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Impedance monitoring of microfluidic stem cell culture 

Joana Leonor Amoral Duarte de Moura 

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.   

 

Introduction 

 

Impedance Spectroscopy is label free technique 

with the advantageous of being non-invasive and 

time-continuous. The technique enables to monitors 

a cell population by capturing changes in the AC 

electric current flowing through the electric 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. Several 

applications published are related with toxicological 

tests1, quality control, to detect external pathogens in 

food2, cell proliferation, cell spreading3, cell junctions 

formation4 and stem cell differentiation5,6,7 . The 

motivation of finding alternative methods to 

characterize cells comes from the limitation and 

scarceness of specific cell markers8. 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)8. The validation of the 

impedance spectroscopy on this work will focus on 

the differentiation of adipose derived mesenchymal 

stem cells (MSC) into osteogenic lineage. 

 

Equivalent Circuit 

 

The equivalent circuit used in the work is the 

same proposed in Sticker, D. et al 20159, since the 

authors present equal electrode geometry and 

composition. The simplified version of the circuit is 

presented in figure 1. 

 

 

 

 

 

Figure 1: Illustration of the simplified circuit model. 

 

The total impedance expression of the simplified 

circuit is given by equation [1] and is determined by 

the sum of each electrical component consider to 

have an impact on the total impedance. 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 passivation layer is modeled by a 

constant phase element (ZCPE) and corresponds to 

the second term in the equation [1]. Then, another 

electrical elements to contribute for the equivalent 

circuit model are the electric double layer in the 

interface passivation-analyte and the analyte that are 

both modeled by a capacitive (Cd and Ca 

respectively) and a resistive impedance (Rd and Ra 

respectively). These terms are represented by the 

two last terms in equation [1] respectively. 

 

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑙𝑒𝑎𝑑 +
1

(𝑖𝜔)𝛼𝑄
+ 

𝑅𝑑

1 + 𝑖𝜔𝑅𝑑𝐶𝑑

+ 
𝑅𝑎

1 + 𝑖𝜔𝑅𝑎𝐶𝑎

    [1] 

 

One important feature about the sensor used is 

the presence of a passivation layer. 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.  

 

Osteogenic Differentiation 

 

The bone is composed mainly of three types of 

cells. The first to be highlighted is osteoblast, which 

lays down extracellular matrix, which 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, act 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 tyoe 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) 10. The mesenchymal stem cells also 

seems to support the growth and differentiation of 

other stem cells and are link to several effects such 
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as immunomodulatory, antiapoptosis, angiogenesis, 

chemoattraction and antiscarring11. 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 rate12. 

From mesenchymal stem cells until osteocytes 

literature recognizes several development stages.  

The commitment of MCS to osteogenic lineage 

starts with preosteoblast. 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. Then osteoblasts have to choose one of 

three path, 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 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-entrapment13. 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 body13. This 

change is also associated with 70% of volume lost 

with changes in endoplasmic reticulum and Golgi 

apparatus13.The cell dendritic process are used to 

maintain the osteocyte connected with several other 

cells in different stages of development to facilitate 

communication through gap juctions.  

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 

stress14. 

The differentiation of adipose 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 progresses5,6,7. However, the 

reports differ from the system used in several aspect, 

such as in the sensor geometry and type of flow. 

In addition to what is presented in the literature, 

the thesis work integrated chemical and physical 

stimulus, by adding interleukin-1β and shear stress 

due to flow rate. The stimulus not only are consider 

a test for the differentiation but also for the sensors.   

The Interleukin-1β is a cytokine involved in the 

inflammatory response15 and has been reported as 

having paradoxical effects towards osteogenic 

differentiation16,17,18.  

The mechanical loading induces bone formation 

and inhibits bone degradation, by other words, 

promote bone homeostasis19. Short time after 

loading an increase of intercellular levels of Ca2+, 

nitric oxide species and prostaglandins19 are 

observed, which work as potent signaling molecules.  

 

Materials and Methods 

 

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. 

 

Platform Setup 

 

The platform was composed of several parts, 

such as sensors, chambers, microvalves, degasser 

and a water bath. Figure 2 depicts the platform‘s 

schematic. Moreover, the platform harbored a group 

of components that contributed for its functioning, 

like positive and negative pressure supply, 

microvalves controller, potenciostat and incubator.  

The compressed air is supplied by an internal 

source, then a vacuum pump uses the positive 

pressure to create vacuum. The pressure valves are 

kept at 25 KPa for the positive pressure and -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. The 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. 

 

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 setting in 

order to personalize the pumping, like the step time, 

the waiting time and the pumping time. 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 
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rate. In addition, the settings could be personalized 

to each pump and in this way tackle intrinsic 

variability. 

Each microvalve was naturally opened, when the 

compressed air was allowed to flow, it would deform 

a flexible membrane and close the channel, The 

actuation of three microvalves would make the fluid 

to flow. Overall, each cycle presses liquid forward in 

two moments and allows one moment of reflux. 

Fabrication 

 

 Sensor 

The fabrication of the sensor was done 

previously and its detailed fabrication can be consult 

in Sticker, D. et all 20159. The sensor’s geometry is 

an interdigitated electrode structure with 1.5mm of 

electrode length, electrode width and interlectrode 

distance is 15 µm and the number of electrode is 76. 

In total, the platform harbors 8 sensors and 

consequently 4 chambers. 

Chambers 

 

The chambers were made of two types of 

materials, ostemers and PDMS. The chambers 

made of ostemers (OSTEMER™ 322 Crystal Clear) 

were fabricated previously and for more information 

follow the fabricant datasheet. To open inlet and 

outlet, holes were drilled.  

To fabricate the PDMS chambers 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. Afterwards, the polymer 

was cured either at 20 min at 70ᵒC or overnight at 

37ᵒC. After curing the polymer was removed from the 

mold. Finally, chambers inlet and outlet were open 

with a hole puncher (0.6mm) 

 

Wells 

 

The fabrication protocol was the same followed 

in the PDMS chambers. The mold adopted was a 

petri dish and were opened by punching the PDMS 

with a 5mm diameter hole puncher. The wells enable 

static measurments 

 

Pneumatic and Fluidic Layer 

The fabrication of the pneumatic and fluidic layer 

were performed previously. 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.  

Differentiation on the Platform 

 

The cells were seeded on day 0 with a cell 

solution of 2.3x106 cell/ml though the microvalves. 

On day 1 the basal media α-MEM was changed to 

osteogenic inductive media. This one was self-made 

media (α-MEM supplemented 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), commercial media (StemMACS Osteodiff 

Media supplied by Miltenyi Biotec.) 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 day 6 and 10. 

Later, the media change was performed on day 4 

and 8. At day 11 the experiment stopped. It was 

Figure 2: Set up schematic of the platform and all the supporting components, such as potenciostat, computer, pump 

controller, negative and positive pressure sources. 
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taken advantageous of the media change moments 

to do a photographic monitoring of the culture bers.  

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 in average or 1-

2min in 50 min interval. From day 1 until 11 the 

pumps worked at 8 µl/min in average 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. 

 

Calcein staining 

 

The staining was performed on the 11th day of 

differentiation. The calcein binds to calcium, 

indicating mineralization of the ECM. 

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 following day, the chambers were 

rinsed again with in α-MEM (without supplements). 

Fluorescence was capture with a 485 nm excitation 

and 535 emission filter. 

 

Results and Discussion 

Sensors Characterization 

 

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 were 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 3A) 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 

A B 

C 
D 

Figure 3: A) Representative sensor graphic illustration of the relative standard deviation (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) 

Impedance over time for a representative sensor with NIH 3T3 cells. The cells were culture in static conditions, at 37ᵒC and 

5% CO2. C) The signal to noise ratio over frequency for two representative sensors (8 and 4). B) Impedance over time to for 

4 representative sensors using DMEM as analyte, in static conditions (performed on wells) and inside the incubator (37 ᵒC 

and 5% CO2). Experimental conditions: 241 KHz and 50mV (10 mV when used is indicated).  
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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 were 

culture, inside the incubator (37ᵒC and 5% CO2), 

with DMEM basal media and subjected to a voltage 

of 10mV and 50 mV. The results from figure 3B) 

indicate any of the voltage compromise cell viability, 

since both curves were identic. Thereby, a voltage of 

50 mV was selected as the desire value to perform 

the following experiments involving cells. 

The inherent variabilities between sensors were 

verified by measuring DMEM basal media, over 16 

hour, in static conditions and inside the incubator 

(37ᵒC and 5% CO2). The impedance over time also 

enables to visualize the stability of the signal in a long 

term manner. Figure 3D) reveals the fluctuation of 

the signal from DMEM in a 16 hours interval line and 

a steady decrease tendency to all representative 

sensors tested. 

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 3C) 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. 

 

Osteogenic Differentiation 

 

Self-made Media 

The screening for osteogenic differentiation 

conditions started with self-made media. Figure 4A) 

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. . The impedance signal was characterized 

by a successful seeding with a steep 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.  

The calcein staining from figure 4B) 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 

A B C 

B
ri

gh
t 

Fi
el

d
 

C
al

ce
in

 S
ta

in
in

g 

A B 

Figure 4: A) 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. B) Bright field and calcein staining from the same spot on 

the eleventh day of culture for sensor 6. 
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fluorescence from calcein was only found in isolated 

spots where a higher concentration of yellow 

deposits was found. 

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 culture20. 

However, these changes were difficult to spot in the 

experiments done. The uncommon substrate 

composition (zirconium oxide) 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, the cells contained visible yellow 

deposits, derived from the matrix deposition 

stimulation due to L-Ascorbate-2-Phosphate.  

 

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 5A) represents the 

normalized impedance signal recorded to sensor 6. 

Through the impedance curve, several problems 

seem 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 visual 

monitoring confirmed the decrease of impedance 

signal. Cells were not equally distributed, as sensor 

6 presented only 20% of confluency and in some 

places over the chamber highly dense 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. The same was 

observed in the eight day after the last media 

change. 

The denser cellular areas were prone to stain for 

calcein, however picture 5B) 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 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 
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Figure 5: A) 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. 

B) Bright field and calcein staining from the same spot on the eleventh day of culture for sensor 6. 
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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 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 

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 on the 

impedance. This feature was one of the main 

limitations and is very explicit in the commercial 

media test. The seeding led to a confluency of 20%, 

with cells 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. 

 

Interleukin-1β Supplementation 

 

The potential of interleukin-1β to induce 

osteogenic differentiation was investigated with a 

solution of 0.1 ng/ml of the cytokine. Figure 6A) 

shows the normalized impedance curve obtained 

upon twelve days 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 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. The 

morphology and distribution of cells on day 1 

indicated that the seeding led to a homogenous 

population but with around 60% confluency of spread 

cells. 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. The fact that the 

Figure 6:A) Normalized impedance signal over eleven days of culture for sensor 7 under 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) Bright field and calcein staining from the same spot on the eleventh day of culture for 

sensor 7. 
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impedance did not increase with the last media 

change may indicate that the cells did not secrete 

more ECM. The visual monitoring of the cells, 

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. 

Mechanical Stimulation 

 

The mechanical stimulation consisted of 

changing the pumping time. The flow rate was kept 

at 8 µl/min but the pumping time was increased to 30 

minutes and the resting time lowered to 30 minutes. 

The pumping setting started equal to the other 

experiments, 8 µl/min, 2-4 minutes pumping and 45 

minutes rest. At day 6.3 the microvalves saw their 

pumping setting changed to 30 minutes pumping and 

30 minutes rest. The shear stress from the pumping 

is meant to be a late mechanical stimulation. The 

mechanical stimulation would act as a second wave 

of stimulus for osteogenic differentiation. 

Figure 7A) shows the curve of the normalized 

impedance from the mechanical stimulation 

experiment. 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, replacing 

wasted α-MEM by fresh commercial media. From 

visual motorization of the cell population in the 

chamber at day 1 showed a homogenously 

distributed cell population, 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. 

In addition, images from figure 7B) shows calcein 

staining, indicating mineralized ECM. 
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Figure 7:A) 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.B) Bright field and calcein staining from the same spot on the eleventh day of culture for sensor 5. 
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One more feature that the mechanical stimulation 

caused was the detachment of cells. 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.  

Conclusion 

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 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. The integration of a 

sensor 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. 

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. 
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