, 

fibronectin-osteocalcin, FN-OCN, benefitting of osteocalcin’s affinity to calcium ions and fibronectin’s role in cell 

adhesion. Also beads with 5% TiO2 + 2% CoO2 doped, also coated with FN-OCN, and were tested to determine cell 

response to CoO2. 

The Thesis work involved expressing and purifying the bi-functional fusion protein, fibronectin-osteocalcin (FN-

OCN), and then subsequently testing its ability to support responses of human cells (MG63 osteosarcoma) seeded onto 

microcarriers composed of a proven bioactive and biocompatible material, calcium phosphate (CaP), doped with 5% 

mol TiO2 (titanium dioxide) and 2% mol CoO2 (cobalt dioxide). The results show an increase in cell adhesion in coated 

5%TiO2 doped beads and suggest the same for 2%TiO2 + 2%CoO2 doped beads however further studies should be 

performed to confirm such results. There is also evidence that raw 5%TiO2 +2% CoO2 beads promote more adhesion 

that 5% TiO2 doped beads. 
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Introduction 

At present, current therapies for bone regeneration include the use of autologous bone grafts. However, this 

procedures often result in treatment failure, long recovery times, long-term complications and major cost to the patients 

and the health system (Damien & Parsons, 1991; Kon et al., 2012).  
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In the last decade, the paradigm of tissue engineering has been to also stimulate new functional tissue rather 

than just the replacement for new tissue or organs (Kon et al., 2012). Stem cells have been suggested as a promising 

solution to promote such regeneration, namely Adult Stem cells (ASCs), like Mesenchymal (MSCs) (Kon et al., 2012) 

due to their ability to differentiate into several lineages of connective tissue (bone, cartilage, muscle, tendon, adipose 

tissue and haematopoiesis supporting stroma), supporting tissue function (Deschaseaux, Pontikoglou, Sensebe, & 

Sensébé, 2010) and enhancing immunoregulatory and regenerative function at injured sites (Caplan, 2007). 

As other target tissues for Cell Therapy, bone tissue engineering also straggles with the need of cells which 

largely exceeds the available supply. Since MSCs are able to proliferate, differentiate onto osteoblasts and/or modulate 

bone engraftment given suitable and reproducible protocols, cell culture platforms using this cell source might represent 

a good solution. Since MSCs are able to proliferate, differentiate onto osteoblasts and/or modulate bone engraftment 

given suitable and reproducible protocols, cell culture platforms using this cell source might represent a good solution. 

However, MSCs-based treatments still face several limitations such as donor to donor variability, the loss of multipotency 

and senescence due to extended culture (Banfi et al., 2002) and bioprocess forces (cycles of trypsinization, 

centrifugation, pipetting…) which interferes with cell surface (Mallucci & Wells, 1972) and can induce early differentiation  

by activating intracellular metabolic pathways (Brindley et al., 2011). Therefore, a reproducible and efficient strategy to 

expand MSCs ex vivo is needed to meet the high cell numbers required for therapy.  

Microcarriers, porous and non-porous small beads used to grow cells, have been shown to successfully expand 

MSCs (Eibes et al., 2010; Hewitt et al., 2011; Kehoe, Schnitzler, Simler, Dileo, & Ball, 2012; Schop, Borgart, Janssen, 

& Rozemuller, 2010).  

In case of anchorage-depend cells growth cell attachment can be modulated by changing several microcarriers 

properties such as chemical composition or surface topography (Martin, Eldardiri, Lawrence-Watt, & Sharpe, 2011). By 

offering a suitable substrate where cells can grow on while presenting the necessary factors, microcarriers  can direct 

cell fate namely proliferation and differentiation (Hollister, 2005). Moreover, microcarriers provide a large surface area 

for cell growth in bioreactors (Nienow, 2006), can be transplanted with the cells as an injectable product and allow viable 

cell count (T. A. E. G. Park & Ph, 2008). 
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It  has been proven that direct cell delivery to the injured sites can restore function in several tissues (Bruder & 

Fox, 1999; Patrick, 2001; Schmidt & Leach, 2003). Stem cells, especially MSCs, can be easily expanded and are able 

to differentiate into several cell types capacity (Bernardo, Pagliara, & Locatelli, 2012) allowing the possibility to grow the 

necessary amount of cells and reproducibly differentiate them designing cell therapies to provide cells to the target sites.  

The combining knowledge of basic Cell Biology and Material Science employs microcarriers as a suitable 

substrate where cells can grow on, while providing a direct scaffold for cell transplantation, offering a promising bone 

regeneration strategy and the therapeutic cells would become a direct injectable product without the need of harvesting.   

Although the field of biomaterials exists since the 60’s, only recently has emerged a concern regarding bioactivity 

and resorbability, rather than just biocompatibility of inert biomaterials, in order to improve local cell response. (Perez-

Sanchez, Ramirez-Glindon, Lledo-Gil, Calvo-Guirado, & Perez-Sanchez, 2010). Glass ceramics bioactive biomaterials 

like calcium phosphate that had been shown to form a bone-like apatite layer when in contact with simulated body fluid 

(SBF), demonstrating its bioactivity. The topography of the apatite layer mimics the endogenous microenvironment and 

is able to signal cells to mobilize to the target site and start proliferating, differentiating and producing the Extracellular 

Matrix (ECM) and factors necessary for healing (Kokubo, Kim, Kawashita, & Nakamura, 2004).    

It has previously shown that the addition of TiO2 to calcium phosphate glass ceramics enhances bone-specific 

gene expression and bone forming capacity in MG63 cells (human sarcoma) by effectively controlling its degradation 

(Abou Neel, Chrzanowski, & Knowles, 2008). Moreover, the addition of ionic cobalt in low amounts into bioactive glass 

has been shown to increase VEGF (vascular endothelial growth factor) protein production, HIF-1α (hypoxia inducing 

factor-1a transcription factor) and bone-related gene expression (Wu et al., 2012).  

As mentioned before the new trend of biomaterial science for tissue engineering is to build constructs with the 

ability to influence cell response by mimicking the target tissue microenvironment: its topography, mechanical load or 

surrounding ECM molecules. Among the latters, fibronectin, a dimeric glycoprotein essential to vertebrate development, 

has a central role in bone regeneration as allows cell adhesion and it has been shown to regulate osteodifferentiation 

(Globus et al., 1998; Moursi et al., 1996).   
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Another protein relevant to bone regeneration is osteocalcin. Osteocalcin is the most abundant non-collagenous 

protein in bone tissue and it has a high affinity to calcium ions present in hydroxyapatite (HA), mineral similar to the one 

secreted by osteoblasts (Hoang, Sicheri, Howard, & Yang, 2003).  

Recently, taking advantage of these interactions, a bifunctional protein has been engineered which tethers the 

RGD sequence (Arg-Gly-Asp)  of fibronectin and the calcium binding site of osteocalcin in order to improve cell adhesion 

to bone tissue engineering scaffolds (Kang, Kim, Yun, Kim, & Jang, 2011; Lee et al., 2013).   

In this project the aim was to enhance mesenchymal stem cell growth and differentiation into osteoblasts by 

promoting their attachment to CaP beads with 5% mol TiO2 coated with a fibronectin-osteocalcin (FN-OCN) bifunctional 

fusion protein with a specific cell binding amino acid sequence, the nineth-to-tenth type III domain of human fibronectin 

(figure 5) and full length mouse osteocalcin protein as described by Kim, Park, Kim, & Jang, 2007 and Lee et al., 2013 in 

which fibronectin is expected to promote cell adhesion and osteocalcin to regulate osteogenic differentiation (Lee et al., 

2013). 

Despite TiO2 doped calcium phosphate glass bioactivity and biocompatibility, recent studies show that primary 

mouse fibroblasts growth on microcarriers surface is impaired comparing to tissue culture plastic (Guedes et al., 2013). 

In order to improve cell adhesion this study was focused on evaluate cell response, namely cell attachment, of MG63 

cells, here used as a model for bone precursor cells, on 5% mol TiO2 and 5% mol TiO2 + 2% mol CoO2 calcium phosphate 

glass beads coated with the bifunctional protein FN-OCN (Lee et al., 2013). 

Materials and Methods  

Expression and purification of FN-OCN protein 

It was provided the plasmid pBAD/His-FNIII9–10/OCN (map of the plasmid figure 6) which contained the 

sequence for the protein FN-OCN. It was run an agarose gel to verify the integrity of the plasmid. Transformation into 

E.coli TOP10 electro competent cells (E.coli TOP10, Invitrogen, Life Technologies, date of arrival: 13/02/2014) was 

performed by electroporation. Transformants were selected in an LB-Ampicillin media plates (NaCl, Fisher Chemical; 

Tryptone Fisher Chemical; Yeast extract, Fluka Analytical, SIGMA-ALDRICH; Ampicillin, SIGMA-ALDRICH). 

Expression of FN-OCN fusion protein was done after growth at 37ºC overnight in LB-Ampicillin media and was 

induced by 0.02% (w/v) L-arabinose (Fluka BioChemika, SIGMA ALDRICH) at A600 around 0.6 as described by Lee et 

al. 2013. The absorbance was measured every hour. After induction samples were taken every hour until 5 hours of 
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fermentation. The harvesting of cells were done by centrifugation (UNIVERSAL 320R Hettich Zentrifugen) at 5000 rpm 

during 10 minutes. After harvesting the pellets of cells were ressuspended in TRIS buffer 50mM, pH=8 (CALBIOCHEM). 

Then the cells were sonicated in cycles of 10 seconds on and 10 seconds off 10 times (Soniprep 150 MSE SANYO), 

centrifuged (SORVALL SUPER T21) for 1 hour at 13 000 rpm and 4 ºC and the supernatant recovered.  

Following the manual of the manufacturer, the supernatant was purified using 1 mL NTA-Ni column (QIAGEN, 

Ni-NTA Superflow Cartridge). Afterwards the sample was desalted in a desalting column (GE Healthcare). 

It was run a polyacrylamide gel (gel: novex by Life Technologies; set-up: XCell SureLockTM) to verify the 

expression of the protein of interest with 125 V for 90 minutes, stained with Coomassie Blue (InstantBlueTM, expedeon) 

for 30 minutes.  

The FN-OCN fusion protein was quantified by the NanoDrop method (Thermo Scientific NanoDrop™ 1000 

spectrophotometer). 

Coating of CaP glass beads with FN–OCN protein  

5 % mol TiO2 beads and 5 % mol TiO2 + 2% mol CoO2 beads were put into wells of low attachment 96 

well plates in a monolayer. Protein solution were added to several wells.   

At each coating time point the samples were washed with PBS and fixed with paraformaldehyde (PFA) 

and washed with PBS. 

FN-OCN imunostaining  

FN-OCN fusion protein was incubated with rabbit anti-osteocalcin (anti-OCN) polyclonal antibody 

(MILLIPORE) overnight at 4ºC and a goat anti-rabbit Rhod (abcam) labelled antibody was added afterwards 

after washing with PBS for development of fluorescence signalling. (Lee et al., 2013) 

Culture of MG63, adhesion assay and CCK-8 detection 

A vial of 1x106 MG63 cells with 8 passages (P8) was thaw from -80ºC freezer and split in two 75 cm2 flasks 

and expanded for two days. 15000 MG63 cells P9 were added to each well of coated beads for 1h in low-attachment 

microwell plates. 

Cell attachment quantification was done by adding CCK-8 solution (SIGMA-ALDRICH) to each well 

with media for 2h. The signal was detected at 490 nm of wavelength. 
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Results 

FN-OCN detection 

The protein was expressed, purified and detected on an agarose gel. 

The second row corresponds to elution volume of the protein of interest and 

it has a band between 43 and 34 kDa ladder bands as expected (the protein 

has 40 kDa (Lee et al. 2013)). 

 

 

 

 

 

 

Coating Imunostaining of CaP doped with 5% TiO2 glass beads with FN–OCN protein 

Fluorescence intensity of FN-OCN coated onto microcarriers with three different coating times, 0, 4 and 24h 

(figure 2 a), b) and c) respectively) is shown. The corresponding well with the same coating time but treated with just 

secondary antibody is also shown (figure 2 a’), b’) and c’)).  

There is an obvious increase in fluorescence intensity with coating time, which cannot be seen in the control 

well treated with just secondary antibody. 

 

 

 

 

 

 

 

 

 

 

Figure 1-Polyacrylamide gel of the ladder on 
the first row and FN-OCN fusion protein on 

the second row. The second row 
corresponds to the 2.5 mL elution volume of 
the purification step on the NTA-Ni column. 

c’) b’) a’) 

a) c) b) 

Figure 2-- Fluorescence intensity after a) 0h b) 4h c) 24h coating. a'), b') and c') are the correspondent secondary 
only controls. The staining was done through affinity binding of a rabbit anti-osteocalcin primary antibody and a 

goat anti-rabbit anti-osteocalcin secondary antibody for fluorescence development. 
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MG63 adhesion assays on microcarriers coated with FN-OCN fusion protein 

Cell attachment after 1hr was measured using the CCK-8 colorimetric assay and data are presented in 

the following graphs (figures 3 and 4), comparing both kinds of beads: 5% mol TiO2 and 5% mol TiO2 + 2% 

mol CoO2 CaP; and with different protein concentrations (0, 1, 5 and 10 µg/mL) and coating times (4h figures 

13 and 14 a) and 24h figures 3 and 4 b)).  Each condition had three replicates and it was measured three 

times and error bars correspond to the data standard deviation. 

The first experiment (figure 13 a) and b)) showed that FN-OCN stimulated a clear increase in attachment 

to the 5% mol TiO2 microcarriers but not the 5% mol TiO2 + 2% mol CoO2 microcarriers. However, in a second 

run of the assay (figure 4), this result is not replicated and so further work is needed to confirm these results.  

The results indicate an increase in signal intensity with FN-OCN fusion protein concentration during 

coating for the 4h coating experiments (figure 3 and 4 b)), suggesting there are more cells attached after one 

hour. The same is observed for the 24h experiment (figure 3 and 4 b)) except for the 10 µg/mL protein 

concentration, so perhaps a threshold is reached after which the protein would not support cell attachment. 

Such result can be explained by a saturation time in which there is no more coating no matter how much 

protein is there in the solution. Also cells consistently attached more on raw 5% mol TiO2+ 2% mol CoO2 

beads than to raw 2% mol TiO2 beads.  

 

 

 

 

 

 

 

 

 

 

Figure 3- a) and b) 1st experiment with 4 and 24h FN-OCN protein coating respectively, with 0, 1, 5 and 10 µg/mL of protein 
concentration The cell adhesion assay was performed by adding 15 000 cells to each well, let them adhere for 1 hour, wash 1x with 

PBS and adding of CCK-8 solution. Each condition had three replicates and error bars correspond to the data standard deviation. 
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Discussion 

The aim of this research project was to provide proof of principle that two kinds of CaP beads, doped 

with 5% mol TiO2 and doped with 5% mol TiO2 + 2% mol CoO2, were coated with a bi-functional protein, 

FN-OCN, in order to access cell response to the surface of the beads. 

Coating studies with imunostaining techniques revealed an increase in coating, meaning more 

protein on the surface of beads, with coating time. This is consistent with previous work assessing 

biomaterial scaffolds coated with FN-OCN fusion protein (Lee et al. 2013). 

Biocompatibility was accessed by cell adhesion assays using an osteoblast cell model, an 

osteosarcoma cell line, MG63.  Cell adhesion assays revealed a higher cell adhesion to raw CaP beads 

doped with 5% mol TiO2+ 2% mol CoO2 and an increase with FN-OCN concentration in coating for both 

kinds of beads. Higher protein concentration seems to increase coating for smaller coating times, based 

on the results from the cell adhesion assay.  

Ultimately this research main objective was to create a platform of cell expansion and differentiation 

on the large surface area of microcarriers microunits that would avoid cell harvest and support cell 

growth and differentiation into bone tissue throught dopping with TiO2 and CoO2 known to induce 

osteoblastic differentiation and angiogenesis, respectively, and biofunctionalisation with a bi-functional 

protein with a portion of an adhesion molecule to increase initial cell adhesion.  This results show an 

affinity of the fusion protein FN-OCN to the CaP beads doped with 5% TiO2 and suggest biocompatibility 

and higher initial osteoblast-like cell attachment of the both coated beads doped with TiO2 and CoO2.  

The present study was conducted in static conditions to demonstrate proof of principle that the TiO2 and 

CoO2 doped microcarriers surface coated with FN-OCN protein are adequate for cell adhesion.  

However these results were obtained in static conditions, a dynamic culture method must be 

developed in order to maintain a homogeneous environment. Also, translating the system to dynamic 

culture conditions is more reflective of industry systems will aid development of the tools. 

Figure 4- a) and b) 2nd experiment with 4 and 24h FN-OCN protein coating, respectively, with 0, 1, 5 and 10 µg/mL of protein 
concentration. Each condition had three replicates and error bars correspond to the data standard deviation. 
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A building block cell therapy in which cell loaded microcarriers would be injected onto the bone 

injured site would allow a perfect fit scaffold to support bone regeneration while gradually degrading.  

Conclusions and Future Work 

 In summary the doping with CoO2 and biofunctionalisation with FN-OCN bi-functional protein of 

microcarriers increases cell adhesion reinforcing the idea that microcarrier strategy is a reliable 

alternative to existing methods in bone regeneration (Lakhkar et al. 2012; Guedes et al. 2013; Park et 

al. 2013).   

Being cell delivery an important strategy in bone regeneration, microcarriers such 5% mol TiO2 

and 5% mol TiO2 + 2% mol CoO2 doped CaP glass beads represent a promising alternative to provide 

temporary support since TiO2 provides controlled degradation and enhancement of osteogenic 

differentiation and CoO2 mimics an hypoxic environment to enhance angiogenesis. Furthermore, 

biofunctionalisation suggests an increase in initial cell adhesion which is the limiting step in cell 

expansion. After proliferation and differentiation cells can be transplanted with the scaffold to fulfil bone 

injuries and restore function avoiding the need of cell detachment as in previous microcarrier strategies. 

For further use in cell therapy a complete description of the bi-functional protein must be 

performed in order to fully characterize it and develop a reproducible protocol for its production. Future 

work for this project could include long term cell culture in order to evaluate cell behaviour throughout 

expansion and differentiation. 

Lastly in vivo biocompatibility and bone formation induction testing must be performed for the doped 

and coated microcarriers in mouse cranial defect models, for instance. By evaluating the extend (are of 

formed bone) and location of bone formation (through X-Ray photograph and histological analysis) one 

can prove the biomaterial stimulation and scaffolding roles (Park et al. 2013).  
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