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Abstract 
 

Impedance spectroscopy has been widely used as label-free technique to characterize cell 

populations. As a non-invasive and time-continuous technology, it enables real time monitoring of live 

cells. The aim of this study was to test the performance and robustness of an integrated impedance 

sensor in a microfluidic platform to monitor differentiation of adipose derived mesenchymal stem cells 

into osteogenic lineage. The functioning of the whole system was validated with chemical and physical 

stimulus. Several differentiation conditions were tested ranging from the effects of different culture 

media, mechanical stimulation and supplementation with cytokine interleukin-1β.   

The sensors were characterized, adjusting voltage and frequency settings to cell culture. In 

addition, long term impedance testing displayed a drifting tendency, thus showing some lack of 

stability.    

Furthermore, the fluidic dynamics inside the microchannels were simulated showing a velocity of 5 

mm/s at half height of the chamber and a shear stress of 110 mPa in the chambers’ bottom. 

Finally, the osteogenic differentiation for all the conditions tested led to an increase of the 

impedance and mineralized extracellular matrix. From the different conditions, commercially supplied 

osteogenic differentiation media showed higher levels of mineralized extracellular matrix than self-

made media. The cytokine supplementation revealed to induce extracellular matrix secretion in an 

earlier time point. The mechanical stress, despite showing mineralized ECM, also display shear stress 

influence. Overall, the combination of microfluidics with an impedance sensing system requires some 

improvements to be adequate in following and characterizing osteogenic differentiation.  
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Resumo 
 

A impedância é uma técnica emergente com o objetivo de eliminar marcadores na caracterização 

de células. Esta é uma técnica não invasiva que permite monitorizar as células de uma forma 

continua no tempo. O objetivo do trabalho centra-se na avaliação de um sensor de impedância 

integrado numa plataforma de microfluídica. A monitorização da diferenciação osteogénica de células 

estaminais mesenquimais é o objetivo do sistema. A sua validação englobou o teste de estímulos 

químicos e físicos, tais como, dois tipos de meio de cultura indutores da diferenciação, a citocina 

interleucina-1β e estímulos mecânicos com o aumento da tensão de corte devido ao aumento do 

fluxo.  

Primeiramente os sensores foram caracterizados, adequando a diferença de potencial e a 

frequência. Posteriormente, foi verificada a estabilidade no tempo dos sensores. 

Para além disso, o escoamento de fluido nos canais foi simulado. A velocidade a meia altura do 

canal foi de cerca 5 mm/s e a força de corte no fundo do canal foi aproximadamente 110 mPa.  

Por fim, a diferenciação levou ao aumento da impedância e à presença de matriz extracelular 

mineralizada. O complemento do meio com interleucina-1β induziu a secreção de matriz extracelular 

mais cedo durante a diferenciação. O stress mecânico demonstrou não só a presença de matriz 

extracelular mineralizada mas também a influencia negativa que a tensão de corte teve nas células. 

No global, a combinação da microfluídica com um sensor de impedância requer melhoramentos no 

sistema de modo a conseguir caracterizar o processo de diferenciação. 
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1. Introduction 

Impedance Spectroscopy is a non-invasive and non-destructive method that monitors a cell 

population by capturing changes in electric current flowing through the circuit. Cell presence over the 

sensor acts as a dielectric material between electrodes causing a change in the system ’s impedance 

that can be detected.  

The technique has already been proven to be efficient in toxicological tests6, recording the effects 

of harmful agents in cell populations, but also as quality control to detect external pathogens in food7. 

The impedance spectroscopy has the flexibility to be applied to several cell populations. The area 

of the sensor can cover a population of cells or each cell can be placed on top of a single sensor to 

perform single cell analysis. Besides a 2D culture system on a flat sensor, 3D cultures of spheroids or 

embryonic bodies entrapped between sensors are allowed8. The motivation of finding alternative 

methods to characterize cells comes from the limitation and scarceness of specific cell markers9. If 

differences in the transcellular resistance turn up to be a valid method impedance values could be 

complementary to procedures as flow cytometry or fluorescence-activated cell sorting (FACS)9. 

Impedance spectroscopy could also be applied to evaluate results from screening experiments. 

Here, a label free technique was taken advantageous to keep track adipose derived mesenchymal 

stem cells differentiation into osteogenic lineage. The impedance spectroscopy technique was tested 

on sensitivity and suitability in following a complex process as osteogenic commitment. 

In a simplified way, the system is composed of sensors, which consist of electrodes with 

interdigitated geometry. These sensors are integrated in a circuit, which has a potenciostat that 

imposes an electrical potential and records the corresponded current after passing through the sensor. 

The potenciostat uses a software, EC-LAb, that calculates the impedance of the system. Furthermore, 

the system allows the integration of a microfluidic structure on top of the sensors composed of several 

chambers, each one harboring two sensors. Moreover, the system holds a pumping mechanism with 

microvalves to introduce fresh culture media and remove wasted media in a continuous ways, 

supporting long term culture. One more feature that the system holds is a water bath to maintain a 

controlled temperature. Subsequently more detail of each part of the system is given. 

 

1.1 IMPEDANCE THEORY  

 
Impedance of a system is determined by applying an AC perturbing voltage and detecting the 

respective current1. If the excitatory signal is given by: 

  

𝐸(𝑡) = 𝐸0 sin(𝜔𝑡)       [1] 

With E(t) representing the applied voltage (volts), E0 the amplitude, ω the radial frequency (ω =2πf) 

and t the time. The response signal is the following1: 

 

𝑰(𝒕) = 𝑰𝟎 𝐬𝐢𝐧(𝝎𝒕 + 𝝋)      [𝟐] 
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With I(t) representing the current (amperes), I0 the amplitude and φ the angle. Seeing this, the 

current response to a sinusoidal potential is a sinusoid at the same frequency but angle shifted, as 

figure 1 depicts. 

 

 

 

 

 

 

 

Figure 1:  Representation of the sinusoidal signals of voltage and current phase shifted by φ. (Figure adapted 

from Lisdat et all 20081). 

 

In an AC closed circuit only composed by an AC source and a resistance, the magnitude of the 

source voltage equals to the magnitude of the voltage across the resistor by Kirchhoff’s loop rule10.  

𝐸𝑠𝑜𝑢𝑟𝑐𝑒 = 𝐸𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝐸0 sin(𝜔𝑡)     [3] 

Also, the instantaneous voltage across the resistor is constant, the charge does not vary with time, 

so Ohm´s Law (equation 4) can be applied to find the current10:  

𝑅 =
𝐸

𝐼
     [4] 

𝑰 =
𝐸0 sin(𝜔𝑡)

R
= I0 sin(𝜔𝑡)  [5] 

 

With R standing for the resistance. For a resistive circuit, the current is in phase with the voltage. 

Now considering an AC closed circuit with a capacitor, the Kirchhoff’s loop presented above, in 

equation [3] is also valid: the magnitude of the source voltage equals to the magnitude of the voltage 

across the capacitor10. 

𝐸𝑠𝑜𝑢𝑟𝑐𝑒 = 𝐸𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 = 𝐸0 sin(𝜔𝑡)     [6] 

 

By the definition of a capacitance (C=q/E)10: 

𝑞 = 𝐶𝐸0 sin(𝜔𝑡)     [7] 

Contrary to the resistor, in a capacitor the charge (q) varies with time, so the current is determined 

by10: 
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𝐼 =
𝑑𝑞

𝑑𝑡
= 𝜔𝐶𝐸0 cos(𝜔𝑡) = 𝜔𝐶𝐸0𝑠𝑖𝑛(𝜔𝑡 +

𝜋

2
)     [8] 

For a capacitive circuit the voltage lags behind the current by 90ᵒ (angle shift). The maximum 

current is given when cos(ωt)=110:  

𝐼𝑚𝑎𝑥 = 𝜔𝐶𝐸0 =
𝐸0

1
𝜔𝐶

    [9] 

 

Since the denominator has ohms units and due to similarity to Ohm’s Law, Xc = (ωC)-1 is defined as 

the capacitor reactance (resistance of capacitors)10. 

 

1.2 EQUIVALENT CIRCUIT  

To characterize the biologic transformations in the cells through impedance measurements an 

equivalent circuit, which has to resemble the real circuit, needs to be stablish. The circuit is proposed 

in Sticker, D. et al 20152 with matching electrode geometry and composition (figure 2 illustrates the 

complete and the simplified equivalent circuit). 

The circuit takes into account the contributions of cables, contacts, chromium and gold layer to the 

overall impedance values by a pure resistive impedance (Rlead). The contribution of the substrate is 

given by a capacitive and resistive impedance (Cs and Rs respectively). The passivation layer is 

modeled by a constant phase element (CPE), a capacitive and a resistive impedance (Cp and Rp 

respectively). The CPE behavior takes into consideration the physical properties distribution along or 

in the direction of the surface normal. Due to the chemical origin of the passivation layer, as an oxide 

layer (zirconium dioxide), a normal distribution of properties is present11,12. Some of the properties that 

change in the normal direction of the surface are structure, resistivity, permittivity, dielectric constant 

and reactivity11,12,13. The physiochemical origin of constant phase element behavior is still under 

discussion. Early work pointed towards geometric irregularities larger than atomic scale, such as 

roughness13. However, nowadays literature points for surface energetic heterogeneity13, surface 

disorder in an atomic scale13 and adsorption/diffusion phenomena in the interface13 as the cause. CPE 

represents a purely capacitive impedance.  

Then, another electrical element to contribute for the equivalent circuit model is the electric double 

layer in the interface passivation-analyte. This is modeled by a constant phase element, a capacitive 

and a resistive impedance (CPEd, Cd and Rd respectively). Finally, the influence of the analyte is also 

included by a constant phase element, a capacitive and a resistive impedance (CPEa, Ca and Ra 

respectively)2. 

The resistive impedance is determined by equation [10]. The capacitive impedance is calculated by 

equation [11] and the constant phase element impedance in obtained through equation [12]. When α 

equal to 1 the variable Q has units of capacitance (F), otherwise Fsα−1. 
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𝑍𝑅 =  𝑅    [10] 

 

𝑍𝐶 =  
1

𝜔𝐶
    [11] 

 

𝑍𝐶𝑃𝐸 =
1

(𝑖𝜔)𝛼𝑄
      [12] 

 

The equivalent circuit undergoes simplifications, depending on the layer most predominant 

behavior and the impact of certain component in the overall impedance a simple circuit is created. The 

simplifications made lead to the elimination of the capacitance and resistance of the substrate and 

passivation layer. This is done due to the high value of the ration between the interelectrode distance 

and thickness of the passivation layer, approximately 1000. This indicates that the charges will rather 

go through the passivation layer and follow the “z” axis direction than following the “y” axis direction. 

Furthermore, the constant phase element contribution of the double layer and the analyte were also 

eliminated. 

 

Figure 2: A) Illustration of complete circuit model. B) Illustration of the simplified circuit model. Cp, Rp and CPEp 

represents the capacitance, resistance and constant phase element of the passivation layer, respectively. The 

capacitance and resistance of the substrate is indicated by Cs and Rs respectively. Rlead stands for the resistance 

of the copper cables, the strip interface, the glue and the gold layer. Zcpe stands for the impedance of the 

passivation layer modeled as a constant phase element. Cd and Rd symbolize the capacitance and resistance of 

the double layer, respectively and Ca and Ra represent the capacitance and resistance of the analyte, 

respectively. (Image adapted from reference Sticker et all 2015 2) 

 

An impedance model is created based on the simplified version of the circuit. The total impedance 

is obtained by the sum of the impedance of each layer considered in the simplified version of the 

circuit. 

 

A B 
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𝑍𝑇𝑜𝑡𝑎𝑙 =  𝑍𝑙𝑒𝑎𝑑 +  𝑍𝐶𝑃𝐸 + 𝑍𝑑 + 𝑍𝑎     [13] 

 

Remembering that the total impedance of a parallel and series circuit are given by: 

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑍1 + 𝑍2 + ⋯ +  𝑍𝑛      [14] 

𝑍𝑇𝑜𝑡𝑎𝑙 =
1

1
𝑍1

+  
1

𝑍2
+ ⋯ + 

1
𝑍𝑛

     [15] 

The total impedance is derived:  

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑒𝑎𝑑 +
1

(𝑖𝜔)𝛼𝑄
+

1

1
𝐶𝑑

+
1

𝑅𝑑

+
1

1
𝐶𝑎

+
1

𝑅𝑎

         [16] 

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑒𝑎𝑑 +
1

(𝑖𝜔)𝛼𝑄
+

1

1
1

𝑖𝜔𝐶𝑑

+
1

𝑅𝑑

+
1

1
1

𝑖𝜔𝐶𝑎

+
1

𝑅𝑎

        [17] 

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑒𝑎𝑑 +
1

(𝑖𝜔)𝛼𝑄
+

1

𝑖𝜔𝐶𝑑 +
1

𝑅𝑑

+
1

𝑖𝜔𝐶𝑎 +
1

𝑅𝑎

         [18] 

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑒𝑎𝑑 +
1

(𝑖𝜔)𝛼𝑄
+ 

𝑅𝑑

1 + 𝑖𝜔𝑅𝑑𝐶𝑑

+  
𝑅𝑎

1 + 𝑖𝜔𝑅𝑎𝐶𝑎

          [19] 

 

Equation [19] represents the model for the total impedance signal, described by the sum of the 

individual contributions. These correspond to cables, connections chromium and golds leads, the 

passivation layer, the double layer and the analyte. Further validations of this equation are presented 

in the results section 3.2.  

One as to bear in mind that besides all this individual contributions, only the signal from analyte is 

the focus of interest, meaning that would be the analyte that harbors the differentiation. The sensitivity 

of the sensor to each electrical element is related with the frequency at which the measure is 

performed. Higher the frequency, lower the total impedance, as is verified in equation [19], which 

means that easily the current flows across the analyte and consequently across the cells. 

1.3 IMPEDANCE SENSOR  

In this type of sensor, the means by which a phenomenon of interest is detected consist of 

measuring current alterations between electrodes. For instance, cell attachment, growth, morphology 

change or mobility are some of the features of cell culture that can take place over a sensor that alter 

the electric field distribution, inducing impedance variations in the circuit. The current needs to flow 

through the analyte without reacting with the surface and thus needs to be passivated. The 

passivation layer acts as a dielectric material that gives insulation and physical separation of the 
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sensor from any cell culture fluid. This brings advantages, such as preventing fouling, redox reaction 

and bubble formation. However, passivation comes with loss of sensitivity. To try to address this issue 

the passivation layer was kept small (d=15nm) in order to increase the value of capacitance (Cparallel= 

Ꜫ0ꜪrAd-1) and in this way decrease the passivation layer contribution to the overall circuit impedance.  

In order to capture the most small changes in the anayte, the sensor needs to be sensitive 

enough. The characterization of the sensor was done in reference Sticker et all 2. The authors used 

COMSOL Multiphysics to understand the theoretical effect of the passivation layer (metal dioxide 

layer) to the overall current distribution, in an interdigitated electrode. The first conclusion highlighted 

is the fact that the passivation layer turn the current distribution more uniform along the electrode in 

comparison to an electrode without passivation. The difference between current density in the edge 

and in the middle of the electrode is around 20% for the passivated electrode and around 60% for the 

non-passivated electrode (in a distance of 1µm from the sensor surface). The insulation attenuates the 

fringing field effect. These effect corresponds to the non-uniform electric field near the electrode 

edges10, where higher current densities flow comparatively to the inner part of the electrode. This 

phenomena makes the cells near the edges of the electrode more important for the overall impedance 

signal. Another feature that the authors investigated was the current density in the vertical direction. 

The results suggest that the passivation layer lead to a current drop of 10% in comparison to the open 

electrode, a cell layer with a thickness up to 5 µm would cause current losses of around 40%. Finally, 

the authors of the paper looked into the current stability with frequency, concluding that for the 

passivated electrode a frequency range between 103 Hz and 105 Hz ensure homogeneous currents 

across the sensor surface. 

Another important feature of the sensor is the top layer composition where the cells will adhere, 

termed passivation layer. This, can have an effect and alter normal cell behavior depending on its 

composition. Osteoblasts cultured over a zirconium oxide substrate showed an up-regulation of genes 

related with cell cycle, immunity and extracellular matrix regulation, expressing types I and V collagen, 

osteocalcin, osteonectin, bone sialoprotein and cellular fibronectin. On the other hand, genes related 

with vesicular transport and cytoskeleton where down-regulated14.  

Concerning the sensor geometry, this is an interdigitated electrode structure. It is a common used 

planar geometry in integrated microfluidic applications. The electrode can be seen as series of parallel 

plate capacitors. This type of sensors can undergo several optimizations steps, such as the length of 

the electrodes, width and number. Several papers describe procedures to optimize the sensor, such 

as Ibrahim et all 201315 and Schaur et all 201116. Optimization of the sensor geometry and dimensions 

was previously completed before this work. 

 

1.4 MICROFLUIDICS 

The miniaturization of culture systems allows running an experiment while saving costs in cell 

culture media and reagents, as well as using less number of cells17. The association of lab on a chip 

with a sensor, allows to monitor culture’s performance in a non-invasive, non-destructive, and label 

free. It gives another insight about cell culture, however a high characterization of the signal is needed 

to be done a priori. 

http://www.linguee.pt/ingles-portugues/traducao/comparatively.html
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To design a microculture system that recreate cell environment, one has to take into consideration 

three major issues: the materials from which the device is going to be fabricated of, the geometries 

and dimensions of the channels and chambers and how the flow is going to be controlled18.  

The materials initially used were silica and glass, however currently the most widely used are 

elastomeric materials. On the top of the list is poly(dimethylsiloxane) (PDMS) since it is transparent, 

biocompatible and gas permeable. It is intrinsically hydrophobic, nevertheless, when treated with 

plasma, becomes hydrophilic and can adhere and seal to different types of surfaces (PDMS, glass, 

polystyrene). However, recently some studies have been drawing the attention to drawbacks like the 

leaching of uncrosslinked monomers to the bulk solution, hydrophobic molecules being trapped in 

residual hydrophobic domains and high water vapor permeability giving rise to bubbles. As an 

alternative, other materials have been emerging like hydrogels and thermoset materials (polystyrene, 

polycarbonate or Teflon)19.  

Despite the popularity of some materials, they need to suit the demands of the application. When 

a sensor is included, the smallest bubble disturbs the signal, once the dielectric properties of the air 

are different from the ones of culture medium and cells. It does not conduct electricity so well duo to 

lack of ions and as such the impedance increases a lot. In this way, gas permeable materials are not 

suited. Therefore, oxygen and carbon dioxide needs to be supplied in the media. Furthermore, the 

elastomeric properties of PDMS can also be undesired if a rigid surface is need. The pumping of 

media can deform the channels and chambers putting too much tension on the bonding and decrease 

pumping capacity. One example of a polymer that is non-elastomeric, non-gas-permeable but also 

allows versatile and robust bonding is the thermoplastics ostemers, epoxy-based resins used in thesis 

work20,21.  

The techniques available for designing microdevices are related with lithography and etching 

inherit from semi-conductor industry to fabricate the molds. More recently techniques such as replica 

molding and microcontact printing were developed for microfluidics22. 

To finish up the three major concerns, aspects about controlling the flow are going to be 

presented. External supply of media can be performed by a syringe or a peristaltic pump.  Apart from 

that, microvalves have been developed as alternatives, where the opening and closing of a series of 

microvalves work like a peristaltic pump deforming the channel (or a membrane) and driving the fluid 

forward.  

Nowadays there are several mechanisms to make the opening and closing of microvalves. The 

valves are naturally open and a stimulus close the valves, but an inverted situation is also possible. 

The one adopted in the system uses compressed air, in a bilayer organization. When a flexible 

membrane is deformed by an air current, it interrupts the media flux (naturally open valve).  As an 

alternative, one can take advantageous of a piezoelectric material, that paced on top of a flexible 

membrane vibrates when an electric field is applied. In addiction one example of a microvalve with a 

non-mechanical mechanism is using smart polymers that change the conformation with pH or 

temperature and in this way transmit their deformation onto a flexible membrane and disturb flow23. 

The mechanism used to actuate the microvalves needs to meet the flow requirements, for example, 
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smart polymers do not change its conformation so fast to induce rapid membrane deformations, so the 

maximum flow rate achieved are smaller compared to microvalves actuated by compressed air.  

The microfluidics, established in the system, relies on microvalves and compressed air to do the 

media exchange. The microvalves are separated from the main chambers with removable and 

disposable tubing with gives flexibility to the device. The chambers and sensors can change but the 

place where the flow is controlled is preserved. 

As a final consideration, there is a need to adapt cell culture and molecular biology techniques to 

the microdevice. One aspect to bear in mind is if the device is of single use or not. Some colorimetric 

assays are not easily removed and will interfere with future experiments, as they will always leave 

some residues. Additionally, the success of cell recovery will depend on the type of cell and time of 

culture. This will influence any subsequent cell characterization, a possible solution would be to use 

indirect methods, such as supernatant analysis.  

1.5 OSTEOGENIC DIFFERENTIATION 

The bone is composed mainly of three types of cells. The first to be highlighted is the osteoblast, 

which lays down extracellular matrix that is eventually mineralized. Osteoclasts are another kind of cell 

that populates bone, which reabsorb the mineralized extracellular matrix. Finally the osteocytes which 

entrap in the lacunae orchestrate the constant bone formation or degradation, acting as pressure 

sensors, ordering the renewal of the bone mass. Meaning that the osteocytes are consider the 

mechanosensitive cells of the bone.  

Mesenchymal stem cells isolated from human adult adipose tissue were the cell type selected to 

achieve osteogenic differentiation. This cell type is multipotent and besides having the osteogenesis 

potential it is also prone to differentiate into cartilage (chondrogenenis), fat (adipogenesis), marrow 

stroma, tendon (tendogenesis) and muscle tissue (myogenesis) 24. The mesenchymal stem cells also 

seems to support the growth and differentiation of other stem cells and are link to several effects such 

as immunomodulatory, antiapoptosis, angiogenesis, chemoattraction and antiscarring25. The adipose 

tissue represents an alternative source of mesenchymal stem cells compared with bone marrow, 

umbilical cord and synovial tissue, due to the fact, that the harvesting procedure is less invasive and it 

has a higher isolation rate26. 

From mesenchymal stem cells to osteocytes literature recognizes several development stages. 

Different authors consider slightly different number of stages and nomenclatures, however only one 

was adopted in this thesis and is the one illustrated in figure 3 from Franz-Odentael et all 2006 3.   

The commitment of MCS to osteogenic lineage starts with preosteoblast that are characterized for 

expressing Stro 1(MCS marker27), CD29, CD105, CD166 and Runx2. The next stage belongs to 

osteoblasts, which are responsible for laying down the non-mineralized and organic part of bone 

matrix, mainly formed by type I collagen, also denominated osteoid. The osteoblasts are until now 

known to express Runx2, osterix, alkaline phosphatase, osteocalcin and casein kinase II.  

Then, osteoblasts have to choose one of three path, which until now is not known how, become 

lining cells, osteocyte or follow programmed apoptosis. If osteoblasts continuing the development 

choose to become osteocytes they pass through an entrapment process into the bone matrix. It is still 
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under debate how exactly is performed. It is speculated to be a passive process, where osteocytes 

become embedded by matrix-producing osteoblasts, although there is also evidence of a self-

entrapment 3. Apart from that, the phenotype of the cells will start to change, from a polygonal shape 

to a stellate one, with dendritic processes projecting from the cell body3. This change is also 

associated with 70% of volume lost with changes in endoplasmic reticulum and Golgi apparatus3.  The 

cell dendritic process are used to facilitate communication maintaining the osteocyte connected with 

several other cells in different stages of development through gap junctions.  

In vitro, chemical and physical stimulation dictate the MCS lineage commitment. For osteogenic 

differentiation dexamethasone, β-Glycerolphosphate, Ascorbate, 1,23-Dihydroxyvitamin D3 and bone 

morphogenetic proteins work as chemical inductors and fluid flow induced shear stress is the most 

indicated physical stress28. 

 

 

 

 

 

 

 

 

 

Figure 3: Representation of the osteoblast to osteocyte commitment. Number (1) represents pre-osteoblasts, 

(2) osteoblasts, (3) embedding osteoblast, (4) osteoid osteocyte, (5) mineralizing osteocyte and (6) and (7) 

mature osteocytes. (Image modified from reference Franz-Odentael et all 2006 3). 

 

The first commitment stage into osteocyte is called embedding osteoblasts and is characterized by 

the secretion of osteocalcin, GP39, DMP1, PHEX, CapG, Mt1-MMP. Next step of the osteoblast-

osteocyte differentiation is osteoid osteocyte, where most of the mineralization takes place. 

Hydroxyapatite crystals (Ca10[PO4]6[OH]2) start to nucleate on collagen type I fibers. It is speculated 

that the activity of bone sialoprotein, osteopontin and dentin contribute to the process29. This period is 

characterized by the secretion of osteocalcin, GP39, DMP1, PHEX and MEPE. Afterwards, there is 

the appearance of the mineralized osteocyte, which expresses osteocalcin, GP39, DMP1, PHEX, 

MEPE and CapG. Finally, the mature osteocyte stage is reached and they detain DMP1, PHEX, 

MEPE, CapG, sclerostin, destin, Cdc42, CD44 and neuropeptide Y, FGF23 and ORP15030,31. 

Alkaline phosphatase is one of most used markers in osteogenic differentiation. Its concentration 

increases until osteoblasts and decreases or it is maintain in mature osteocytes. In bone, alkaline 

phosphatase’s function is involved with fostering matrix mineralization, more specifically with removing 

mineralization inhibitor such as pyrophosphate (rich phosphate molecule that binds to nascent 

hydroxyapatite crystals)32. DMP1, FGF23, PHEX and MEPE are implicated in mineralization but also 

in phosphate homeostasis. Mt1-MMT is involved in cleavage of collagen type I, II and III, fibrin and 

fibronectin to create space for dendritic growth. The PG39 is a markers only present in osteocytes and 
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has its function related with dendritic development in length and number. Runx2 and Osterix are 

transcription factors important in osteoblastic differentiation. OPR150 function is related with 

adaptation to hypoxic environment of the canaliculi. CD44, Cdc42, Destin and CapG are implicated in 

dendritic formation cytoskeleton rearrangement and dendritic formation. Neuropeptide Y inhibits 

osteoblast activity and differentiation. The protein osteocalcin is a component of bone and is found in 

osteocytes at higher concentrations than in osteoblasts. Osteopontin it is also a bone component. 

Sclerostin is a marker of mature osteocytes and plays a major role in inhibiting bone formation, its 

importance in mechanotransduction is going to be explained in more detail in the next section 3,30,31. 

The osteocytes make up of around 95% of the cells in the adult skeleton. They are consider 

multifunctional cells playing a role in coordinating calcium and phosphate homeostasis, bone 

formation and bone absorption by regulation of osteoblasts and osteoclasts respectively and finally 

have an important role on sensing and orchestrate an adaptive response to loading stimulus. 

As final considerations, the osteogenesis depends on several factors. The type of ossification is 

one them. The ossification can take place one of two different mechanisms, intramembranous 

ossification or endochondral ossification, depending on the type of the bone, however both processes 

rely on preexisting mesenchymal tissue that is further transformed into bone. The first mechanism is 

present in the formation of the skull and clavicles and the second one is initially observed in fetal 

development and continues until adulthood where bone substitutes cartilage. The skeletal 

development and renewal lays on mainly these two mechanism, however also depends on several 

other factors, such as type of bone, the location, the age, the gender and individual clinical conditions 

(in disease case).  Therefore number of stages and characteristic markers could vary depending on 

the previous conditions3.  Furthermore, the differentiation in vitro allows changes comparative to the in 

vivo, since the different environment can promote different cues to the cells.   

In the following thesis, when all type of bone cells, such as osteocytes, osteoblast and osteoclast 

want to be mention they are going to be referred as bone cells.  

The differentiation of adipose tissue-derived mesenchymal stem cells into osteogenic lineage over 

an impedance sensor is described in the literature as causing an increase in the impedance as the 

differentiation progresses 33,34,35 . However, the reports differ from the system used in several aspect, 

such as in the sensor geometry and type of flow. 

 

1.5.1  PRESSURE STIMULI   

The focusing of the this section will be identifying which mechanical stimulations bone cells are 

submitted to, how they are perceived and which signaling pathways are affected by the stimulus in 

order to translate it in a cellular response. However much of the mechanotransduction mechanisms 

present below are shared by other cells in the organism, are not unique of bone cells. Some of the 

molecular pathways were firstly found in cardiomyocytes or endothelial cells and then proved to be 

also present in bone cells36. Most research is being done in osteoblast, duo to difficulty of culturing 

osteocytes in vitro (the alternative are immortalized osteocytes cell lines) 37.  

The dynamic load of the body due to normal movement exposes the bone cells to an external 

pressure, which as a consequence causes strain and deformation of the cells. Fluid inside the 
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interconnected canaliculi is disturbed, which in turn generates shear stress on the osteocytes and the 

convective transport of ion creates electric and magnetic fields 38,36. The normal load is translated in 

around 500 microstrain. In cases of vigorous exercise 2000 microstrain are thought to be present and 

it is assumed that strains above 30000 microstrain leads to failure of the limb (1000 microstrain equal 

to 0.1% change in length) 38,36. The shear stress present in vivo was estimated by theoretical models 

to be in the range of 0.8 Pa to 3 Pa36.The response to the mechanical loading not only depends on the 

magnitude of the pressure but also on the frequency of the stress. However, on has to bear in mind 

that, constant stimulation does not represent physiological conditions and cycles of stress should be 

introduced rather continuous stress to better represent in vivo conditions. Despite the different loading 

conditions that are valid testing conditions, the response given by the cells also depends on the matrix 

in which they are attach to. Similar cells responded to the same stress differently depending on the 

substrate39,40.  

In general, mechanical loading induces bone formation and inhibits bone degradation, by other 

words, promote bone homeostasis41. Short time after loading an increase of intercellular levels of 

Ca2+, nitric oxide species and prostaglandins41 are observed, which work as potent signaling 

molecules. Communication is promoted between osteocytes and the remaining cells in the bone niche 

through gap junctions with upregulation of connexin43. It is observed an increase of OPG/RANKL 

ration, which indicates inhibition of  osteoclastogenesis (RANKL stimulates osteoclast formation by 

binding to its receptor on osteoclast precursors surface, while OPG, a decoy receptor for RANKL, 

inhibits osteoclastogenesis by competitively binding to the RANKL receptor)42. Much of the markers, 

like MEPE and PHEX, described above to characterize osteocyte lineage commitment are also found 

to be up regulated when mechanical stimulation is applied31. 

Mechanosensors which mediate the response of bone cells to loading and the pathways they 

activate will be discussed further.   

 

1.5.1.1 INTEGRINS  

The osteocyte are attach to the extracellular matrix through integrins. These proteins connect the 

cytoskeleton with the extracellular matrix and use different intermediate proteins, as adaptors. A 

protein cluster makes the bridge between cytoskeleton-integrin and integrin-ECM. Different substrates 

will ask for different adaptors and integrins4, which is in alignment with the evidence showed above, 

that the same bone cells act differently in different substrates upon the same stimulation. Evidence 

points out that integrins are one of the many mechanisms used by the cells to sense pressure. 

Integrins are engaged in the regulation of several processes in the cell, as cytoplasmic kinases, 

growth factors receptors, ion channels, actin and cell cycles, concerning apoptosis, survival, 

proliferation and differentiation4.  

 One of the kinases that integrins are known to interact with and at the same time is implicated in 

the response to a pressure stress is the protein tyrosine kinases, focal adhesion kinase (FAK). The 

role of FAK as mechanosensor is illustrated in figure 4. The activation of this kinase is still unclear but 

evidence points out that protein such as, paxillin could be implicated when force is applied as well as 

talin or integrin β subunit. When activated FAK autophosphorylates its residue Tyr397 it creates a 
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binding site for a tyrosine kinase from the Src-family (proto-oncogene tyrosine protein kinase scr) 

which phosphorylates the FAK a second time in a Tyr925 residue. The first phosphorylation is 

responsible for to the activation of Mitogen-activated protein kinase 8 (MAPK8 or JNK). The second 

phosphorylation through the intermediate of other proteins (like GTPase Ras), lead to the activation of 

the Mitogen-activated protein kinase 1 (MAP1K1 or ERK2 also found in literature)4. Both protein 

belong to a pathway formed of several kinases that work in a cascade way to activate final substrates 

Both JNK and MAPK1 are implicate in the activation of AP-1 transcription factor which regulates pro-

bone gene as c-fos involved in cell proliferation differentiation and survival, cyclooxygenases (Cox-2), 

involved in prostanoid formation, IGF-1, and osteocalcin (non-collagenous bone component) 39.  

 

 

 

 

 

 

 

 

 

Figure 4: Integrin activation model through focal adhesion kinase FAK. Integrin is represented by α and β subunit, 

residue Tyr397  by Y395, residue Tyr925  by Y925, talin is indicated by Tal, paxillin by Pax, N refers to NH2-

terminal, C to COOH-terminal, Src concern to proto-oncogene tyrosine protein kinase Src and SHX are its 

domains (Image obtained from reference Giancotti et all (1999)4). 

 

1.5.1.2 ION CHANNELS  

Ion channels are one mechanism link to the mechanotransduction since early times. Several types 

of ion channels like stretch-activated cation channels, L-Type voltage calcium channels and transient 

receptor potential were already implicated in sensing pressure stimulus 43,44,45 . The channels may be 

activated due to tension alone or with the requirement of protein displacement from the ECM or 

cytoskeleton. However, the model is not entirely resolved46. Most of the ion channels studies are 

performed with gene ablation or with the use of specific channel blockers before stimulation. 

Therefore, little is known about all the players in signaling pathways that are activated through ion 

channels at the time of the stimulus. The blocking of ion channels lead to decrease of intracellular ion 

calcium concentration, stress fiber formation, c-fos and Cox-2 mRNA, prostaglandin E2 (PGE2) and 

nitric oxide species43,44 . 
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1.5.1.3 G-PROTEINS 

The pressure stimulation activate G-proteins, seven-transmembrane-domain G-protein coupled 

receptor, which lead to the activation of phospholipase C (PLC). This enzymes acts in two fronts, in 

one end it activates dual specificity mitogen-activated protein kinase kinase 1 (MAP2k1 or MEK1) 

through the intermediates protein kinase C (PKC) and diacylglycerol (DAG). In the end MEK1 

activates transcription factor AP-1.  On the other end the PLC activates the protein inositol 

trisphosphate (IP3)47. The latter is known to be engaged in the rapid increase of intracellular Ca2+ 

levels from cell storage (mitochondria39) when activated and in the presence of extracellular Ca2+. Only 

when calcium levels are elevated PKC can be activated 47.  

Furthermore, the G-proteins also are involved in a second pathway. This pathway uses 

prostaglandin E2 (PGE2), which is produced by the reaction of intracellular cyclooxygenase (Cox) with 

arachidonic acid.  The reaction is mediated by two isoforms, Cox-1 the constitutive isoform and Cox-2 

the inducible isoform48 .  Cox-2 in one of the common pro-bone gene activated under mechanical 

stimulation. The mechanism that fosters PGE2 production is still under discussion, some authors claim 

that is through lipid rafts47 , others through connexin-43 hemichannels or the purinergic P2X7 protein 

complex48  

The PGE2 bind to its G-protein coupled receptor and activate the adenylate cyclase (AC), which in 

turn increases intracellular cAMP (cyclic adenosine monophosphate) which leads subsequently to the 

activation of protein kinase A (PKA). This kinase activates the transcription factor CREB, which 

promotes COX-2 gene expression, 36,39,47, and stimulates the expression of connexin-43 36, the major 

component of gap junctions. 

 

1.5.1.4 CANONICAL WNT PATHWAY 

The most important intervenient in the regulation of the Wnt pathway is sclerostin, an osteocyte 

marker presented above. Figure 5 depicts schematics concerning the pathway mechanism. The 

binding between the Wnt ligand and the receptor complex, composed of LRP6 (or LRP5) and Fzd (a 

transmembrane receptor), leads to the activation of the protein Dsh. The latter inhibits the protein 

complex APC-Axin-GSK3β. Normally, this agglomerate of proteins is responsible for signaling of β-

catenin to ubiquitination. Therefore β-catenin, which is a protein anchored in the cytoplasmic side of 

cadherins, accumulates in the cytoplasm and is transported to the nucleus. The transport is thought to 

be mediated by estrogen receptor-α and β-catenin present in the nucleus interacts with a family of 

transcription factors Tcf/Lef family. This family of transcription factors are involved in the transcription 

of genes related with differentiation, proliferation, apoptosis and function of bone cells31,48,49,5.  

The presence of sclerostin prevents the Wnt ligand to bind to its receptor and β-catenin is 

degraded. The sclerostin is an antagonist of the canonical Wnt pathway and non-stress situation its 

concentration is kept high however during mechanical loading the concentration decreases result in 

pro-bone gene transcription. In case of osteoporosis disease it has been proved that the deletion of 

Sost (sclerostin gene) lead to a gain of bone mass13,48,30. 
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Figure 5: Mecanotransduction pathways of Wnt payhway (Image adapted from Eastman et all 19995) 

 

1.5.1.5 PRIMARY CILIA 

Primary cilia was recently added to the list of mechanosensors in bone and as such the mechanism 

by which transduction of the stimulus is passed through the osteocyte is largely unknown. Primary cilia 

are solitary structures formed of microtubule that extend from the cell to the extracellular space 42.  It is 

speculated how the primary cilium would lay in the interconnected canaliculi since the estimated space 

between the osteocyte plasma membrane and the wall is around 0.1 µm to 3 µm and the primary 

cilium length is around 2 µm to 9 µm 38. Issues over how the primary cilia would bend in such a close 

space to fell the flow rate are still unclear 38. However evidence points out that this structure plays a 

role in mechanotransduction through a mechanism not involving an extracellular Ca2+ depended 

intracellular Ca2+ release 50,51 . There is evidence that the response could involve adenylyl cyclase 6 

and cAMP. The chemical ablation of the primary cilium using chloral hydrate and inactivation of 

polaris, a protein involved in intraflagellar transport, has been connected to decreases in PGE2 and 

osteopontin (bone matrix component) in MC3T3-E1, an osteoblast cell line, and decrease in COX-2 

and OPG/RANKL ration in MLO-Y4, and osteocyte cell line52.  

Another evidence of primary cilium involvement in sensing and coordinating a response came from 

a study where an MCS cell line, C3H10T1/2, was submitted to conditioned media from mechanically 

stimulated osteocytes (MLO-Y4 cell line) and was record an upregulation of osteogenic genes such as 

OPN and COX-2. The same response was not observed when the same condition media was added 

to osteoblasts (MC3T3 cell line). The study went a step further and prove the primary cilium was the 

main intervenient for the MCS response, since the upregulation in osteogenic genes in MSCs was not 

observed if primary cilia formation was inhibited prior to mechanical stimulation of the osteocytes 53. 

This study also proves the paracrine and autocrine potential of the signaling molecules produced by 

osteocytes during mechanical stimulation. 

 

The study of the mechanotransduction is quiet challenge due to activation of overlapping pathways. 

Most of the studies are performed in animal models with knockdown genes, which could lead to 

prenatal lethality. Moreover, in vitro cell culture normally uses immortalized cell lines and inhibitors in 

which direct conclusions are difficult to reach.   
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1.5.2 INTERLEUKIN-1Β 

Interleukin 1β is a cytokine involved in the inflammatory response54 and has been reported as 

having paradoxical effects towards osteogenic differentiation.  

Most of the studies started bearing in mind that should be important to record the effects on the 

differentiation process under an inflammatory environment. In regenerative medicine application, 

interleukin-1β would be part of the chemical environment that the cells would fell if they were 

transplanted into an injury area.  

Studies were carried out evaluating the IL-1β effects under static and perfusion culture conditions 

during osteogenic differentiation.  In one study murine MSC were culture from 4-6 weeks under 

monolayer and static conditions with osteocyte differentiation medium (dexamethasone, ascorbate-2-

phosphate and β-glycerol-phosphate as supplements). Several concentration of IL-1β were tested 

from 0.01ng/ml to 1 ng/ml. Alkaline phosphatase activity and Von Kossa staining results inferred that 

lower IL-1β concentration, higher the alkaline phosphatase activity and mineralization. The results 

from mRNA also demonstrates a decrease in the expression of Col1a1, RUNX2 and OSTERIX and an 

increase of the expression of osteopontin and osteonectin compared with the mRNA of cells that were 

culture with osteogenic medium without Interleukin 1β 55.  

From other study human mesenchymal stem cells were culture in 2D static condition. In order to 

achieve osteoblast differentiation human MSC differentiation BulletKit osteogenic was used. The 

medium was supplemented with different concentration of IL-1β, from 0.1ng/ml to 10ng/ml. Results 

from alizarin red staining and alkaline phosphatase suggest that higher the concentration higher the 

mineralization levels and alkaline phosphatase activity. Also, IL-1β efficiently induced the expression 

of RUNX2 mRNA, independently of the concentration.  

In addition, in another study, the presence of Interleukin-1β was evaluated on MLO-Y4 cell line 

under pulsatile fluid flow, which generate a relative pressure of around 0.7 ±0.3 Pa with a frequency of 

5 Hz. The authors evaluate the response that IL-1β has on calcium and NO species production. The 

authors observed a rapid increase of intracellular Ca2+ and NO species when the cells were subject to 

the pressure stimuli. The presence of IL-1β (1 ng/ml) for 30 minutes leads to an increase of Ca2+ 

species, however the 24 hour treatment leads to a drastic reduce of Ca2+ species. The same tendency 

is observed in the NO species, all the concentration and time lapses studied lead to the reduction of 

this species, under pulsatile fluid flow conditions56.  

 

1.6. MOTIVATION 

The motivation of establishing an impedance sensor platform is related with its advantage of being 

a label free technique. One of the beneficial characteristics of impedance sensing that led to this work 

was the fact that impedance changes in cell culture could be recorded in a continuous manner. This 

allows having an uninterrupted and simple insight into a culture’s performance without disturbing the 

cells. Contrary to some label techniques, impedance spectroscopy is not cell specific and provides a 

standardized method for comparative studies. 
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2. Materials and Methods  

2.1 CELL CULTURE  

2.1.1 CELL LINES 

The mesenchymal stem cell came from adipose tissue donated by a 65 year old female donor 

(adMCS 10103).  The fibroblast cell line used was the NIH 3T3 (DMSZ ACC 59). 

 

2.1.2 CELL CULTURE MEDIA 

The culture of fibroblast used Dulbecco's Modified Eagle Medium (Sigma Aldrich D777710L) 

supplemented with 10% of fetal bovine serum (Gibco 10270). The culture of adipose derived 

mesenchymal stem cell used α-MEM (Life Technology-Gibco 12000-063) supplemented with 2.5% 

human platelet lysate (PL BioSciene), 1U/ml heparin (Roth 7692.1) and 0.5% gentamicin (Lonza 

BE02-12E). In addition, to induce osteogenesis, a self-made media composed of supplemented α-

MEM complemented with 0.1 µM Dexamethasone (Sigma Aldrich D4902-25MG), 0.2 mM L-Ascorbat-

2-Phosphat (Sigma Aldrich, 49752) and 5mM β-Glycerolphosphate (Sigma, 50020-100G) was used. 

Another media used to induce osteogenesis was the StemMACS Osteodiff Media supplied by Miltenyi 

Biotec. 

2.1.3 CELL CULTIVATION 

2.1.3.1 STEM CELL ISOLATION 

The enzymatic isolation of mesenchymal stem cells from fat tissue started with cutting the fat 

explant in small pieces (0.5 cm2), avoiding blood vessels, into a falcon tube. Then, the tissue pieces 

were minced with a sterile scissor into a pulp. Next, 10 ml of collagenase type 1 (Sigma Aldrich 

C2674-1G) solution with a concentration of 2 mg/ml was added to 17-20 g of fat pulp and vortex. 

Afterwards, an incubation period of 1 hour at 37⁰C was allowed, then, the pulp was vortexed again 

and half of the volume was transferred to a new falcon tube, approximately 15 ml. Following, Hank’s 

buffer I (Sigma Aldrich H2387-10x1L) was added until make up 40 ml and the pulp was centrifuged for 

5 min at 200g. Then, the fatty supernatant was transferred to a new falcon tube, the middle phase was 

discharged and the resuspended pellet was added to the supernatant. Afterwards, Hank’s buffer II, 

consisting of Hank’s buffer I supplemented with human serum (Blood Bank Linz) in 10%, was added 

until a total volume of 40 ml and centrifuged again for 10min at 400g. Then, the supernatant was 

discharged and the last sept was repeat once more. After flicking the pellet, until a total of 30 ml of α-

MEM was added. Finally, 15 ml of cell suspension was added to a T-75 and placed in the incubator at 

37⁰C,5% CO2 and 21% O2. The media change was only performed when attached and elongated cells 

were observed in the flask. 

2.1.3.2 CELL THAWING 

The cryovial was removed from the nitrogen tank and place it on the water bath, when the content was 

defrosted 1 ml of cold α-MEM was added and an incubation at room temperature for 2 min followed. 

Then, the content was transferred to a falcon tube, 2 ml were added to the empty cryovial and a 
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waiting period of 2 min followed. Afterwards, 6 ml of cold α-MEM was added in the falcon tube. Before 

centrifuging the falcon tube for 5 minutes at 300g, 20 µl of the cell suspension were removed to count 

with a hemacytometer. Subsequently, the supernatant was removed and α-MEM was added. After, the 

cell suspension was submerged in a T-flask with the desire concentration. 

 

2.1.3.3 CELL PASSAGE 

The cell passage was initiated with the removal of the wasted media and addiction of PBS (same 

volume of the media). PBS was removed and accutase (SIGMA Aldrich A6964) or trypsin (SIGMA 

Aldrich 59418C)  was added. Accutase was used for stem cell culture and tripsin for fibroblast culture 

(0.3ml for T-25, 0.6ml for T-75 and a 2ml for T-175). The culture was left to incubate maximum for 10 

min at 37⁰C. Then, α-MEM was added, the content was transferred to a falcon tube and before 

centrifuging the falcon tube for 5 minutes at 300 g, 20 µl of the cell suspension were removed for 

counting with a hemacytometer. Next, supernatant was removed, the pellet was flicked and fresh α-

MEM was added (the volume is depended of the cell number and the desire concentration in the new 

flask or as cell suspension).  

2.2 PLATFORM SETUP 

The platform was composed of several parts, such as chip, chambers, microvalves, degasser and 

a water bath. Figure 6 depicts the platform‘s schematic. 

 

Figure 6: A) Top view schematics of the platform. Number 1 represents the place where the inlet and outlet vials 

are placed, 2 represents the microvalves and degasser, number 3 represents the chip with the chambers on top, 

number 4 indicates the water bath inlet and number 5 the entrance of the potenciostat cables. B) Image of the 

cross section in the x axis of the platform central area. Number 1 indicates the water bath, 2 the chip and 3 the 

chambers. C) Image of the cross section in the y axis of the platform central area. Number 1 represents the water 

bath, 2 the chip, 3 the chamber and number 4 indicates the ports that make the connection between the chamber 

as tubes. 

A B

 

C
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Moreover, the platform harbored a group of components that contributed for its functioning, like 

positive and negative pressure supply, microvalves controller, potenciostat and incubator. Illustration 

of the complete setup is depicted in figure 7. 

The compressed air is supplied by an internal source, then a vacuum pump uses the positive 

pressure to create vacuum. The pressure valves were kept at 25 KPa for the positive pressure and at -

40KPa for the negative pressure. Next, the valves connected with an equilibration tank, which acted 

like a pressure buffer. Then, the control unit together with a software (developed in-house) ensured 

the speed of operation of the microvalves. The speed at which the valves open and close determine 

the flow rate in the chambers. Sensor assembly is parallel to this apparatus. Each chamber had two 

sensors.  The sensor was controlled by a potenciostat (VMP3 BioLogic) and together with a software, 

EC-Lab, allowed the control of the experimental settings (like frequency, voltage and number of 

replicas) and follow the measurements in real time. 

 

Figure 7: Set up schematic of the platform and all the supporting components, such as potenciostat, computer, 

pump controller, negative and positive pressure sources. 

2.2.1 PUMPING SYSTEM  

The pump controller allowed the actuation of the microvalves individually, the pumping was 

performed by the actuation of three microvalves connected in series and the platform was composed 

of four sets of microvalves, in other words four pumps. Each pump controls the liquid of one chamber. 

The software gives the possibility to change several settings in order to personalize the pumping, 

like the step time, the waiting time and the cycle number. The step time was given in miliseconds and 

represented the time that takes to switch between an open and a close valve. Consequently the lower 

the step time more fast the microvalves operated and higher the flow rate. The cycle number 

corresponded to the number of cycles that microvalves would operate. A full cycle corresponds to the 

numbers 1-4 in schematics in figure 8C). The conversion between cycle number and working time of 

the pump is done by multiplying the step time by 4 and is obtained in milliseconds the time of each 

cycle. The number 4 comes up because for a full cycle 4 microvalves close or open.  Then, by 

attributing the desire working time it is obtained the corresponded cycle number. Finally, the waiting 
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time corresponds to the interval, in minutes, at which the pumps are not working after a complete 

cycle. In addition, the settings could be personalized to each pump and in this way tackle intrinsic 

variability. 

 Each microvalve was always opened, when the compressed air was allowed to flow, it would 

deform a flexible membrane and close the channel, as figure 8A) demonstrates. The actuation of three 

microvalves would make the fluid to flow. The pumping mechanism is represented by a schematic in 

figure 8C). From step 1 to 2, the middle valve is closed and the liquid present in the valve is pushed 

forward. The same is repeated when from step 2 to 3 the third valve closes.  At the same time the first 

valve opens creating a negative pressure which sucks liquid into its newly vacated space. The step 3-

4 is characterized by the middle valve opening creating more suction. Finally, from step 4-5 the third 

valve opens and the first closes creating a backflow.  Overall, each cycle presses liquid forward in two 

moments and allows one moment of reflux. 

 

Figure 8: A) Schematics on the left represents an open valve and the image on the right a close one.  B) 

AutoCAD mask (provided) of the pneumatic and fluidic layer, number 1 shows the positive pressure inlet for the 

actuation of the microvalve and 2 indicates the vacuum inlet for the actuation of the degasser. C) Schematics of 

the microvalves mode of operation. The cross indicates a close valve and blank an open one.  

2.2.2 FLUIDICS DESIGN  

The several experiments required different types of design, such as chambers, to allow perfusion 

mode, or wells to enable static measurements. Each chamber was supplied by one pump. Moreover, 

Fluidic Layer Pneumatic Layer 

1 2 

A 

B C 



20 
 

the chambers were made of two types of materials, ostemers and PDMS, while the wells were only 

made of PDMS. The wells have 5 mm in diameter and around 3.4 mm in high. The image of wells and 

chambers are given in figure 9, as well as chambers’ dimensions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9: A) Image of the ostemers chambers irreversibly bounded to the chip. B) AutoCAD mask (provided) of 

the chambers with the main dimensions. The number 1-4 represent each chamber. C) Image of the PDMS wells 

reversibly bounded to the chip. D) 3D model of a single chambers with the defined dimensions specified in 

millimeters. This model was the one used in the COMSOL simulations. 

 

2.2.3 SENSOR 

The sensor is composed of a borosilicate glass substrate, with 3nm of chromium, 50 nm of gold 

and final passivation layer with 15 nm of zirconium dioxide. The sensor has an interdigitated structure 

with the dimensions depicted in figure 10. 

 

 

 

 

 

 

 

 

 

Figure 10: A) Schematics of the chip’s AutoCAD mask (provided) with respective dimensions, arrow indicates 

the sensor area and arrow head the contact pads, where the connection between the cables and the chip is held. 

The numbers 1-8 indicate the number given to each sensor. B) Schematics of the interdigitated electrode 

structure and respective dimensions (not at scale).  

 

To recap, sensors 1-2 belong to chamber 1, sensors 3-4 to chamber 2, chamber 3 harbors sensors 

5-6 and chamber 4, sensor 7-8. Each chamber is supplied by on pump. As the connections between 

pumps and chambers are not permanently fixed, any pump can be allocated to any chamber.  
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2.3 FABRICATION 

2.3.1 SENSOR 

The fabrication of the sensor was done previously and its detailed fabrication can be consult in 

Sticker, D. et al 20152. Overall, deposition of the chromium and gold layer was achieved by thermal 

evaporation (UNIVEX 450, Leybold AG). Then, sensor geometry was imposed through 

photolithography using positive photoresist (AZ MiR 701) and ion milling (Ion Sys 500, Roth&Rau) to 

remove uncovered gold. Finally, the passivation layer was deposit by atomic layer deposition 

(Savannah 100 reactor, Cambridge NanoTech) using [(CH3)2N]4Zr and water as precursors.  

2.3.2 CHAMBERS AND WELLS 

2.3.2.1 OSTEMERS CHAMBERS 

The chambers made of ostemers (OSTEMER™ 322 CRYSTAL CLEAR) were fabricated previously 

and for more information follow the fabricant datasheet. Overall component A and B are mixed with a 

ratio 1:91. The first UV curing (with a 365nm lamp, with 12mW/cm2 requires 60 seconds to 1mm thick) 

leads to a consistence similar the PDMS, which allowed to remove it from the mold, and with a the 

second curing (90 °C for 60-85 min) the polymer gets harder, similar to poly(methyl 

methacrylate) (PMMA). To finish, inlet and outlet holes were drilled. 

2.3.2.2 PBMS CHAMBER AND WELLS 

Component A and B were mixed together in a 9:1 ratio in a falcon tube. Then, the mixture was 

agitated vigorously and centrifuged to remove bubbles. Next, the PDMS (ELASTOCIL®RT 601 A/B 

WACKER SILICONES) was poured over the mold, tapped it against the bench to remove small 

bubbles and allowed to rest until one hour to completely degas. The mold for the PDMS chambers 

was the same used for the ostemers (depicted in figure 11). The wells’ mold was a petri dish. 

Afterwards, the polymer was cured either at 20 min at 70⁰C or overnight at 37⁰C. After curing the 

polymer was removed from the mold. Finally, chambers inlet and outlet were open with a hole puncher 

(0.6mm) and wells were opened by punching the PDMS with a 5mm diameter hole puncher. 

2.3.3 PNEUMATIC AND FLUIDIC LAYER 

The fabrication of the pneumatic and fluidic layer molds were performed previously by rapid plastic 

prototyping (a tecnique developed by Richard Novak57). Both layers were composed of ostemers and 

their fabrication protocol was the same as the one used for the chambers. To finalize the design, a 50 

µm thick fluoroplastic film was sandwiched between the two layers. The film corresponded to the 

deformable membrane that will close the channel.  

2.4 BONDING 

The reversible or irreversible bonding was preceded by the cleansing of all surfaces that would be 

brought into contact with soap, pronanol and dried with compressed air. 
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The irreversible bonding of the ostemers chambers, the pneumatic and fluidic layers were 

performed previously by UV and ozone activation. 

The irreversible bonding of the PDMS chambers to the chip was achieved by using atmospheric air 

plasma (Q150R Rotary-Pumped Sputter Coater/Carbon Coater). The setting used were 60 seconds 

plasma treatment with 30 mA current intensity and around 246 V. The PDMS chambers have 

additionally a glass strip on top (to reduce evaporation and deformation of the chambers) irreversibly 

bonded with oxygen plasma (GaLa Instruments PlasmaPrepO2), exposure lasted for 30 seconds 

(timer 4.5) at 116KW (power 4).  

The reversible bonding of the wells to the sensor surface was done by adhesion, with care to 

remove all air bubbles that might be trapped between the two surfaces. 

2.5 CELL SEEDING ON THE PLATFORM 

The seeding started with the sterilization of vials and tubing by autoclave. Then, the tubing were 

placed in the platform making the connection between inlet vials and chambers, chambers and pumps 

and pumps and outlet vials. Afterwards, the chambers are cleaned with ethanol, PBS and water. Then, 

while water is running through, and if no bubbles in the chambers and microvalves were observed the 

pumps were calibrated. If not, more ethanol was rinsed through pumping or manually with a syringe. 

The flow rate calibration is obtained by a liquid flow meter device (Sensirion SLI), which measures the 

instantaneous flow rate. The calibration curve corresponded to flow rate depending on the step time. 

Afterwards, if no bubble were present the water was switched to media. The latter was left overnight 

inside the incubator to coat the chamber area with proteins from the media. Then, in the following day, 

the platform was placed outside the incubator and under the microscope. If no bubbles were spotted 

the water bath would be turned on. When the latter reached 37ºC the impedance measurements 

started to be record while only media was on the chambers and the cells started to be harvested from 

the T-flask. The cell concentration used to perform a confluent seeding was 2.3x106 cell/ml. After, in 

the inlet vial was introduced the cell solution and duo to pumping the cells would start to enter the 

chamber. When the chambers were confluent the pumping was stopped and inlet vials were changed 

to fresh α-MEM and outlet vial to an empty one. Next, pictures were taken to record the confluency 

and the platform was placed inside the incubator. Finally, to give time to cells to adhere a waiting 

period of between 1-2 hours was allowed before the pumps started. 

2.6 DIFFERENTIATION 

The differentiation of adipose derived mesenchymal stem cell into osteogenic lineage was 

performed in 24 well plate and in the microfluidic platform. For the experiments, MSC from passage 5 

were seeded with a density of 7.6x104 cell/cm2 to obtain a confluent cell layer in the 24 well plate and 

with a cell solution of 2.3x106 cell/ml to obtain a confluent seeding in the platform. 

The cells were seeded on day 0, on day 1 the basal media was changed to osteogenic inductive 

media. This one was self-made media, commercial media or commercial media supplemented with 

0.01 or 0.1 ng/ml of Interleukin-1β. The platform, had in addiction a pressure stimulus as test 

condition, when applied started around on day 6 and 10.  
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 Later, the media change was performed on day 4 and 8. At day 11 the experiment stopped. It was 

considered advantageous to perform a photographic monitoring of the cell culture during media 

change. The wasted media was saved to performed supernatant quantification of alkaline 

phosphatase enzymatic activity. 

The differentiation in the microfluidic platform included an extra step. On day 1, the inlet and outlet 

vials were joined together to enable a longer culture time without media running out in the inlet. From 

day 0 to 1 the pumps worked at 8µl/min for 1-2min in 50 min interval. From day 1 until 11 the pumps 

worked at 8 µl/min 3-4min in 45 min interval time, except when a mechanical stimulus was being 

applied. The mechanical stimulus was applied by pumping 8 µl/min or 16 µl/min flow rate for 30 min 

and 30 min resting. 

The cleaning of the chip was performed after the eleven days of differentiation mainly with 

Accumax. When the culture was too dense and with large amounts of ECM Accumax was not enough. 

In those cases, Triton solution with 0.1% or 1%, 1M NaOH and HCl with 0.01 or 0.1M were used. 

 

2.7 DIFFERENTIATION EVALUATION 

2.7.1 ALKALINE PHOSPHATASE  

2.7.1.1 SUPERNATANT ALKALINE PHOSPHATASE 

The alkaline phosphatase activity was measured using SIGMAFAST™ p-Nitrophenyl phosphate 

Tablets to prepare 20 ml. The protocol was adapted to the experiment circumstances. The kit is meant 

to be used in lysate cells, however, the protocol was adjusted to obtain the enzyme activity from the 

supernatant. Each differentiation included four readings of ALP activity, from day 1, 4, 8 and 11. 

The p-Nitrophenyl phosphate solution was prepared by dissolving one Tris tablet and p-Nitrophenyl 

phosphate tablet in 16ml of deionized water and 4 ml of PBS. In a 96 well plate were added 20 µl of p-

Nitrophenyl phosphate solution and 80 µl of supernatant previously centrifuged for 5min at 13.3x103 g. 

Then, an incubation period of one hour at 37ᵒC was allowed before reading the absorbance at 405 

nm.  

The absorbance curve along the eleven days was calculated by subtraction the blank to the 

sample. The blank of the day 1 was fresh α-MEM and for day 4, 8 and 11 was fresh osteogenic 

differentiation media, which was self-made or commercial media depending on the experiment. 

2.7.1.2 MEMBRANE BOUND ALKALINE PHOSPHATASE 

The membrane bound ALP was determined exclusively on the eleventh day in the 24 well plate 

differentiation. After removing the supernatant for supernatant ALP quantification the plate was frozen 

at -70ᵒC for 30 min and then thawed at 37ᵒC. This procedure was repeated twice. Afterward, 400 µl of 

p-Nitrophenyl phosphate solution were added and allowed to incubate for 30 minutes in the dark. 

Then, the solution was transferred for a new plate and the absorbance was red at 405 nm. A pre-

dilution maybe performed if the absorbance values were above 1.  
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2.7.2 DAPI AND CALCEIN STAINING 

The staining was performed on the 11th day of differentiation, as an endpoint measurement. The 

DAPI was indicated to nucleus staining and calcein binds to calcium, indicating mineralization of the 

ECM. 

  2.7.2.1 PLATFORM 

In advance, fresh calcein solution was prepared with a concentration of 5 µg/ml in α-MEM (without 

supplements). Then, calcein solution was filtrated using a 0.20 µm pore size filter (Rotilabo® –syringe 

filters from ROTH). Before adding calcein solution in the chambers, they were manually rinsed with 

1ml of α-MEM (without supplements) with a syringe. Then, the cells were incubated (37 ᵒC and 5% 

CO2) overnight using the following pump setting: 500ms as pump speed, as 100 cycle numbers and 

45min of interval time.  

In the second day, a fresh DAPI solution of 1 µg/ml in α-MEM (no supplements) was prepared. The 

chambers were rinsed again with 1ml of α-MEM. Then, the DAPI solution was added in the chambers 

and incubated for 15 min protected from the light. The pumping setting for the DAPI staining were the 

followed: 500ms as pump speed, 100 cycle numbers and 1min of interval time. Afterwards, cells were 

manually rinsed with 1ml of α-MEM and all the tubing making the connection between vials, chambers 

and pumps were removed. Consequently, the chip becomes retrievable. Finally, the calcein 

fluorescence was recorded with a 485 nm excitation and a 535 nm emission filter and the DAPI 

fluorescence at 360 nm excitation and a 460 nm emission filter. The fluorescence microscope used 

was Leica. 

2.7.2.2. WELL PLATE 

Firstly, the cell were fixated with 4% formaldehyde (Sigma, #F8775) solution for 15min at room 

temperature. Afterwards, a fresh calcein solution with 5 µg/ml was prepared in dezionize water. The 

wells were washed 3 times with water before adding 400 µl of calcein solution. Then, the plate was 

incubated overnight in the fridge at 4ᵒC protected from light with aluminum foil. 

In the following day, wells were washed 3 times with dezionized water. Next, a fresh DAPI solution 

of 1 µg/ml was prepared in PBS. Afterwards, 400 µl of DAPI solution wad added to the wells and was 

incubated for 15 min at room temperature protected from light. In the end, the wells were washed 3 

times with PBS and imaging was capture under the same conditions as the ones described for the 

platform. 

2.7.2 ALIZARIN RED STAINING 

The alizarin red staining is a colorimetric assay performed on the well plate. The alizarin red binds 

to calcium, indicating mineralize ECM similar to calcein staining. 

A solution of 0.5% in alizarin red was prepared in deionized water. Afterwards, the wells were 

washed 3 times with PBS before the alizarin red solution was added. Then, incubation time of 15 min 

at room temperature was allowed. Finally, the wells were washed until the supernatant was no longer 

red to follow microscopic analysis. 
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3. Results and Discussion 

3.1 SETTINGS OPTIMIZATION 

The first tasks developed with the sensor aimed to assess the conditions further used. The 

influence of applied voltage and frequency. In addition, intrinsic variability between sensors and the 

stability of the signal over time and with frequency was investigated. 

3.1.1 FREQUENCY 

To investigate how impedance and phase angle change with the applied frequency it was tested 

different analytes, such as water, PBS and DMEM basal media under static conditions (on wells). 

Figure 11: Graphic illustration of a representative sensor (sensor number 8) harboring different analyte. The 

analytes tested were water, PBS and DMEM basal media in static conditions (performed on wells) at room 

temperature. A) Illustrates the impedance relative to the frequency. B) Shows the phase angle varying with 

frequency. Experimental conditions: 25mV and 0.1 to 500 KHz to water and PBS and 5 to 500 KHz to DMEM. 

 

The presence of a declining tendency of the impedance with higher values of frequency was 

observed in figure 11A). All the conditions tested, DMEM, PBS and water, showed this declining 

tendency, despite the latter being more mitigated. This tendency was already expected since the 

frequency variable is found in the denominator of the equivalent circuit mode (equation [19]).  

Furthermore, figure 11B) shows that PBS have a capacitive behavior to frequencies below 1 KHz, 

as phase angle is around minus 90⁰. With the increase of the frequency, the phase angle also 

increases, and the circuit presents itself neither purely capacitive nor resistive. The water shows a 

mixed tendency over all range of frequencies tested, the phase angle started to be around minus 70⁰ 

to frequencies below 0.5 KHz, reaching a pick of minus 25⁰ at around 100 KHz and then decreasing 

getting close to phase angles corresponding to a pure capacitive behavior. The DMEM range of 

frequencies is a little bit shorter than the other analytes. In the range of frequencies teste the DMEM 

has values in between -70⁰ and -20⁰ to increasing values of frequency. 

A B 
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3.1.2 VOLTAGE 

To evaluate the voltage at which the measures would be performed, influences over the impedance 

values at different frequencies by this variable was assessed, using PBS as analyte in static 

conditions. In this way, the standard deviation of several measurements at different voltages was 

performed. To compare the results of different frequencies the STD needed to be normalized, in other 

words, the STD was divided by the mean of the measurements. Figure 12A) depicts a clear tendency 

between STD and voltage, the measurements are more stable to higher voltage values. The plateau 

area is reached for lower voltage values at higher frequencies. However, for all the frequencies tested, 

above 20 mV the voltage applied translates into a stable measurement.  

After stablishing that the voltage should be higher than 20 mV to ensure stability of the signal, there 

was a need to confirm that the cells would not be damage. In static conditions, NIH 3T3 fibroblasts cell 

line was culture, inside the incubator (37⁰C and 5% CO2), with DMEM basal media and subjected to a 

voltage of 10mV and 50 mV. The results from figure 12B) indicate that any of the voltage compromise 

cell viability, since both curves are identic. Thereby, a voltage of 50 mV was selected as the desire 

value to perform the following experiments involving cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: A) Representative sensor graphic illustration of the relative standard deviation (calculated by 

STD(data)/mean(data)) over voltage, to several frequencies.  The analyte used was PBS in static conditions 

(performed on wells) and at room temperature. B) Representation of the impedance over time for a representative 

sensor with NIH 3T3 cells. The cells were culture in static conditions, at 37⁰C and 5% CO2. Experimental 

conditions: 241 KHz, 10mV and 50mV 

3.1.3 SENSOR VARIABILITY AND STABILITY 

The inherent variabilities between sensors were verified by measuring DMEM basal media, over 18 

hour, in static conditions and inside the incubator (37⁰C and 5% CO2). The mean of the measurements 

at one given frequency allowed to assess the differences between sensors. From figure 13, it is 

possible to visualize that sensor one has a higher value for the DMEM average compared to the other 

sensors (at 50 mV and 241 KHz). The fabrication process is the one responsible for the intrinsic 

variability between sensors. Moreover, the sensors acquire more differences due to their use. In order 

to tackle both problems, each impedance curve was normalized by the average of the initial period 

A B 
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prior to the cell seeding, during which the analyte was only composed of α-MEM. Additionally, the 

impedance curve was subtracted by 1, in order to place beginning of the curve in the origin. 

 

 

 

 

 

 

Figure 13: Graphic illustration of impedance values of representative sensors, 1, 7, 2 and 4, with DMEM as 

analyte, in static conditions (performed on wells) and inside the incubator (37⁰C and 5% CO2). Experimental 

conditions: 50 mV and 241 KHz. Data show mean±STD.  

One more feature tested was the signal to noise ratio. On other words, the magnitude of the noise 

that each frequency harbors. The signal represents the difference between cells and media and the 

noise the standard deviation of the media. Signal to noise ratio variation with frequency was 

investigated by fixating the voltage at 50 mV. Figure 14A) shows that for sensor 4, the highest value of 

the ratio is around 16 at 7 KHz and then the ratio decreases with frequency increase, until reaching a 

plateau around 9. The other representative sensor, number 8, does not show such a pronounce pick, 

however the signal to noise ratio increases until 1.5 KHz and then keeps constant and around 12. 

Comparing the ration of the two sensor at 400 KHz, if the signal is 100 Ω the noise of the sensor 8 is 

around 8 and to sensor 4 is approximately 11. 

Moreover, the impedance over time enables to visualize the stability of the signal in a long term 

manner. Figure 14B) reveals the fluctuation of the signal from DMEM in a 16 hours interval line and a 

steady decrease tendency to all representative sensors tested (the same from figure 13). 

 

 

 

 

 

 

 

Figure 14: A) Illustration of the signal to noise ratio over frequency for two representative sensors (8 and 4). B) 

Graphic illustration of impedance over time to representative sensors using DMEM as analyte, in static conditions 

(performed on wells) and inside the incubator (37⁰C and 5% CO2). Experimental conditions: 50 mV and 241 KHz.  

A 
B 
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3.2  EQUIVALENT CIRCUIT MODEL VALIDATION  

Equation [19] was validated by complex non-linear least spare fitting using Matlab (scrips and the 

plots of the fitting are found in appendix I). The final total impedance equation detains six unknown 

terms, the α and Q components from constant phase element of the passivation layer and the 

resistance and capacitance from double layer and analyte. The first approach was to make 

simplifications, to low values of frequency the major contributor to the total impedance is the Rlead, the 

passivation and the double layer and analyte resistance. The equation [19] gives rise to equation [20]:  

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑒𝑎𝑑 + 
1

𝑄(𝑖2𝜋𝑓)𝛼
+ 𝑅𝑑 + 𝑅𝑎          [20] 

Then, the resistances are all putted together in one single constant, constant A, in order to fit only 

the values of Q and α. These constants were determined in the range of frequencies of 1 to 4.2 KHz 

using PBS under perfusion conditions at room temperature. The constant phase element represents 

the passivation layer, so theoretically, it is independent of the analyte. The table 1 summarizes Q and 

α values for two sensors. Since sensors differ from each other, the average between both was 

calculated.  

 Table 1: Complex non-linear least spare fitting of constant A and the components from CPE α and Q. The 

selected analyte was PBS. The measurements were performed under perfusion conditions and room 

temperature. Experimental conditions: 50 mV and 1 to 4.2 KHz. Error is equal do the average of the absolute 

value of the residual. 

 

 

 

 

Afterwards, the rest of the constants, Rd, Cd, Ra and Ca were fitted. Table 2 summarize the results. 

The average of α and Q was used to fit the rest of the constants. The PBS and media measurements 

were performed in the range of frequencies between 1 to 1000 KHz. The mesenchymal stem cells 

used data between 5 to 500 KHz. The MCS’s data was retrieved from the plateau formed after the 

attachment, where the impedance is more constant. The value of A was not used. The fitting was 

partially followed in Sticker et all (2015)2. The relation between the resistance and capacitance of the 

analyte and double layer were maintain as in Sticker et all (2015)2.  

The analysis of figure 56 and 57 in the appendix I indicates that the fitting deviates more from the 

data for the highest frequencies, which implies that the fitting is worse close to 1 MHz. 

Then, it was confirmed if the frequency range used was small enough to make the simplification in 

equation [20]. To confirm it, the equation [21] should give values close to one. For MSC the 

simplification was valid, equation [21], had valued between 1.000 and 1.590 for 1 and 4.2 KHz 

respectively. However, for 4.2 KHz using the capacitance and resistance of the analyte for α-MEM, 

equation [21] reached values of 82.3, which proves that the denominator was not negligible to all the 

Condition Sensor  
Q 

nF sα-1 
α 

A 

Ω 
Error 

PBS 

5 14.163 0.963 2500.2 111 

8 10.373 0.978 1646.3 29 

average 12.268 0.971 - - 
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Table 2: Double layer and analyte resistance and capacitance determined by complex non-linear least spare 

fitting. The analytes were PBS, α-MEM (with supplements) and MCS as analyte. The measurements, for PBS and 

α-MEM, were performed under perfusion conditions, room temperature, 50 mV and 1 to 1000 KHz. The 

experimental conditions for MCS were perfusion mode, 37⁰C, 5% CO2, 50 mV and 5 to 500 KHz. Error is equal 

do the average of the absolute value of the residual. 

 

conditions. Nevertheless, this only has a direct impact on the constant A, not affecting the calculation 

of α and Q. 

√12 + (2𝜋𝑓𝑅𝐶)2       [21] 

To finalize the validation of the equivalent circuit, figure 15 shows the effects of the constants 

determined above. The total impedance was plotted together with its individual electrical components 

of the circuit using the determined values for the variables.   

Figure 15, indicates that for higher frequencies (2MHz) the total impedance will tend to the 

resistance of the lead, which was previous calculated to be 53 Ω. Until that, depending on the analyte 

the electrical element that has the higher impact on the overall impedance varies. For PBS, 

figure15A), both the constant phase element from the passivation layer and the analyte until around 

200 KHz detain the main influence on the total signal. Then, until 500 HKz the double layer 

contribution is slightly higher. Relatively to α-MEM, figure 15B), from 1 until 400 KHz, the double layer 

and CPE are the ones possessing the higher share of the total signal. Concerning the MSC, figure 

15C), the double layer and CPE also have the highest impact to the overall signal until around 250 

KHz. Afterwards, just until 400 KHz, the double layer and the analyte contribute the most until crossing 

the line of the resistance of the lead. This may indicate that for mesenchymal stem cell the best 

frequency will be between 250 and 500 KHz. However, this is just a frequency guideline, since the 

curves were obtained by fitting values for variables which have a certain error associated. Another 

method used to seek for the best frequency is the one that presents the more stable signal, for that, 

equation [22] was used. 

𝑚𝑒𝑎𝑛𝑐𝑒𝑙𝑙𝑠

𝑚𝑒𝑎𝑛𝑚𝑒𝑑𝑖𝑎
𝑆𝑇𝐷𝑚𝑒𝑑𝑖𝑎

⁄         [22] 

The meancells is an impedance plateau from the part of the signal that represents differentiated 

cells, the meanmedia represents the average of the points when only media was running in the 

chambers in the beginning of the experiment and STDmedia the standard deviation of meanmedia. The 

frequency that held the highest valued was the one used to present the results. 

Condition Sensor 
Rd 

Ω 
Cd 
nF 

Ra 
Ω 

Ca 
nF 

Error 

PBS 
5 1912.99 7.41 25935.50 10.75 245 

8 255.96 6.13 43825.95 7.84 105 

α-MEM 
5 22486.13 7.93 2884.09 313.46 247 

8 53116.00 7.72 3840.90 812.66 204 

MCS 
6 7611.73 6.47 379.57 6.17 30 

6’ 7863.30 6.68 337.34 7.12 30 
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Figure 15: Graphic illustration of the impedance over frequency for each electrical element and for the total 

impedance giving the values determined by complex non-linear least square fitting for the variables Q, α, 

resistance and capacitance of the analyte and double layer. A) PBS sensor 8. B) α-MEM sensor 8 and C) MSC 

for sensor 6. 

3.3 MICROVALVE CARACTERIZATION 

The platform detains four individual pumps. The first task was to check if all of them worked 

properly, if the liquid that entered the inlet exited by the outlet without leaking, and if there was a direct 

proportionality between step time and flow rate. From this first assessment pump 1 was considered 

not functional. 

The flow rate was determined by a liquid flow meter device, Sensirion, and confirmed 

gravimetrically (weighing the liquid in a known time period). Figure 16A) displays an example of the 

flow rate over time given by the Sensirion to each pump at 500 ms. The device allowed to follow the 

instantaneous flow rate, and in this way confirm the pumping pattern and good actuation of each 

microvalve. As referred in the methods section, the pumps worked by the coordination of three 

microvalves that introduce a wavy flow rate with two moments of forward flow and one moment of 

backflow. Afterwards, the mean flow rate is obtained by the average of all the points given by the 

Sensirion. Collecting the mean flow rate for several step time it is possible to make a calibration curve, 

A B 

C 
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example of that is the figure 16B). Parallel to this process the average flow rate can be obtained by 

means of gravimetric procedure, collecting the liquid that flows through the Sensirion by the time of the 

measurement. This allowed to confirm the first average flow rate. Table 3 collects both average flow 

rates values.  

The calibration curves for each pump sheds light for the variability between pumps and the need 

for characterization in order to have the same flow conditions in all chambers. Despite of the different 

mean flow rate, this one is explained not only by the peak value but also through its width. This 

phenomena is well observed in the third peak in figure 16A), where pump 3, characterized by having 

the higher mean flow rate has the largest peak.  

Moreover, it is evident that the mean flow rate obtained using Sensirion is distant from the 

gravimetric measure. The ratio between both values is higher than one, different for each pump but 

maintained throughout the step time. The Sensirion enables maximum flow rates of 50 µl/min which 

were overpassed in the instant of the flow peak for pump 3 and 4 in this specific example. This fact 

may explains the differences between the mean flow rate obtained by the Sensirion and 

gravimetrically, however does not explains the fact of each pump having its own ratio. Another errors 

must be associated and to address it, the ratio is always multiplied by the calibration. 

 

 

 

 

 

 

 

 

 

 

Figure 16: A) Instantaneous flow rate profile recorded by the Sensirion to pumps 2 to 4 at 500 ms step time. B) 

Calibration curve for the average flow rate over step time to pumps 2 to 4. The calibration leads to the following 

trend lines: for pump 2, y=967.2x-0.891 with r2=0.995, for pump 3, y=1630.9x-0.928 with r2=0.9926 and for pump 4, 

y=1326.8x-0.965 with r2=0.9799. 

 

Table 3: Average flow rate obtained by a gravimetric process and using Sensirion, for pump 2 to 4 at 500 ms as 

step time. Ration corresponds to the quotient of the two flow rate values.  
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Pump calibration was a routine task before all the differentiation experiments. The pumps capacity 

change over time. Therefore, the pump setting for each experiment are mention further. 

3.4 FLOW CHARACTERIZATION 

Operatory conditions relative to the fluid dynamics were determined. The residence time is given by 

the volume over the average volumetric flow rate, which for the system used is given by: 

Chamber volume = 223.59 µl. 

Average Flow rate (usually used) = 8 µl/min 

 

𝜏 =  
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
=

223.59

8
= 28 𝑚𝑖𝑛 

Since the normal working conditions for the pumps also include 2-3 minutes pumping (50 cycles) 

every 50 minutes, the first total media renewal would only be completed after 7h48min (28x50/(3x60)).  

One more consideration about media renewal is related to the fact that to ensure long term 

cultivation the inlet and outlet are joined together and the media recycles. In this way, the media will 

slowly be contaminated with wasted media. To determine how much time it takes for the vial be filled 

with only wasted media the follow calculation was performed: 

 

Vial volume = 1.5ml 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑑𝑖𝑎 𝑟𝑒𝑛𝑒𝑤𝑎𝑙𝑠 =  
𝑉𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
=

1500

223.59
= 6.7 

A storage of 1.5 ml of media allows 6.7 media renewals. Next, knowing that one media renewal last 

for 7h48min, 6.7 media renewals give rise to 2 days and 12 hours of cell culture before the vial is 

composed only of wasted media, media that already passed once in the chambers.  Despite of the 

numbers determined, in long term cell culture, the media was changed in a time interval between 3 to 

4 days and the cells did not showed any signs of stress. 

 3.4.1 VELOCITY, PRESSURE AND SHEAR STRESS CHARACTERIZATION  

The characterization of the flow consisted of determining the velocity profile, pressure drop along 

the chamber and shear stress at 8 µl/min using the time depended study and the laminar flow physics 

from COMSOL Multiphysics 5.2. The simulation incorporated a 3D model of the chamber (Figure 9D)) 

with real dimensions, a pulsatile flow rate based on the Sensirion data and water as the fluid.  The 

simulation ran with an extra fine mesh, with an iterative solver for 2s with 0.01s interval time, which 

reproduce a full pumping cycle, with two positive peaks of flow rate and one negative.  Figure 17, 18 

and 19 summarizes the results obtained for the three moments of maximum flow rate over a cut line 

plane from inlet to outlet at 46 µm in height for velocity and pressure and at 0 µm in height for shear 

stress.  
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Figure 17: A) Velocity profile along the chamber (z direction) in a cut line from inlet to outlet at 46 µm in height, 

which corresponds at half of chambers’ height. The blue line correspond to 0.08 seconds of simulation, which 

corresponds to the first  positive flow rate peak, the green line at 0.58 seconds represents the second positive 

peak of flow rate and the red line at 1.62 seconds  corresponds to the third negative peak. The arrows indicate 

sensor A, the sensor close to the inlet and sensor B, the sensor close to the outlet. The inlet and outlet represent 

the place where the liquid enters and leaves the chamber respectively. B) Velocity profile along the chamber (z 

direction) in a cut plane from inlet to outlet at 46 µm in height, which corresponds at half of chambers’ height at 

0.08 s of simulation. The time points 0.58 s and 1.62 s are illustrated in appendix II. 

 

The simulation encounter a limitation, the function introduced in COMSOL to model the pulsatile 

flow rate was not strictly followed. For instance, the first peak would appear at 0.13s with around 53 

µl/min in the inlet, instead the maximum flow rate register in the COMSOL results was at 0.08s with 33 

µl/min. This also was register in the second positive peak and in the third negative peak. The shape of 

the pulses are conserved but the flow rate is lower and a little bit early in time. There were several 

attempts to try to pinpoint the problem but with no success. In this ways, the values for the peaks are 

underestimated in around 20 µl/min, which mean less 38% flow.   

The velocity profile from the first peak at 0.08s is represented with a blue line in figure 17A). The 

flow rate register in the inlet to that moment is in average 33 µl/min. The inlet had values between 0 

and 20 mm/s. Then, the velocity tend to approximately 5 mm/s. The outlet had values between 0 and 

18 mm/s. The velocity profile from the second flow rate peak is represented by the green line at 0.58s, 

it is similar to the first peak, however slightly lower. The flow rate register in the inlet upon the second 

peak is in average 30 µl/min The negative peak, the red line at 1.62s of simulation is again similar to 

the positive peaks but with negative values. The flow rate register in the inlet upon the second peak is 

in average -30 µl/min. The pressure drop graph, in figure 18A), behaves as expected, the pressure 

decreases from inlet to outlet, when the flow rate is positive, from around 70 Pa to 0 Pa (relative pres-  
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Figure 18: A) Relative pressure drop along the chamber (z direction) in a cut line from inlet to outlet at 46 µm in 

height, which corresponds at half of chambers’ height. The blue line correspond to 0.08 seconds of simulation, 

which corresponds to the first  positive flow rate peak, the green line at 0.58 seconds represents to the second 

positive peak of flow rate and the red line at 1.62 seconds  corresponds to the third negative peak. B) Relative 

pressure drop along the chamber (z direction) in a cut plane from inlet to outlet at 46 µm in height, which 

corresponds at half of chambers’ height at 0.08 s of simulation. The time points 0.58 s and 1.62 s are illustrated in 

appendix II. 

 

-sure). The negative flow rate show a negative pressure of about -60 Pa at the inlet and zero pressure 

at the outlet, which is in alignment with the fact that the negative flow rate creates a backflow. The 

outlet pressure was set to 0 Pa, since the fluid is recovered in a vial that is at atmospheric pressure. In 

figure 19A) is obtained the shear stress felt in the bottom of the chamber, this variable range from 450 

mPa right after the inlet, since the liquid is compressed in the narrowed part of the chamber, to 110 

mPa in the largest part of the chamber. In terms of velocity and shear stress both sensors have 

approximately the same values, however relative to the pressure, the sensors experience distinct 

conditions. 

Several authors have tried to quantify the shear stress that osteocyte would fell in the canaliculi, 

Verbruggen S. et all  201358 simulated that the interstitial fluid velocity would be around 60 µm/s and 

the shear stress applied about 11 Pa. The results from the simulation indicate that the velocity is 

around 5mm/s and the shear stress approximately 110 mPa, which in comparison with the model the 

velocity is much higher but shear stress is lower. If the flow function would had been followed properly 

the velocity and shear stress would be even higher.  
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Figure 19: A) Shear stress along the chamber (z chamber) in cut line from inlet to outlet at 0 µm height, in the 

bottom of the chamber (where cells lie).The blue line correspond to 0.08 seconds of simulation, which 

corresponds to the first positive flow rate peak, the green line at 0.58 seconds represents to the second positive 

peak of flow rate and the red line at 1.62 seconds corresponds to the third negative peak. B) Shear stress along 

the chamber (z direction) in a cut plane from inlet to outlet at 46 µm in height, which corresponds at half of 

chambers’ height at 0.08 s of simulation. The time points 0.58 s and 1.62 s are illustrated in appendix II. 

3.5 CHARACTERIZATION OF NIH 3T3 AND ADMCS101013 

Both cell lines were maintained in cultured for long term in T-Flasks in order to find out the 

characteristic population doublings. Figure 20, shows that adMSC101013 cells had a higher 

proliferative potential than NIH 3T3 until the 7th day of culture, then are the NIH 3T3 that detain higher 

slopes. 

  

Figure 20: Population doublings curves for NIH 3T3 fibroblast cell line (A) and for adMSC101013 mesenchymal 

stem cell line (B). 
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3.6 STATIC AND PERFUSION CELL CULTURE 

The first cell experiments were performed with NIH 3T3 fibroblast cells line, on PDMS wells (in 

static conditions). This was meant to check if the sensor was able to record a difference between wells 

incubated only with media and wells seeded with cells. Also, it enabled to investigate if the cells were 

viable giving sensor substrate (zirconium oxide). Results from figure 21 indicate three situations. 

Sensor 8 represented a successful seeding with 100% cell confluency of flat and spread cells. The cell 

attachment was associated with an increase of impedance during 5 hours and then the signal 

maintained constant until the end of the experiment. On the other hand, sensor 7 had 100% 

confluency but the cells were round, indicating a situation where cells did not attach to the substrate 

and after a while began to die. The visual assessment is in alignment with the impedance signal, 

which showed a decreased tendency after 5 hours. Finally, sensor 1 represented the impedance 

signal from media. These three impedance curves confirm what was expected in terms of signal for 

media, viable and non-viable cells.  

 

 

 

 

 

 

 

 

Figure 21: Impedance signal over time under static conditions. Sensor 8 and 7 were seeded with a cell density of 

13x103 cell/cm2 NIH3T3. Sensor 8 represents a successful seeding. Sensor 7 represents an impedance signal of 

cells that did not attach and died. Sensor 1 represents media. Experimental conditions: 50 mV, 241 KHz, 37⁰C 

and 5% CO2. 

The next step was to homogenously seed the cells in the chambers through the pumps and record 

the impedance signal from cell attachment. The first trials aimed to investigate if the most suited option 

was to seed the cells outside the incubator, under the microscope, and then place the platform inside 

the incubator. As an alternative, the seeding would be performed inside the incubator, with the 

disadvantageous of not having visual confirmation of cell distribution. The impedance signal is very 

sensitive to temperature changes, which mean, the seeding procedure had to introduce the minimum 

temperature fluctuation in order to not disturb the impedance signal. In this way, capture the first 

moments of the cell attachment, while the platform’s temperature is still equilibrating with the 

temperature of the incubator. With this thought in mind, seeding was also carried out under the 

microscope with the water bath turned on at 37ᵒC.  
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In addition, the perfusion mode introduced more variables, such as the time point when the pumps 

are turned on after seeding, the flow rate imposed and its duration. After pumping in the cell 

suspension, the pumps were allowed to rest to foster cell adhesion. After a while, they would be 

turned on again. If the pumps are turned on too early the cells would be washed out, whereas if they 

were turned on too late the cells will start to die due to lack of fresh media.   

The impedance curves from figure 22 harbor different methodologies for the seeding. Sensor 6* 

represented an experiment were the seeding was done inside the incubator and 1hour time interval 

until pumps being turned on. The seeding of a NIH 3T3 cell suspension with 5.5x106 cell/ml started at 

3h40min. The seeding was underestimated, thus the sensor area was not confluent, and the cells 

grew in the time period of the experiment, which is what the impedance signal reveals when the signal 

slowly increases. These reveal the disadvantageous of lacking visual confirmation about cell 

distribution to predict the impedance signal a priori. Also, the pumps were turned on 1 hour after 

seeding which could have been too early and some cells were washed way before attaching. Sensor 4 

represented a seeding performed outside the incubator and the pumps where turned on 22 hours after 

seeding. This sensor also indicated how the signal looked like when a bubble of air passes over the 

sensor. Between 2 to 3 hours the impedance rose several times until 5000 Ω while only media was 

being pumped in. The seeding was done with a NIH 3T3 cell suspension of 12x106 cells/ml at 3h30min 

hours. The impedance immediately started to rise, however the seeding was not successful until the 

end, the impedance signal took long time to increase, about 5h30min. Then, with lack of media 

renewal, cells started to die and the signal decreased. When the pumps where turned on, almost one 

day after seeding, the impedance started to increase, which may correspond to the cells that survived 

were growing. 

Figure 22: Impedance signal over time under perfusion conditions. Figure B represents a close up of the first 10 

hours of figure A. Sensor 6 represents a successful seeding outside the incubator using water bath and 2 hours of 

waiting time before turning the pumps on. Sensor 4 represents an impedance signal of cells seeded outside the 

incubator and 22 hour of waiting time before turning the pumps on. Sensor 6* represents an impedance signal 

where cells were seeded inside the incubator and with 1h of waiting time before turning the pumps on. 

Experimental conditions: 50 mV, 241 KHz, 37⁰C and 5% CO2. Moreover, 8 µl/min in average was the flow rate 

adopted in all experiments, during 2-3 min in intervals of 50 min. 

A B 
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Finally, sensor 6 represented the seeding using water bath and 2 hours of wait until turning the 

pumps on. It was considered the most adequate protocol. The adMCS101013 cell suspension of 

2.3x106 cells/ml started to be pumped in at 4h54min and almost immediately an increase of the 

impedance was detected until reaching a maximum about 7h15min later, which mean that cells’ 

attachment lasted for 2h20min.  

All the experiments had the same flow conditions, 8 µl/min in average, during 2-3 min in intervals of 

50 min. Since the cells did not showed any sign of stress it was used as a guide for future 

experiments. 

One final consideration is related with the pattern that the pumps induce in the impedance signal. 

The frequent oscillation of the signal was due to the pumps cycle, alternating between work and rest. 

One way to investigate if the pumps were working properly and equally every time was by looking at 

the fluctuations of the impedance signal from the pumping pattern. Nevertheless, during the 

attachment of the cells, since the impedance increases steeply the pumping pattern is not capture.  

 

To investigate how to handle media change, a long term cell culture of adMSC101013 was 

performed. This experiment also gave more insight about what to expect in terms of cell distribution 

and density giving the impedance. From figure 23, one can verify that the impedance signal from 

sensor 6 represented a successful seeding, while the one from sensor 8 represented an 

underestimated one and sensor 4 seeding was completely mischaracterized. Moreover, figure 24 

shows that from the moment of the seeding sensor 6 had the higher cell density, followed by sensor 8 

and 4. The media change images (from day 2.8) revealed that both sensor, 6 and 8, had a 

homogenous population but sensor 6 confluency was higher. Sensor 4 in the moment of media 

change showed higher cell concentration, but not homogenous over the sensor, which made the 

signal interpretation more complicated a priori. Sensor 6 presented one more feature, which was 

already observed in the impedance of media in figure 16B), which was the drifting tendency that 

started on the second day of culture. Any explanation was found to this phenomena. 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Normalized impedance signal over time under perfusion conditions. Arrow indicates when the media 

change took place. Sensor 6 represents a successful seeding. Sensor 4 represents a non-successful seeding. 

Sensor 8 exemplifies an underestimated seeding. Experimental conditions: 50 mV, 241 KHz, 37⁰C and 5% CO2. 

Moreover, 8 µl/min in average was the flow rate adopted in all experiments, during 2-3 min in intervals of 50 min. 
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 All sensors were subjected to the same conditions. In terms of cell suspension a cell concentration 

of 2.3x106 cell/ml was used and pumping started 2 hours after the beginning of the seeding.  The fact 

that the same cell concentration led to different cell densities over the sensor was an outcome from 

cell seeding. This infers how non-reproducible the seeding method is and that it does not meet the 

expectations. While pumping in the cell suspension, cells start to deposit and the longer the seeding 

the less cells are in the suspension. One problem also observed was the presence of cell clumps. 

These were thought to be present due to high cell density at the time of the harvesting of the cells 

from the T-Flask. To increase the success rate of the seeding is desired to have a cell suspension with 

single cells to improve the chances of a homogenous cell distribution over the sensor. To address this 

problem, bigger T-Flasks were adopted as current practice.   

In future experiments, when seeding led to an impedance signal like the one represented from 

sensor 6 and 8 the experiment progressed, otherwise it was stopped, since there was no certainty of 

how the cells were performing. 

Moreover, the experiment aimed to test the media change procedure. The media change impact on 

the signal was visible in all sensors around 2.8 days (it is indicated with an arrow), corresponding to a 

higher peak. The replacement of old media vials with new ones started by turning the water bath on. 

This, ensured temperature stability of the platform, which includes chambers and sensors. However 

the cables from the potenciostat go into the incubator as well and suffer a temperature change when 

are placed outside. Since the impedance signal is given by the sum of each electrical component, if 

one changes due to temperature the overall impedance is going to change.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Images from sensor 4, 6 and 8 from the moment of the seeding and media change at 2.8 days. 

Seeding Media Change 

Sensor 4  

Sensor 6 

Sensor 8 
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The last characterization of adMSC1010 aimed to investigate how cells performed under shear 

stress and lack of media. The experiment started with a successful seeding in all sensors, however in 

figure 25, a decrease of impedance value after the total attachment is observed. This event is thought 

to happen due to the stress felt by cells during harvesting. Afterwards, around 1.5 days the impedance 

signal stabilizes again to sensor 6 and 8, and 2.5 days for sensor 4. On the third day, a media change 

was performed and the tests started. The pump that makes the supply to sensor 4 was turned off. 

Additionally, both sensors, 8 and 6, saw their step time decreased to 300ms. Sensor 8 receive a new 

waiting time of 30 minutes and sensor 6, 60 minutes. The cycle number was maintained at 50 cycles, 

which corresponded to one minute pumping. 

The results from sensor 4 indicate that the cells would began to die almost immediately upon an 

interruption of media supply, which looks improbable. Moreover, in section 3.4 about fluid dynamics 

was proven that a total media renewal last for 7h48min, so at least cells would have to cope for 

around 8h before start to suffer. In addition, figure 26 represents the cell morphology and confluency 

on the fourth day, which is not in alignment with the impedance signal. The decrease of impedance 

indicates that cells started to die. Therefore a culture of round cells was expected to be found, 

however that was not the case. One more evidence to support that the experiment needed to be 

repeated to accurately determine the time that cells cope without fresh media. 

Afterwards, as visual monitoring on the third day showed viable and confluent cells in sensor 6 and 

8 the flow conditions suffer a second change. The cycle number increased to 100 which meant 2 min 

pumping at 300 ms every 60 min for sensor 6 and 30 mins for sensor 8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Normalized impedance signal over time under perfusion conditions for sensor 4, 6 and 8. Arrows 

indicate the time when media change was performed. Pump setting: 8 µl/min in average was the flow rate 

adopted until the first media change, during 2-3 min in intervals of 50 min. After the first media change pumping 

supplying sensor 4 was stopped, pumping associated with sensor 6 changed from 544ms to 300ms for 1 minute 

between 60 min of interval time and sensor 8 suffered its flow change from 631 to 300 ms for 1 minute between 

30 minutes of interval time. In the second media change, both sensor 6 and 8 had the corresponded pumps being 

changed to 2 min of pumping, maintaining the rest of the conditions the same. Experimental conditions: 50 mV, 

241 KHz, 37⁰C and 5% CO2. 
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By the time each pump setting was changed a similar decreased response was recorded in both 

impedance signals (sensor 6 and 8). From figure 26, alteration of cell morphology or confluency wasn’t 

observed. It could indicate that cells underwent adjustment to the new flow conditions (maybe related 

with the proteins involved in cell adhesion), which was recorded in the impedance, however a much 

higher level of signal characterization would be needed to confirm the reason. In conclusion, the 

adMSC101013 cell line is considered to be adequate for shear stress experiments during 

differentiation into osteogenic lineage. 

 

 

 

 

 

 

 

 

Figure 26: Images from day 4 of cell culture from sensor 4, 6 and 8. 

 

To summarize the main conclusions of this section, some final considerations are given. The 

seeding and media change are done with the water bath turned on. The waiting time until turning the 

pumps on again after the seeding should be around 2 hours. The long term culture is possible, while 

performing media changes and with the inlet and outlet joined together. In terms of characterization of 

the impedance signal, the attachment should correspond to a fast and steep increase of the 

impedance. If seeding is underestimated the cells are allowed to grow until covering all the sensor. 

After the attachment the impedance signal is expected to be stable, however sometimes about one 

day is needed. In addition, when the impedance signal does not correspond to this standardized signal 

characterization the experiment is terminated and only sensors containing a cell population that fits 

between the boundaries of characterization are allowed to thrive. Finally, adMCS101013 showed 

endurance under higher shear stress conditions and in this way are suited for mechanical stimulations 

during osteogenic differentiation. 

3.7 OSTEOGENIC DIFFERENTIATION 

3.7.1 SELF-MADE MEDIA 

The screening for osteogenic differentiation conditions started with self-made media. Figure 27 

holds the normalized impedance results obtained for sensor 6, which was submitted to osteogenic 

self-made media after one day of culture. Two more media changes were performed on day 4 and 

close to day 8. Each media change allowed a visual assessment of the cells and alkaline phosphatase 

Sensor 4 Sensor 8 Sensor 6 

Day 4 
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(ALP) supernatant analysis. The latter is a common osteogenic marker that enables following the 

differentiation state. The impedance signal was characterized by a successful seeding with an 

increase in impedance of around 8.47 Ω. After the first media change, which replaced α-MEM for 

osteogenic self-made media, the impedance signal quickly rose to values close to 25 Ω in a time 

interval of approximately two hours and then stabilized until the second media change. The latter 

fostered a second impedance increase, however not so pronounced. Finally, the last media change 

created a fast decrease in the signal, which stabilized afterwards. Table 4 summarizes relevant 

impedance and time interval values to compare between differentiations.  

The impedance signal was always coupled with visual verification of the cells. Figure 28 shows in 

day 1 spread and elongated cells. However, the confluency over the sensor was not total, existing still 

space for cells to divide and differentiate. On day 4, the chamber and sensor area looked completely 

confluent and covered the sensor area with packed cells. The cells were very spread in the substrate, 

which created low contrast in the photos and in this way made it difficult to outline single cells from the 

neighboring ones. The same was verified on day 8, while in day 11 some cells presented yellow 

deposits over themselves.  Moreover, the calcein and DAPI staining from figure 29 reveals an edge of 

sensor 6 where a high number of cells with a dark deposit was observed. This deposit stained for 

calcein, which indicated the presence of calcium, consequently pointing to the existence of 

mineralized ECM. However, along the chamber the green fluorescence from calcein was only found in 

isolated spots where a higher concentration of deposits was found. One could argue that the 

mineralization only occurred in the dark spots and the yellow deposits were not mineralized ECM. 

However, from figure 29 not only the more dark areas show green fluorescence, but yellow deposits 

next to the circular structures also present green fluorescence as well. Since applying additional 

washing steps the fluorescence was removed and only a nonspecific subtle green background 

persisted, it could indicate that the calcein staining did not work fully. 

 

 

 

 

 

 

 

 

 

Figure 27: Normalized impedance signal over eleven days of culture for sensor 6 with self-made media. Arrows 

indicate disturbance from each media change and arrow head from opening the incubator. Letter A indicates the 

results from the first media change, letter B the impact of the second media change, and letter C highlights the 

influence of the third media change. Experimental conditions: 50 mV, 387 KHz, 8 µl/min in average, 4.1 minutes 

pumping in 45 min intervals. 

A B C 
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Table 4: Impedance and time values for periods highlighted in figure 27. 

 

 

 

 

 

 

 

Figure 28: Illustration of sensor 6 cells from day 1, 4 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. 

 

 

 

 

 

 

 

 

 

Figure 29: Bright field, calcein and DAPI staining from the same spot on the eleventh day of culture for sensor 6.  

 

To finish the characterization of differentiation, alkaline phosphatase activity was recorded over the 

eleven days. Results are presented in figure 30A). The tendency described in the literature indicated 

an increase of the enzyme activity until the osteoblast stage and a decrease or the appearance of a 

plateau in the osteocyte stage. 

 Impedance (Ω) Time (days) 

Seeding 0.72 0.03 

Cell Attachment 8.47 0.1 

1º Media Change 6.78 0.8 

2º Media Change 24.49 4.0 

Opening of the Incubator 27.07 6.0 

3º Media Change 30.57 7.7 

A 19.30 2.26 

B 4.84 3.58 

C -5.79 1.04 

Day 1 Day 4 Day 8 Day 11 

Bright Field Calcein Staining DAPI Staining 
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The tendency recorded followed the described one except the first point, which was much higher 

than the other three points. This fact maybe due to the different basal media and the blank does not 

tackle that differences completely. Moreover, figure 30B) shows a 3D plot, where the variability of the 

impedance with time and frequency is depicted. All curves were normalized with the respective 

average impedance value of α-MEM. The tendency showed in figure 30B) was maintained in all 

frequencies, whereas only the intensity of the changes were different. One feature to point out was the 

signal decrease after the attachment that was more evident as the frequency decreased. 

 

Figure 30: A) Illustration of alkaline phosphatase activity in the supernatant supplying sensor 6 over the eleven 

days of culture. B) 3D plot of normalized impedance over frequency and time to sensor 6. 

 

To conclude the osteogenic self-made media trial some considerations are pointed out. Firstly, one 

could highlight some lack of success in calcein staining. The bright field image from the 11th day, 

seemed to imply the presence of mineralized extracellular matrix over the chamber. However, this was 

not confirmed by calcein staining. An error in the followed protocol could have been the issue since 

the green fluorescence was easily washed out, even in the highly dense areas.  

Moreover, the self-made media used is well documented in the literature. Reports indicate, that a 

transformation in cell morphology from spindle-shape to cuboidal would occur in second day and 

become accentuated on the 4th day of culture59. However, these changes were difficult to spot in the 

experiments done. Comparing mesenchymal stem cells from figure 26, with cells cultured with 

osteogenic self-made media from figure 28 not many morphological differences were observable. The 

uncommon substrate composition and shear force due to media flow could explain the absence of a 

morphological transition. Consequently, cells possessed poor contrast and were more difficult to 

observe microscopically. Despite this, on the eleven day of culture, cells contained visible yellow 

deposits, derived from the matrix deposition stimulation due to L-Ascorbate-2-Phosphate present in 

the media.  

A B 
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Relative to alkaline phosphatase activity, supernatant analysis indicated a decreased tendency 

from day 8 to day 11. This behavior was also documented in the literature and indicated as an 

osteocyte commitment. The commitment was not followed by the acquisition of osteocyte morphology.  

The alkaline phosphatase assay targets the supernatant of the chambers, which means it 

corresponds to the total enzymatic activity of ALP from all the cells in the chamber and not specifically 

from the ones placed on top of the sensors. Moreover, for comparison between chambers, the ALP 

absorbance should be divided by the number of cells, since the cell density could differ between 

chambers. However, the number of cells present in the chamber in a certain time point is difficult to 

obtain. Consequently, the tendency obtained along the eleven days is more important than the 

absolute values. With this thought in mind, ALP results were given in absorbance.   

Finally an essential point was the fact that the sensor only recorded the changes that happen on 

top of it. So, images of the chamber could indicate high levels of mineralization but if did not occur on 

top of the sensor, it could not be visualized. This feature is one of the main limitations of using sensors 

to record a cell population. 

 

3.7.2 COMMERCIAL MEDIA 

The commercial media, StemMACS Osteodiff, supplied by Miltenyi Biotech was subjected to tests 

in order to compare its osteogenic potential with self-made media. The previously experimental design 

was followed to test the commercial media, with the first media change substituting α-MEM for 

commercial media. Figure 31 represents the normalized impedance signal recorded by sensor 6, while 

table 5 resumes the most important points. Figure 32 shows the visual monitoring of cell viability in the 

different media changes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: Normalized impedance signal over eleven days of culture for sensor 6 with commercial media. Arrows 

indicate disturbance from media change. A indicates the impedance increase after media change corresponding 

to cell growth. B represents the impact of the second media change. C highlights the impedance increase after 

the third media. D indicates the follow decrease after the last media change. Experimental conditions: 50 mV, 387 

KHz, 8 µl/min in average, 2 minutes pumping in 45 min intervals.  
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Through the impedance curve, several problems seemed to have affected the seeding. The signal, 

after increasing until 8.21 Ω due to cell attachment, decreases to values close to 3 Ω. Day 1 image 

from figure 32, which corresponded to the first media change, confirmed the decrease of impedance 

signal. Cells were not equally distributed, sensor 6 presented only 20% of confluency and in some 

places over the chamber highly dense cellular areas were found. The cells migrated and clumped in 

certain areas of the chamber. Despite the appearance of the culture, the decision was made to 

continue the experiment. After media change, the impedance signal started to increase reaching the 

value of 14 Ω at around day four. The second media change was performed at the fifth day and 

caused a second increase of the impedance signal, maybe due to differentiation. The same was 

observed in the eight day after the last media change. One last feature observed in the impedance 

signal was the pump pattern. Until the first media change, the pump pattern appeared to be similar to 

previous experiments. However from that moment until the end of the eleven days, the fluctuations 

induced by the pump looked irregular and possessed less intensity than the ones observed before. 

This may indicate that the pumps were not working properly.   

The follow-up images from the several days of differentiation showed a sensor and adjacent areas 

with different cell densities.  The denser cellular areas are prone to stain for calcein, however picture 

33 shows that individual cell deposits also fluoresced in green. The staining revealed what was 

suspected in the previous experiment, confirming the mineralization of ECM from individual cells. The 

DAPI staining was not successful.  

 

Table 5: Impedance and time values for periods highlighted in figure 31. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Illustration of sensor 6 cells from day 1, 5 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. 

 Impedance (Ω) Time (days) 

Seeding 0.02 0.02 

Cell Attachment 8.21 0.08 

1º Media Change 3.16 0.83 

2º Media Change 13.18 5.00 

3º Media Change 16.19 8.01 

A 11.45 3.09 

B 4.67 1.21 

C 7.25 1,26 

D -1.04 0.49 

Day 1 Day 4 Day 8 Day 11 
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Figure 33: Bright field and calcein staining from the same spot on the eleventh day of culture for sensor 6. 

 

The alkaline phosphatase assay did not work with commercial media. Figure 34A) illustrates how 

the absorbance varied with time. On the fourth day, after measuring the absorbance of supernatant 

from the second media change, the reading of the wasted media subtracted by its blank (fresh 

commercial media) was very close to zero. The same happened on the third media change and on the 

eleventh day, after stopping the experiment. The absorbance on the first day had a similar value 

compared to the self-made media experiment, however the ALP did not increase in the following days. 

The results implied that the commercial media did not support supernatant alkaline phosphatase 

production. More detailed information about the essay is given in section 3.8. 

Figure 34B) illustrates the impedance over frequency and time in a three dimension plot. All 

observed curves from higher frequencies followed the same tendency. When going to lower 

frequencies, the overall impedance levels gradually decreased. However, even at the lowest 

frequencies the impact on the impedance from the last media change was observed, despite less 

pronounced.  

 

 

 

 

 

 

 

 

 

Figure 34: A) Illustration of alkaline phosphatase activity in the supernatant supplying sensor 6 over the eleven 

days of culture. B) 3D plot of normalized impedance over frequency and time to sensor 6. 
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The test of commercial media was not flawless, as the seeding led to a heterogeneous population 

with different cell densities. In order to compare it with the self-made media condition, the experiment 

would have to be repeated. However, commercial media was the one chosen as the osteogenic 

differentiation inductive media to continue the rest of the screenings conditions, since it was used in 

other experiments in the lab.  

The main disadvantages of adopting commercial media in future screening experiments was 

related with the fact that the alkaline phosphatase assay was no longer suited. Several attempts were 

made to pin point the root of the problem but with no success. More detail in that is given in section 

3.8. The alkaline phosphatase assay was essential to track the differentiation. Without the assay only 

the level of mineralization through calcein staining was available to support the claim of directed 

osteogenic differentiation. Using the sensor as a label free technique, if there is no molecular method 

to support the sensor’s findings, future experiments should aim to incorporate an alternative assay. 

The assay should be suited to supernatant analysis. 

The fact that the seeding did not led to a monolayer of homogenous cells, comparison between the 

osteogenic potential of both media was difficult. The commercial media led to higher levels of calcein 

staining not only in cells clumps but also in individual cells, so it may indicate a higher potential for 

matrix production and mineralization.  Nevertheless, the commercial media is indicated for osteoblast 

differentiation. As alkaline phosphatase activity was no longer possible to be recorded as long as 

commercial media was used, in future experiments no information about ALP assay is given. The 

differentiation captured by the impedance signal was only supported by calcein staining.  

The argument brought up in the self-made media experiment that the sensor only records the cells 

over itself, is very explicit in the commercial media test. The seeding led to a confluency of 20%, over 

the sensor and clumps of cells over the rest of the chamber. However, the impedance curve increased 

twice after the second and third media change and calcein staining showed mineralization over the 

sensor. This means, that even if the sensor was not completely homogenous and with 100% cell 

coverage the impedance could increase, if just some areas secrete ECM. 

3.7.3 INTERLEUKIN-1Β SUPPLEMENTATION 

The interleukin-1β has been recorded as a controversial osteogenic differentiation stimulator. The 

screening experiments for this cytokine involved two concentrations, 0.01ng/ml and 0.1ng/ml. 

Interleukin-1β supplementation was introduced in each media change. 

3.7.3.1 INTERLEUKIN-1Β 0.01 NG/ML 

The signal from interleukin-1β 0.01 ng/ml was very difficult to interpret. The seeding also led to a 

non-homogenous population. This condition was tested at the same time as non-supplemented 

commercial media. So, any mistake done when handling the cells or the platform affected both 

chambers equally (the run only used 2 chambers). Figure 35 shows the 3D plot of normalized 

impedance over time and for several frequencies for sensor 4. The signal in the first four days of 

culture was very unstable and hard to characterize. Afterwards, it showed the normal behavior, 

already seen in other conditions, where the media change stimulated an impedance increase, 
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especially the second one. In addition, the impedance curves presented a lot of spikes, which may 

indicate some malfunctioning in the circuit, like in the cables used. 

 

 

 

 

 

 

 

Figure 35: 3D plot of normalized impedance over frequency and time to sensor 4 with 0.01ng/ml of IL-1β. 

Experimental conditions: 50 mV, 8 µl/min in average, 3 minutes pumping in 45 min intervals.  

From the photos taken is each media change, outlined in figure 36, demonstrate how in the day 1 

the culture was non-homogeneous, in day 4 and 8 the cells grow to occupy the chamber area and in 

day eleven the cells presented yellow deposits.  The bright field and calcein image in figure 37 show 

mineralization. DAPI staining did not lead to positive results. 

The lower concentration of IL-1β did not reveal to be toxic to the cells, they were able to grow, 

differentiate, deposit ECM and mineralize it. Consequently, a ten-fold higher concentration of the 

cytokine was tested. 

 

 

 

 

 

Figure 36: Illustration of sensor 4 cells from day 1, 4 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. 

 

 

 

 

 

 

Figure 37: Bright field, and calcein staining from the same spot on the eleventh day of culture for sensor 4. 

Day 1 Day 4 Day 8 Day 11 

Bright Field Calcein Staining 
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3.7.3.2 INTERLEUKIN-1Β 0.1 NG/ML 

The potential of interleukin-1β to induce osteogenic differentiation was investigated with a solution 

of 0.1 ng/ml of the cytokine. Figure 38 shows the normalized impedance curve obtained during twelfth 

day of culture. The experiment started with the seeding of the mesenchymal stem cell at 1h15min 

(0.06 days). The cell attachment lasted around two hours and caused an impedance increase until 

6.67 Ω. After the attachment the impedance started to increase and only stopped after 2.4 days at 

approximately 34 Ω.  Meanwhile, at 1.2 days a media change was performed, substituting α-MEM by 

commercial media supplemented with 0.1 ng/ml of IL-1β. Figure 39 detains pictures from the visual 

monitoring performed during media change. The morphology and distribution of cells on day 1 in figure 

39, indicates that the seeding led to a homogenous population but with around 60% confluency and 

the cells look liked as cultured in T-Flasks elongated but with contrast . These findings support that the 

period highlighted by letter A may indicate cell growth. Then, the cells continued to induce an increase 

in the impedance, but the slope of the increase was inferior (period point out by B). This may indicate 

that the cells were no longer growing but differentiating. At around day 5 the second media change 

was performed. The fresh media induced an increase in the impedance (illustrated by C). The 

increase led to an impedance level of around 48 Ω. Afterwards, the impedance decreased and 

stabilized at around 44 Ω, not even the last media change was able to promote higher impedances 

values. From day 8 to 11 figure 39 shows an increase of the mineralization, however, the impedance 

did not increase. The pictures from the overall experiment in figure 39, showed that from day 1 to day 

4 a higher cellular growth and the formation of yellow deposits were visible. The cause of these 

deposits were hard to determine, whether they were the result from high confluency or premature 

ECM depositions. If the latter is confirmed it would indicate that IL-1β promotes extracellular matrix 

deposition in an early differentiation stage. From day 4 to day 11 there was an increase in area and 

intensity of the yellow deposits. 

 

 

 

 

 

 

 

 

Figure 38: Normalized impedance signal over eleven days of culture for sensor 7 with 0.1ng/ml of IL-1β. Arrows 

indicate disturbance from media change. A indicates a period of susceptive growth. B represents period of 

susceptive differentiation. C highlights the impedance increase after the second media. Experimental conditions: 

50 mV, 621 KHz, 8 µl/min in average, 3.5 minutes pumping in 45 min intervals.  

B A C 
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Table 6: Impedance and time values for periods highlighted in figure 38. 

 

 

 

 

 

Figure 39: Illustration of sensor 7 cells from day 1, 4 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. 

The calcein staining in figure 40 exhibits high areas of mineralized ECM. The DAPI appears to be 

underestimated, since comparing the bright field image and the DAPI looks like there are nucleus not 

stained. The figure 41A), shows an overview of the calcein staining of of the sensor, supporting that 

interleukin supplementation led to high levels of mineralization. In addition, figure 41B) demonstrates 

the variability of the impedance with time and frequency for sensor 7. From higher to lower frequency 

values, the principal features referred in figure 38 were present in all curves, but with lower intensities.  

 

 

 

 

 

 

 

 

Figure 40: Bright field, calcein and DAPI staining from the same spot on the eleventh day of culture for sensor 7 

and chamber edge areas. The scale bar indicate 60 µm. 

 Impedance (Ω) Time (days) 

Seeding 0.14 0.06 

Cell Attachment 6.67 0.13 

1º Media Change 19.48 1.19 

2º Media Change 42.07 4.96 

3º Media Change 44.32 8.20 

A 30.16 2.36 

B 6.44 2.35 

C 5.82 1.16 

Day 1 Day 4 Day 8 Day 11 

Bright Field Calcein Staining DAPI Staining 
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Figure 41: A) Overview of sensor 7 calcein staining. B) 3D plot of normalized impedance over frequency and time 

to sensor 7.  

To summarize, the main consequence of interleukin-1β supplementation was the induction of high 

levels of ECM mineralization. Higher the concentration, the more green fluorescence intensity was 

recorded along the chamber. The concentration of 0.01 ng/ml did not present any sign of toxicity, so 

experiments could incorporate higher concentration of the cytokine to evaluate its effect. Since there 

was evidence of early ECM deposition, maybe the cytokine’s effect is at level of stimulating 

osteoblasts to lay down extracellular matrix early in their development.  

3.7.4 MECHANICAL STIMULATION 

The mechanical stimulation consisted of changing the pumping time and flow rate. In one 

experiment the flow rate was kept at 8 µl/min in average but the pumping time was increased to 30 

minutes and the resting time lowered to 30 minutes. In a second experiment the 30 minutes pumping 

and 30 minutes resting were adopted but the flow rate suffered an increase to 16 µl/min in average. 

The pumping setting started equal to the other experiments, 8 µl/min in average, 2-4 minutes pumping 

and 45 minutes rest. At day 6.3 two chambers (which mean 2 pumps) saw theirs pumping setting 

changed to 30 minutes pumping and 30 minutes rest at the same flow rate. Later on, approximately at 

day 10 one chamber suffer a second change, the flow rate increase to 16 µl/min in average. All the 

shear stress from the pumping is meant to be a late mechanical stimulation. The target day for the first 

change in the pump setting was in day sixth to give time to the cell population to grow, as happen 

most of the times, and to adapt to the osteogenic differentiation media. The mechanical stimulation 

would act as a second wave of stimulus for osteogenic differentiation. Then, a second change in the 

pumping at around day 10 was allowed to happen in one chamber to investigate if a difference was 

spotted. If a higher shear stress, in a later stage, was beneficial for osteogenic differentiation. 

3.7.4.1 FIRST CONDITION: 8µL/MIN  

Figure 42 shows the normalized impedance curve upon twelve days of culture with mechanical 

stimulation. The attachment led to an impedance of 5.18 Ω after 1h40 min. Shortly after, the 

impedance started to grow. The first media changed was performed at approximately 1.2 days, 

A B 
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replacing wasted α-MEM by fresh commercial media. From figure 43, at day 1 a homogenously 

distributed cell population was observed, but with a confluency of 60%. This indicated that the period 

highlighted by A may indicate cell growth, while the one indicated by B could indicate differentiation. 

The second media change occurred close to the fifth day and led to a small and short increase of the 

impedance. When the signal stabilized, after the second media change, the mechanical stimulation 

was initiated. The pumping was increased to 30 minutes and the interval time diminished to 30 

minutes. A short effect of the pumping was not observed. Only after the last media change did the 

impedance start to increase continuously. This type of behavior never occurred before, the third media 

change always caused a short increase or some disturbance in the impedance. 

 

 

 

 

 

 

 

 

 

Figure 42: Normalized impedance signal over eleven days of culture for sensor 5 under mechanical stimulation. 

Arrows indicate disturbance from media change. Arrow head indicate the period when the pump setting change 

from pumping 4.8 min in 45 min rest to 30 min pumping and 30 min rest. A indicates a period of susceptive 

growth. B represents a period of susceptive differentiation. C highlights the impedance increase after the second 

media change. Experimental conditions: 50 mV, 621 KHz, 8 µl/min in average. 

Table 7: Impedance and time values for periods highlighted in figure 42. 

 

 

 

 

 

 

 

 

 Impedance (Ω) Time (days) 

Seeding 0.08 0.06 

Cell Attachment 5.18 0.13 

1º Media Change 19.8 1.19 

2º Media Change 53.05 4.95 

3º Media Change 53.61 8.21 

A 29.54 1.17 

B 18.75 3.31 

C 5.64 0.55 

A B C 
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The photographs taken during the media change, displayed in figure 43, indicated that from day 1 

to day 5 a growth of the population until confluency. The same morphology and confluency was 

observed at day 8. At day eleven deposits of ECM were observed. In addition, images from figure 44 

shows calcein staining, indicating mineralized ECM. Furthermore, figure 45A) shows a sensor 

overview of the green fluorescence. Figure 45B) indicates how the impedance changed with time to 

other frequencies. The most important features were observed in all curves, but the intensity 

diminished as the frequency decreased. 

 

 

 

 

Figure 43: Illustration of sensor 5 cells from day 1, 5 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. 

 

 

 

 

 

 

Figure 44: Bright field and calcein staining from the same spot on the eleventh day of culture for sensor 5 

 

 

 

 

 

 

 

 

Figure 45: A) Overview of sensor 5 calcein staining. B) Normalized 3D plot of normalized impedance over 

frequency and time to sensor 5.  
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One more feature that the mechanical stimulation caused is showed in figure 60 in the appendix III. 

The image shows the confluency of the central area of the chamber for both sensors. On day 4 before 

mechanical stimulation was applied, the cell distributed homogenously along the chamber. The day 8 

pictures started to show the impact of mechanical stress. The chamber edges were losing cells. From 

day 8 to 11 a drastic change of cell distribution was observed. The longer pumping and less resting 

time either made the cells detach, leave the chamber or clump together to resist the shear stress 

imposed by the flow.  

3.7.4.2 SECOND CONDITION: 16µL/MIN  

The second condition revealed a signal hard to interpret. The impedance signal over time and to 

several frequencies is demonstrated in figure 46 in the normalized 3D plot. The attachment took place 

and shortly after the signal started to decrease. The third media change, which took place on day 8.2, 

made the impedance increase again. The pumping stimulus induced on day 6.3 and 10 were not 

visible in the impedance signal. These results may indicate that something else was malfunctioning, 

like the potenciostat or cables. 

Figure 47 detains images of the same spot taken during each media change. It shows the 

population transformations in the course of the eleven days. Day one indicated that the cells were not 

homogenous over the sensor and chamber. On day four the population had grown but its distribution 

was still not even along the chamber. On day 8 the edge of the chamber was starting to be free of 

cells. As the mechanical stimulation started on day 6, the media change on day 8 translated its impact, 

cells were being peeled off on the edge of the chamber. On day 11 the cells were confined to the 

middle of the chamber. The day 11 showed the effect of pump stress and the increase of the average 

flow rate to 16 µl/min on day 10. 

The level of mineralization was high. Figure 48 holds bright field and calcein staining images from 

the same area and shows that the dark areas presented mineralization. 

 

 

 

 

 

 

 

 

Figure 46: 3D plot of normalized impedance over frequency and time to sensor 4.Experiemntal conditions: 50mV. 
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Figure 47: Illustration of sensor 4 cells from day 1, 4 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. Scale bar indicates 60 µm 

 

 

 

 

 

 

 

Figure 48: Bright field, and calcein staining from the same spot on the eleventh day of culture for sensor 4. 

 

To outline, the main findings of mechanical stimulation are related with the fact that the cells 

detached or clumped to resist the shear stress, especially in the middle of the chamber. This behavior 

was captured in both conditions of mechanical stimulation. Since there was no major difference 

between the two experiments in term of cell morphology and space distribution along the chamber, 

this may indicate that the adherence of cells is more affected from the pumping time than the flow rate. 

After two days of stress, the cells started to detach from the sides of the chamber and aggregate in the 

middle, forming a structure similar to the one in figure 47, day 11. 

The mechanical stimulation experiments demonstrated once more that the reorganization of cells 

due to the applied stress, chemical or physical, could be difficult to interpret by a label free technique if 

visual monitoring is not performed. Furthermore, the photos are being used to try to understand the 

signal and not to confirm it.   

3.7.5 INTERLEUKIN-1Β SUPPLEMENTATION AND MECHANICAL STIMULATION 

To end the screening conditions, the interleukin-1β and mechanical stimulation were tested 

together. The concentration chosen for IL-1β was 0.01 ng/ml, added at each media change. The 

mechanical stimulation consisted of 30 minutes pumping and 30 minutes rest at 8 µl/min and 16 µl/min 

in average, induced at 5.25 day of culture. 

 

Bright Field Calcein Staining 

Day 1 Day 4 Day 8 Day 11 
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3.7.5.1 INTERLEUKIN-1Β 0.01 NG/ML AND 8 µL/MIN 

This condition characterization was very complicated. The photos did not reveal what was 

expected from the normalized impedance signal, figure 49. Relative to the sensor closest to the outlet, 

sensor 5, its impedance signal suffered several increments after the first two media changes. The 

visual monitoring of the cells, from figure 50, shows a non-confluent cell population over the sensor, 

especially from day 4 to day 8, where a loss of cell density was observed. However the same period 

was characterized by an increase of the impedance. The same inconsistencies were found in sensor 

6. The impedance signal revealed a first increase from the first media change, but shortly after the 

second one, on day 4.8, the impedance slowly started to decrease. From the images taken over the 

course of the eleven days, a sensor area with high confluency was found. 

  

 

 

 

 

 

 

Figure 49: Normalized impedance signal over eleven days of culture for sensor 5 and 6 under mechanical and 

chemical stimulation. Arrows indicate disturbance from media change. Arrow head indicate the period when the 

pump setting change from pumping 3 min in 45 min rest to 30 min pumping and 30 min rest (flow rate was kept at 

8 µl/min in average). Experimental conditions: 50 mV and 688 KHz.  

 

 

 

 

 

 

 

 

Figure 50: Illustration of sensor 5 and 6 cells from day 1, 4 and 8, that corresponds to media change. Image from 

day 11 represents an endpoint stage. 
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3.7.5.2 INTERLEUKIN-1Β 0.01 NG/ML AND 16 µL/MIN 

The normalized impedance curve obtained during the testing of IL-1β supplementation of 0.01 

ng/ml, together with a flow rate of 16 µl/min in average during 30 minutes and 30minutes intervals is 

represented in figure 51, by the representative sensor 7. The attachment induced an impedance 

increase of 5.89 Ω. However, the seeding was underestimated. Soon after the attachment, the 

impedance started to increase, similar to what was already seen before. Figure 52, summarizes the 

images taken during media change. In day 1, the confluency was around 80%, which mean, there was 

still space for cells to grow. That was speculated to have happened during the period highlighted by A. 

Then, the period indicated by B would correspond to differentiation. The second media change took 

place at around 4.8 days and did not drive any impedance increment. The mechanical stimulation 

started on day 5.3, indicated by the arrow head. The late mechanical stimulation, as well as the last 

media change, did not have a visible effect on the impedance signal. The signal fluctuated until the 

end of the experiment close to 40 Ω.    

 

 

 

 

 

 

 

Figure 51: Normalized impedance signal over eleven days of culture for sensor 7 under mechanical and chemical 

stimulation. Arrows indicate disturbance from media change. Arrow head indicate the period when the pump 

setting change from pumping 3 min in 45 min rest at 8 µl/min in average to 30 min pumping and 30 min rest at 16 

µl/min in average. Experimental conditions: 50 mV and 788 KHz.  

Table 8: Impedance and time values for periods highlighted in figure 51. 

 

 

 Impedance (Ω) Time (days) 

Seeding -0.1614 0.16 

Cell Attachment 5.89 0.38 

1º Media Change 12.49 1.1 

2º Media Change 43.27 4.77 

3º Media Change 41.76 7.80 

A 28.98 1.83 

B 8.30 2.50 

A B 
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Relatively to the condition of the culture over the eleven days, one could observe that from day 1 to 

day 4 the cells grew until confluency. From day 4 to day 8 the cells spatial distribution did not change 

comparatively to the mechanical stimulation experiments, where at this time they were showing cell 

detachment on the edges of the chamber. Only from day 8 to day 11 the aggregation of the cells 

observed as well as ECM deposition. 

The bright field and calcein staining images in figure 53 show ECM deposition and mineralization 

over the sensor. To have an overview of the sensor mineralization figure 54A) illustrates an image of 

the sensor area. Furthermore, figure 55B) demonstrates how the impedances varies with time and 

frequency to sensor 7.  

 

 

 

 

 

 

Figure 52: Illustration of sensor 7 cells from day 1, 4 and 8, that corresponds to media change. Image from day 11 

represents an endpoint stage. 

 

 

 

 

 

 

 

Figure 53: Bright field and calcein staining from the same spot on the eleventh day of culture for sensor 7. 

 

The testing of interleukin-1β, in combination with mechanical stimulation led to ECM deposition and 

its mineralization, supported by calcein staining. The comparison between the two conditions tested 

was not straightforward, since the only element to prove osteogenic differentiation was the staining of 

mineralized extracellular matrix. The chemical and mechanical stimulation together did not enhance 

differentiation in a visible way in comparison to both stimulus isolated. 
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Figure 54: A) Overview of sensor 7 calcein staining. B) 3D plot of normalized impedance over frequency and time 

to sensor 7.  

 

This section outlined the major results concerning the osteogenic differentiation using the 

microfluidic platform and impedance sensors. Several conditions were tested, from media, interleukin-

1β supplementation and mechanical stimulation in order to validate the robustness of the culture 

system. Along the investigation, several problems and limitations of the platform were encountered, 

which will be summed up in the following lines.  

From the experimental point of view, the tests were designed to provide the best growing and 

differentiation conditions and at the same time avoid disturbing the impedance signal. With that 

thought in mind, the experiment started with media overnight to coat the sensor area with proteins and 

the seeding would only be performed in the following day. In the next day, the basal media α-MEM 

was replaced by the osteogenic inductive media. Then, the media would be changed in a 3.5 days 

interval time. This experimental design failed several times in the seeding, leading to under confluent 

and non-homogenous culture. Repeatedly, the cells only were confluent at day 4 despite the 

osteogenic differentiation media being introduced on day 1, which made the comparison between 

experiments difficult.  In the following experiments, despite the chemical or physical condition tested, a 

different strategy for seeding a confluent layer of cells need to be designed. Instead of seeding a high 

concentration of cells, maybe it would be better to let them grow until they occupy the total chamber 

area and then start the experiment.  

Another aspect concerning issues of the experimental design was the lack of awareness regarding 

the high duration for media renewal (with the chosen pumping settings) especially when changing 

from α-MEM to osteogenic inductive media. This is a concern when trying to maintain similar 

conditions between sensors from the same chamber. 

Nevertheless, even if the seeding problem resolves, and the screening starts with a similar cell 

population there are still limitations in terms of signal characterization. The impedance signal should 

give a priori indications on the cells’ performance, but sometimes only after microscope assessment 

A B 

http://www.linguee.pt/ingles-portugues/traducao/recurrently.html
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can their state be revealed. Sometimes, it was hard to correlate an impedance increase or decrease 

with cell growth or death without having a look at the cells, which causes disturbances towards the 

sensor. Maybe the differentiation event of a cell population is too complex to be monitored by an 

impedance sensor. 

The platform 2D culture system was also not suited for screening all the conditions. The 

mechanical stress induced by the flow rate led to the aggregation of the cells, hampering signal 

characterization. Despite the stress conditions have showed high levels of mineralization, clumps 

more easily show green fluorescence due to unspecific binding. 

The previous argument led to the fact that the validation of the impedance sensor with osteogenic 

differentiation was affected when commercial osteogenic media was adopted. The alkaline 

phosphatase assay became no longer possible. This event hindered in complementing the 

mineralized ECM endpoint images with enzymatic activity of ALP, which is a well described marker for 

osteogenic differentiation. 

The main disadvantage of working with a sensor, already mentioned before, concerns the fact that 

it is only sensitive to the cells that lay on top of it. The sensor area was enough to cover several cells, 

however this one needs to be confluent and homogenous to be able to draw comparisons and 

conclusions from the impedance signal. 

The characterization of the cells was only performed at one frequency, this was normally high since 

was the more stable one. The decrease of the frequency values did not lead to different curves. Often 

the curves were similar just the intensity of the peaks lower. However, concerning the beginning of the 

impedance curve, as the frequency value decreases, the steep increase from the attachment was 

followed by a sharp declining trend. This downward trend is not mentioned in the literature. Normally 

at lower frequencies the current goes between the cells instead of flowing through them and in this 

way records the establishment of cell-cell connections. In terms of impedance signal, this phenomena 

would result in an increase of the impedance but not so sharp since the connections would take hours 

to form. 

One last consideration is the fact that all the osteogenic differentiations were only tested once, 

which means, in one chamber and consequently recorded by only two sensors, that often fail. This is 

not statistically relevant, however the main objective of the thesis was to test the viability of the chip 

and chambers, so to determine robust conditions for osteogenic differentiation more experiments 

would need to be performed. 

 

3.8 ALKALINE PHOSPHATASE ASSAY PROBLEM  

The alkaline phosphatase activity became impossible to determine when commercial osteogenic 

media was adopted. The absorbance values obtained in the course of eleven days for each 

conditions, except for self-made media, is presented in appendix IV. The absorbance curves 

demonstrated that from day 1 to day 4 the ALP activity decreased until values very close to zero and it 

maintained until the end of the experiment. Several effort were done to understand the problem. 

The first idea tested was the presence of other proteins, which did not deposit during centrifugation 

and would interfere with the absorbance at 405 nm. With this thought in mind, samples were 

http://www.linguee.pt/ingles-portugues/traducao/downward+trend.html
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centrifuged during longer periods of time, with higher centrifugal forces or filtrated with a pore size filter 

of 0.2 µm. However any of these attempts to lower the absorbance at 405 nm of commercial media 

and α-MEM succed, which indicated that the previous centrifugation conditions were the optimal. 

Next, the origin of the blank was questioned. The blank consisted of fresh media to which the 

substrate for the alkaline phosphatase reaction, pNPP, was added. However this blank did not count 

with the media that was consumed and metabolites secreted. Seeing this, the new blank could be the 

wasted media where no pNPP had been added. Nevertheless, the spectrum of the new blank was 

always below the one from fresh media with pNPP in the whole range of the visible spectrum tested 

(from 360nm until 800nm). This effort, also demonstrated that the pNPP reaction with ALP only had 

one absorbance maximum at around 405 nm. 

 As the several attempts did not lead to positive results, an email was sent to Miltenyi Biotec but no 

answer was obtained. The results from supernatant alkaline phosphatase assay demonstrated that 

either the company introduced high amounts of the enzyme and the cells did not produce or the 

enzyme is mainly presented bonded to the cells’ membrane.  

3.8 DIFFERENTIATION IN 24 WELL PLATE 

The osteogenic differentiation was performed in 24 well plates. The conditions tested consisted of 

α-MEM, self-made media (SMM), commercial media and commercial media supplemented with 0.01 

ng/ml and 0.1 ng/ml of IL-1β. The control condition was given by α-MEM. In order to validate the 

differentiation occurred in the platform, the process was performed in a standard and established 

culture system, such as the plates. The results from bright field image and DAPI, calcein and alizarin 

red staining for all the conditions are presented in appendix V. The alkaline phosphatase activity 

recorded to each conditions at each time point is illustrated in figure 55A) for the supernatant and 

figure 55B) to the membrane bound, only an endpoint measurement on 11 day. 

The culture in α-MEM showed a considerable amount of cells positively stained for DAPI but no 

green fluorescence. This media did not support extracellular matrix mineralization in a course of 11 

days in a 2D static system, as expected. The rest of the conditions, showed positive for DAPI, calcein 

and alizarin red. The quantification of the mineralization level for each conditions was difficult, 

although self-made media presented less green fluorescence and red areas from alizarin red staining 

in comparison to commercial media and commercial media supplemented with interleukin. 

The alkaline phosphatase activity recorded for the supernatant indicated α-MEM production in 

higher quantities than in the other conditions. The same media, in the membrane bound ALP showed 

the smallest value of absorbance. This would indicate that on the 11th day more ALP existed in the 

supernatant than bound to the membrane. The self-made media presented approximately the same 

value over the 11 days. However, it resulted in the highest absorbance value for the membrane-bound 

ALP. Relatively to the commercial media and its supplemented counterparts, the absorbance for the 

supernatant ALP was considerably higher in the wells compared to levels observed in the platform. 

For the membrane-bound ALP, these conditions displayed levels between the SMM and the α-MEM. 

All these data showed considerable inconsistencies, especially regarding the supernatant analysis. α-

MEM cultured cells, which corresponded to undifferentiated cells, always showed higher values of 
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supernatant ALP. To confirm this data, cells should be culture in the platform with α-MEM over eleven 

days. 

 

Figure 55: A) Supernatant alkaline phosphatase activity for α-MEM, self-made media (SMM), commercial media 

(CM), commercial media supplemented with 0.01ng/ml of interleukin-1β (CM 0.01) and commercial media 

supplemented with 0.1ng/ml of interleukin-1β (CM 0.1). B). Membrane bound alkaline phosphatase activity from 

the eleventh day of culture for α-MEM, self-made media, commercial media, commercial media supplemented 

with 0.01ng/ml of interleukin-1β and commercial media supplemented with 0.1ng/ml of interleukin-1β . The 

absorbance values were from samples diluted 1:2. 
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4. Conclusions 

Overall the osteogenic differentiation was achieved, since mineralized ECM was present in all 

experiments, despite in different quantities. In addition, in all experiments the differentiation was 

associated with an increase of the impedance, as described in the literature. However, the 

experimental design adopted hinders a straightforward comparison between conditions due to the 

variable seeding. Nevertheless, commercial media led to higher levels of mineralization than self-

made media. The supplementation with interleukin-1β carried out secretion of ECM in an earlier stage 

of the differentiation. The mechanical stimulation revealed mineralized ECM and a change in cell 

distribution in adaptation to the stress.  

One more improvement to the experimental design would be to lower the flow rate applied in order 

to be in alignment with literature values. The simulation using COMSOL Multiphysics 5.2 indicated that 

the velocity experienced in middle plane of the largest part of the chamber, with an inlet flow rate of 

about 33 µl/min, is approximately 5mm/s and consequently the shear stress in the bottom of the 

chamber would be 110 mPa.  

One of the main advantages is how the system in assembled. The sensing elements and the 

chambers are physically separated from the microvalves, which gives flexibility in term of changing the 

main core but keeping the flow control. However, the system used also possessed several drawbacks 

to properly follow osteogenic differentiation. The seeding was highly variable, as referred before, 

which made the integration of the sensors difficult. The impedance signal not always led to a clear and 

direct signal characterization. The 2D culture system was not able to support completely the cells 

when the mechanical stimulation was being tested. All these problems demonstrate the improvements 

still needed for the system to work adequately. One has to bear in mind, that for fabricating a 

screening device, it should be adapted to resemble the niche environment that the cells experience in 

vivo. Which means, that need to be personalized.  

 

 

 

 

 

 

 

 

 

 

 



65 
 

5. Bibliography 

1. Lisdat, F. & Schäfer, D. The use of electrochemical impedance spectroscopy for biosensing. 
Anal. Bioanal. Chem. 391, 1555–1567 (2008). 

2. Sticker, D. et al. Zirconium dioxide nanolayer passivated impedimetric sensors for cell-based 
assays. Sensors Actuators B. Chem. 213, 35–44 (2015). 

3. Franz-Odendaal, T. A., Hall, B. K. & Witten, P. E. Buried alive: How osteoblasts become 
osteocytes. Dev. Dyn. 235, 176–190 (2006). 

4. Giancotti, F. G. & Ruoslahti, E. Integrin Signaling. 285, 1028–1032 (1999). 

5. Eastman, Q. & Grosschedl, R. Regulation of LEF-1/TCF transcription factors by Wnt and other 
signals. Curr. Opin. Cell Biol. 11, 233–240 (1999). 

6. Xing, J. Z., Zhu, L., Gabos, S. & Xie, L. Microelectronic cell sensor assay for detection of 
cytotoxicity and prediction of acute toxicity. Toxicol. Vitr. 20, 995–1004 (2006). 

7. Yang, L., Li, Y., Griffis, C. L. & Johnson, M. G. Interdigitated microelectrode (IME) impedance 
sensor for the detection of viable Salmonella typhimurium. Biosens. Bioelectron. 19, 1139–
1147 (2004). 

8. Kloß, D. et al. Microcavity array (MCA)-based biosensor chip for functional drug screening of 
3D tissue models. Biosens. Bioelectron. 23, 1473–1480 (2008). 

9. Flanagan, L. A. et al. Unique Dielectric Properties Distinguish Stem Cells and Their 
Differentiated Progeny. Stem Cells 26, 656–665 (2008). 

10. Serway, R. & Jewett, J. Physics for Scientists and Engineers. (Thomson Brooks/Cole, 2004). 

11. Hirschorn, B. et al. Constant-Phase-Element Behavior Caused by Resistivity Distributions in 
Films I . Theory. 452–457 (2010). doi:10.1149/1.3499564 

12. Orazem, M. E. et al. Dielectric Properties of Materials Showing Constant-Phase-Element (CPE) 
Impedance Response. J. Electrochem. Soc. 160, C215–C225 (2013). 

13. Mesquita, T. J. & Nogueira, R. P. Relationship between the Origin of Constant-Phase Element 
Behavior in Electrochemical Impedance Spectroscopy and Electrode Surface Structure. (2015). 
doi:10.1021/jp512063f 

14. Carinci, F. et al. Zirconium oxide: Analysis of MG63 osteoblast-like cell response by means of a 
microarray technology. J. Biomed. Mater. Res. - Part B Appl. Biomater. 25, 215–228 (2004). 

15. M. Ibrahim  D. Kourtiche, M. Nadi, J. C. Geometric parameters optimization of planar 
interdigitated electrodes for bioimpedance spectroscopy. J Electr Bioimp 4, 13–22 (2013). 

16. Schaur, S. & Jakoby, B. A numerically efficient method of modeling interdigitated electrodes for 
capacitive film sensing. Procedia Eng. 25, 431–434 (2011). 

17. El-Ali, J., Sorger, P. K. & Jensen, K. F. Cells on chips. Nature 442, 403–411 (2006). 

18. Young, E. W. K. & Beebe, D. J. Fundamentals of microfluidic cell culture in controlled 
microenvironments. Chem. Soc. Rev. 39, 1036–1048 (2010). 

19. Ren, K., Chen, Y. & Wu, H. New materials for microfluidics in biology. Curr. Opin. Biotechnol. 
25, 78–85 (2014). 

20. Sticker, D., Rothbauer, M., Lechner, S., Hehenberger, M.-T. & Ertl, P. Multi-layered, 
membrane-integrated microfluidics based on replica molding of a thiol–ene epoxy thermoset for 
organ-on-a-chip applications. Lab Chip 15, 4542–4554 (2015). 

21. Carlborg, C. F. et al. Functional off-stoichiometry thiol-ene-epoxy thermosets featuring 
temporally controlled curing stages via an UV/UV dual cure process. J. Polym. Sci. Part A 
Polym. Chem. 52, 2604–2615 (2014). 



66 
 

22. Qin, D., Xia, Y. & Whitesides, G. M. Soft lithography for micro- and nanoscale patterning. Nat. 
Protoc. 5, 491–502 (2010). 

23. Oh, K. W. & Ahn, C. H. A review of microvalves. J. Micromechanics Microengineering 16, R13–
R39 (2006). 

24. Pittenger, M. F. et al. Multilineage Potential of Adult Human Mesenchymal Stem Cells. Science 
(80-. ). 284, 143–147 (1999). 

25. Singer, N. G. & Caplan, A. I. Mesenchymal stem cells: mechanisms of inflammation. Pathol. 
Mech. Dis. 6, 457–478 (2011). 

26. Kern, S., Eichler, H., Stoeve, J., Klüter, H. & Bieback, K. Comparative analysis of 
mesenchymal stem cells from bone marrow, umbilical cord blood, or adipose tissue. Stem 
Cells 24, 1294–1301 (2006). 

27. Ning, H., Lin, G., Lue, T. F. & Lin, C. S. Mesenchymal stem cell marker Stro-1 is a 75kd 
endothelial antigen. Biochem. Biophys. Res. Commun. 413, 353–357 (2011). 

28. Delaine-Smith, R. M. & Reilly, G. C. Mesenchymal stem cell responses to mechanical stimuli. 
Muscles. Ligaments Tendons J. 2, 169–80 (2012). 

29. Landis, W. J. & Jacquet, R. Association of calcium and phosphate ions with collagen in the 
mineralization of vertebrate tissues. Calcif. Tissue Int. 93, 329–337 (2013). 

30. Bonewald, L. F. The amazing osteocyte. J. Bone Miner. Res. 26, 229–238 (2011). 

31. Dallas, S. L., Prideaux, M. & Bonewald, L. F. The osteocyte: An endocrine cell . . . and more. 
Endocr. Rev. 34, 658–690 (2013). 

32. Murshed, M., Harmey, D., Millán, J. L., Mckee, M. D. & Karsenty, G. Unique coexpression in 
osteoblasts of broadly expressed genes accounts for the spatial restriction of ECM 
mineralization to bone. 1093–1104 (2005). doi:10.1101/gad.1276205.mineralization 

33. Bagnaninchi, P. O. & Drummond, N. Real-time label-free monitoring of adipose-derived stem 
cell differentiation with electric cell-substrate impedance sensing. Proc. Natl. Acad. Sci. 108, 
6462–6467 (2011). 

34. Angstmann, M., Brinkmann, I., Bieback, K., Breitkreutz, D. & Maercker, C. Monitoring human 
mesenchymal stromal cell differentiation by electrochemical impedance sensing. Cytotherapy 
13, 1074–1089 (2011). 

35. Hildebrandt, C., Büth, H., Cho, S., Impidjati & Thielecke, H. Detection of the osteogenic 
differentiation of mesenchymal stem cells in 2D and 3D cultures by electrochemical impedance 
spectroscopy. J. Biotechnol. 148, 83–90 (2010). 

36. Rubin, J., Rubin, C. & Jacobs, C. R. Molecular pathways mediating mechanical signaling in 
bone. Gene 367, 1–16 (2006). 

37. Orr, A. W., Helmke, B. P., Blackman, B. R. & Schwartz, M. A. Mechanisms of 
mechanotransduction. Dev. Cell 10, 11–20 (2006). 

38. Jacobs, C. R., Temiyasathit, S. & Castillo, A. B. Osteocyte mechanobiology and pericellular 
mechanics. Annu. Rev. Biomed. Eng. 12, 369–400 (2010). 

39. Iqbal, J. & Zaidi, M. Molecular regulation of mechanotransduction. Biochem. Biophys. Res. 
Commun. 328, 751–755 (2005). 

40. Katsumi, Ak., Orr, A., Tzima, E. & Schwartz, M. Integrins in Mechanotransduction. J. Biol. 
Chem. 279, 12001–12004 (2004). 

41. Temiyasathit, S. & Jacobs, C. R. Osteocyte primary cilium and its role in bone 
mechanotransduction. 1192, 422–428 (2010). 

42. Temiyasathit, S. & Jacobs, C. R. Osteocyte primary cilium and its role in bone 
mechanotransduction. Ann. N. Y. Acad. Sci. 1192, 422–428 (2010). 



67 
 

43. Li, J., Duncan, R. L., Burr, D. B. & Turner, C. H. L-Type Calcium Channels Mediate 
Mechanically Induced Bone Formation In Vivo. 17, 1795–1800 (2002). 

44. Physiol, A. J. et al. Ca 2 + regulates fluid shear-induced cytoskeletal reorganization and gene 
expression in osteoblasts Ca 2ϩ regulates fluid shear-induced cytoskeletal reorganization and 
gene expression in osteoblasts. 989–997 

45. Eijkelkamp, N., Quick, K. & Wood, J. N. Transient receptor potential channels and 
mechanosensation. Annu. Rev. Neurosci. 36, 519–546 (2013). 

46. Martinac, B. Mechanosensitive ion channels: molecules of mechanotransduction. J. Cell Sci. 
117, 2449–2460 (2004). 

47. Liedert, A., Kaspar, D., Blakytny, R., Claes, L. & Ignatius, A. Signal transduction pathways 
involved in mechanotransduction in bone cells. Biochem. Biophys. Res. Commun. 349, 1–5 
(2006). 

48. Goodman, C. A., Hornberger, T. A. & Robling, A. G. Bone and skeletal muscle: Key players in 
mechanotransduction and potential overlapping mechanisms. Bone 80, 24–36 (2015). 

49. Bonewald, L. F. & Johnson, M. L. Osteocytes, mechanosensing and Wnt signaling. Bone 42, 
606–615 (2008). 

50. Kwon, R. Y., Temiyasathit, S., Tummala, P., Quah, C. C. & Jacobs, C. R. Primary cilium-
dependent mechanosensing is mediated by adenylyl cyclase 6 and cyclic AMP in bone cells. 
FASEB J. 24, 2859–2868 (2010). 

51. Delling, M. et al. Primary cilia are not calcium-responsive mechanosensors. Nature 531, 656–
660 (2016). 

52. Malone, A. M. D. et al. Primary cilia mediate mechanosensing in bone cells by a calcium-
independent mechanism. 105, (2008). 

53. Hoey, D. A., Kelly, D. J. & Jacobs, C. R. A role for the primary cilium in paracrine signaling 
between mechanically stimulated osteocytes and mesenchymal stem cells. Biochem. Biophys. 
Res. Commun. 412, 182–187 (2011). 

54. Ren, K. & Torres, R. Role of interleukin-1β during pain and inflammation. Brain Res. Rev. 60, 
57–64 (2009). 

55. Lacey, D. C., Simmons, P. J., Graves, S. E. & Hamilton, J. A. Proinflammatory cytokines inhibit 
osteogenic differentiation from stem cells: implications for bone repair during inflammation. 
Osteoarthr. Cartil. 17, 735–742 (2009). 

56. Bakker,  a D. et al. Tumor necrosis factor alpha and interleukin-1beta modulate calcium and 
nitric oxide signaling in mechanically stimulated osteocytes. Arthritis Rheum. 60, 3336–3345 
(2009). 

57. Novak, R., Ranu, N. & Mathies, R. A. Rapid fabrication of nickel molds for prototyping 
embossed plastic microfluidic devices. Lab Chip 13, 1468–71 (2013). 

58. Verbruggen, S. W., Vaughan, T. J. & McNamara, L. M. Fluid flow in the osteocyte mechanical 
environment: A fluid-structure interaction approach. Biomech. Model. Mechanobiol. 13, 85–97 
(2013). 

59. Jaiswal, N., Haynesworth, S. E., Caplan,  a I. & Bruder, S. P. Osteogenic differentiation of 
purified, culture-expanded human mesenchymal stem cells in vitro. J. Cell. Biochem. 64, 295–
312 (1997). 

 

 

 

 



68 
 

APPENDIX I: 

 
Complex non-linear least square fitting: determination of α Q and Constant 
 
 
format long 
 
fun=@(x,xdata)abs(1*((x(1)*(1i*2*pi*xdata).^x(2)).^(-1)) + 53 + x(3)); 
 
 
ub = [10^(-7) 10 10^(4)]; 
 
lb = [10^(-12) 0.01 10^(4)  ];  
 
 
x0 = [1 1]; 
 
options.StepTolerance = 1e-14; 
 
[x,resnorm,residual,exitflag,output]=lsqcurvefit(fun,x0,xdata,ydata,lb,ub,options); 
 
times = linspace(xdata(1:1,1:1),xdata(1:1,7:7)); 
plot(xdata,ydata,'ko',times,fun(x,times),'b-') 
legend('Data','Fitted Curve') 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 56: Complex non-linear least square fitting for variables α and Q in blue. The data is represented by dots. 

A) Sensor 8. B) Sensor 5.  

 
 
Complex non-linear least square fitting: determination of Rd/Ra/Ca/Cd 
 
 
x0=[379.566 6.473*10^(-9) 7611.73 6.17*10^(-9)]; 
 
format long 
 
fun=@(x,xdata)abs(1*((12.268*(1i*2*pi*xdata).^0.971).^(-1)) + x(1)*((1i*2*pi*x(1)*x(2)*xdata + 1).^(-1)) 
+ x(3)*((1i*2*pi*x(3)*x(4)*xdata + 1).^(-1)) + 53); 

 
 
ub = [10^(4) 10^(-6) 10^(4) 1.4*10^(-8)]; 
lb = [10 10^(-12) 10 10^(-12)]; 
 

A B 

http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_x
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_resnorm
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_residual
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_exitflag
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_output
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html
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x0=[1 1 1 1]; 
 
options.StepTolerance = 1e-14; 
 
[x,resnorm,residual,exitflag,output]=lsqcurvefit(fun,x0,xdata,ydata,lb,ub,options); 
 
times = linspace(xdata(1:1,1:1),xdata(1:1,20:20)); 
loglog(xdata,ydata,'ko',times,fun(x,times),'b-') 
legend('Data','Fitted Curve') 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 57: Complex non-linear least square fitting for variables α and Q in blue. The data is represented by dots. 

A) Sensor 8 PBS. B) Sensor 5 PBS. C) Sensor 8 α-MEM. D) Sensor 5 α-MEM E) Sensor 6 MSC. F) Sensor 6’ 

MSC. 
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http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_x
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_resnorm
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_residual
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_exitflag
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html#outputarg_output
http://www.mathworks.com/help/optim/ug/lsqcurvefit.html
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APPENDIX II: 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 58: Profile of the velocity magnitude for the 0.58 and 1.62 flow rate peaks. The profile’s plane is at 46 µm 

height (half the chamber’s height). 

 

 

 

 

 

 

Figure 59: Profile of the pressure drop for the 0.58 and 1.62 flow rate peaks. The profile’s plane is at 46 µm height 

(half the chamber’s height). 
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Figure 59: Profile of the shear stres for for the 0.58 and 1.62 flow rate peaks. The profile’s plane is at 0 µm height 

(chamber’s bottom). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 
 

APPENDIX III: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60: Overview of the middle chamber area and edge of the sensor 5 under mechanical stimulation. The 

image outline the area in day 4, day 8 and day 11. Moreover, indicates when the stress begin, at day 6. The 

stimulus consisted of a flow rate of 8 µl/min during 30 minutes and 30 minutes rest. The yellow circles appearing 

in the photos corresponds to small bubbles trap in the water bath. 
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APPENDIX IV: 

 

 

 

IL-1β 0.01 ng/ml                                                                         IL-1β 0.1 ng/ml  

 

 

 
30/30 at 8µl/min:                                                                                   30/30 at 16µl/min 

 

 

 

 

 

 

 

 

 

 
IL-1β with 30/30 at 8µl/min                                                                 IL-1β with 30/30 at 16µl/min 

 

 

 

 

 

 

 

 

 
Figure 61: Alkaline phosphatase absorbance graphs during eleven days of culture for the interleukin-1β 

supplementation experiments with 0.01 ng/ml and 0.1 ng/ml (IL-1β 0.01 ng/ml and IL-1β 0.1 ng/ml respectively). 

The mechanical stimulation experiments are represented for 30/30 at 8µl/min and 30/30 at 16µl/min 30/30 (30/30 

represents 30 min pumping and 30 min rest). The interleukin-1β supplementation and mechanical stimulation is 

represented by IL-1β with 30/30 at 8µl/min and IL-1β with 30/30 at 16µl/min. 
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APPENDIX V: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 62: Bright field and DAPI, calcein and alizarin red staining of the eleventh day of culture with α-MEM, self-

made media, commercial media and commercial media with 0.01ng/ml and 0.1 ng/ml of IL-1β. Magnification 

100x.Blank spots indicated non-available photos. 

 

α-MEM 

Self-made 
media 

Commercial  
media 

IL-1β  
0.01ng/ml 

Bight Field DAPI Alizarin red Calcein 

IL-1β 
0.1 ng/ml 


