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As the fields of tissue engineering and regenerative medicine mature towards clinical applications the need for on-line 

monitoring, both for quantitative and qualitative use, becomes essential. Resazurin based metabolic assays are frequently 

applied for determining cytotoxicity and have shown great potential for monitoring 3D bioreactor facilitated cell culture. 

However, no quantitative correlation between the metabolic conversion rate of resazurin and cell number has been defined 

yet. In this work we determined conversion rates of Presto Blue™, a resazurin based metabolic assay, for human periosteal 

cells during 2D and 3D static and 3D perfusion culture. Our results showed that for the evaluated culture systems there is 

a quantitative correlation between the Presto Blue™ conversion rate and the cell number during the expansion phase, with 

no influence of the perfusion related parameters i.e. flow rate and shear stress. The correlation between cell number and 

Presto Blue™ conversion subsequently enabled the definition of operating windows for optimal signal readouts. In 

conclusion, our data showed that the conversion of the resazurin based Presto Blue™ metabolic assay can be used as a 

quantitative read-out for on-line monitoring of cell proliferation in a 3D perfusion bioreactor system although a system 

specific validation is required. 

1.1. Introduction 

The development of cell based tissue engineering strategies for the repair or replacement of damaged organs and tissues is 

a rapidly evolving research field (Martin et al. 2011, Martin et al. 2012).  As these novel cell-based therapies fall under the 

definition of the ‘Advanced Therapy Medicinal Products’ (ATMPs) of the European Medicine’s Agency (EMA), the 

application of the Process Analytical Technology guidelines (PAT) to develop well characterised products by designing 

and controlling the manufacturing process through timely measurements of critical quality attributes is essential (Chew et 

al. 2010, Rebulla et al. 2010, Schneider et al. 2010). The integration of bioreactor systems in current lab scale processes 

therefore holds promise for the translation in a clinical and ultimately commercial setting (Martin et al. 2010, Salter et al. 

2012). Bioreactors have been employed frequently to provide sufficient  nutrient and oxygen transport and removal of 

waste products (Grayson et al. 2004, Martin et al. 2004, Haycock 2011, Rodrigues et al. 2011, Jakob et al. 2012, Salter et 

al. 2012) while allowing for monitoring and control of physicochemical and biological parameters (Tsao et al. 2005, Das 

et al. 2010, Martin et al. 2010, Rauh et al. 2011, Santoro et al. 2012, Zhou et al. 2013) during cell proliferation, 

differentiation and the development of a cell-carrier constructs. Furthermore these parameters could be used as non-

destructive quality indicators of the cells or the developing construct. 

Since in vitro proliferation is an essential process step for the production of cell based products (Rodrigues et al. 2011), 

on-line measurements of metabolic activity parameters such as glucose, lactate and oxygen concentration, could allow for 

a non-destructive assessment of the quality of the 3D cell culture (Tsao et al. 2005, Das et al. 2010, Santoro et al. 2012, 

Frese et al. 2014). Although, for example, correlating a decrease in oxygen concentration to cell proliferation has been 

shown to be a viable strategy to monitor proliferation for high cell numbers (Santoro et al. 2012), these techniques often 

fall short when lower cell numbers in the order of magnitude 104 to 106 cells need to be monitored and quantified (Zhou et 

al. 2013). Limited sensor sensitivity as well as low oxygen and glucose consumption rates per cell hamper the reliability 

of such measurements (Zhou et al. 2013). Therefore alternate methodologies to monitor cell number, viability and 

proliferation as well as differentiation in bioreactors are essential, especially for the initial crucial expansion steps (post 

biopsy expansion) of scarce adult stem cell populations.  

Metabolic assays such as the tetrazolium based 3-[4-5-Dimethylthiazol-2-yl]-2-5-diphenyl bromide tetrazolium bromide 

(MTT) and the resazurin based Alamar Blue® assay (AB) use the redox activity of the cells to qualitatively monitor cell 

populations based on the generation of an optical or fluorescent detectable component (Nociari et al. 1998, Back et al. 

1999, Quent et al. 2010, Uzunoglu et al. 2010, Rampersad 2012, Mueller et al. 2013). MTT and other tetrazolium based 

assays are based on the cleavage and reduction of the tetrazolium ring to blue formazan crystals by the mitochondrial 

dehydrogenases (Nociari et al. 1998, Quent et al. 2010). These crystals can be solubilised and quantified in the cell lysate 

as a measure for metabolic cell activity. Despite the frequent use of these assays the fact that this methodology can only be 



used as an endpoint analysis is a serious disadvantage (Quent et al. 2010). The resazurin based AB and Presto Blue® (PB) 

assays on the other hand use the mitochondrial activity to reduce the non-fluorescent, blue resazurin to the fluorescent, 

pink resorufin (Nociari et al. 1998, O'Brien et al. 2000, Quent et al. 2010). This non-toxic, water soluble dye enables 

continuous cell culture monitoring and has been shown to be a powerful tool to assess cell viability and proliferation in 

both static and dynamic 3D setups (Gloeckner et al. 2001, Cui et al. 2007, Mueller et al. 2013, Zhou et al. 2013). These 

reports show a clear correlation between the obtained fluorescent signal and the cell number. However, contradictory results 

showing discrepancies between cell number and the metabolic conversion of the resazurin when using static culture systems 

are also present, indicating that the performance of these assays is dependent on the cell type, culture and measurement 

setup (Ng et al. 2005, Quent et al. 2010). 

In order to determine whether the quantitative use of a resazurin based assay in a bioreactor setup is possible, the influence 

of the cell culture method and measurement setup on the conversion rate of the resazurin and on the metabolic activity of 

the cells has to be known. The redox activity of a cultured cell population was already shown to be influenced by long term 

proliferation and the induction of differentiation (Rice et al. 2010, Quinn et al. 2012). The influence of different culture 

systems and parameters on the metabolic activity of the cells and the conversion rate of the metabolic assays is however 

not known, which hampers the quantitative use of these methods. 

In this work we used the PB metabolic assay to monitor and quantify cell proliferation in a perfusion bioreactor setup up 

to 21 days. At first, the influence of different culture setups was investigated by measuring the metabolic activity of cells 

cultured in 2D and in 3D static and 3D perfusion bioreactor setups, and correlating this to DNA content. Subsequently a 

dynamic monitoring method was developed to overcome diffusion limitations that were observed when 3D scaffolds were 

measured in a static setup, affecting the conversion rate. Finally, the influence of perfusion flow rate and shear stress on 

the conversion of the metabolic assay was determined by using medium with different viscosities. Based on DNA 

measurements conversion rates for the PB assay in the different setups were found to enable the quantitative monitoring of 

cell proliferation.  

1.2. Materials and Methods 

1.2.1. Human Periosteal Derived cells (hPDCs)  

hPDCs were isolated from periosteal biopsies obtained from 4 different donors (age 11, 13, 14 and 17, equal distribution 

of gender) as described previously and pooled for further use (Eyckmans et al. 2006). This procedure was approved by the 

ethics committee for Human Medical Research (KU Leuven) and performed with patient informed consent. hPDCs were 

expanded in Dulbecco’s modified Eagle’s medium with high-glucose (Life Technologies) containing 10% foetal bovine 

serum (Gibco), 1% sodium pyruvate (Life Technologies) and 1% antibiotic–antimycotic (100 units/mL penicillin, 

100mg/mL streptomycin, and 0.25 mg/mL amphotericin B; Life Technologies), further mentioned as culture medium. The 

cells were seeded at 5,700 cells/cm² and passaged at 80%–90% confluency. Cell expansion and 2D experiments were 

performed in standard cell culture conditions (relative humidity: 95%, 5%CO2, 37°C) 

1.2.2. Ti6Al4V scaffolds 

For 3D cell culture, additive manufactured Ti6Al4V scaffolds (Ø = 6 mm, h = 6 mm) (Van Bael et al. 2011, Pyka et al. 

2012) were used as described before (Papantoniou et al. 2014). The total volume of the scaffolds was 166 ± 3 mm³, the 

available volume 130 ± 5 mm³ and the available surface 7.5 ± 0.6 mm² as determined with nanoCT (Kerckhofs et al. 2013). 

Briefly, scaffolds were ultrasonically cleansed prior to use in acetone, ethanol and distilled water for 10 minutes each after 

which they received an alkaline treatment with 5M sodium hydroxide for 24 hours at 60°C. Subsequently, scaffolds were 

rinsed with distilled water after which they were sterilised in a steam autoclave. Prior to seeding, the scaffolds were pre-

wetted by vacuum impregnation with culture medium for 2 hours in standard cell culture conditions after which they were 

dried in a non-humidified incubator overnight (Papantoniou et al. 2013).  

1.2.3. Viscosity measurements culture medium 

The viscosity of the culture medium was increased by the addition of dextran (average MW 150,000, Sigma). The viscosity 

of solutions containing 0, 2.5, 5, 7.5 and 10% dextran was determined using a MCR 501 rheometer (Anton Paar). A C-

LTD 180/XL measurement chamber was used to enable shear stress measurements at a constant temperature of 37°C. For 

each measurement the solution was pre-sheared at a shear rate of 100/s for 30 seconds after which a rate sweep from 100/s 

to 0.1/s shear rate was performed using a log ramp. Data points corresponding with torques lower than 0.001 mNm were 

discarded due to inaccuracy of the measurements. Since τ=η*γ (with τ: shear stress, η: viscosity and γ: shear rate) the  

viscosity of the solution could be determined by correlating the applied shear rate to the measured shear stress. 



1.2.4. 2D AB and PB measurements 

For 2D experiments, cells were seeded at the standard density of 5,700 cells/cm² in 6 well plates and cultured statically in 

2 ml of growth medium. For 6 days the metabolic activity of the cells was measured daily using both PB and AB for 3 

wells each (both metabolic assays were obtained from Life Technologies). For both reagents a measurement solution 

containing 1 unit volume of reagent for 10 unit volumes of culture medium was prepared resulting in a 9.09% solution 

(standard concentration measuring solution unless otherwise mentioned). The medium was removed from the wells and 

replaced with 2 ml of the PB or AB solution after which the cells were transferred back to the incubator at normal cell 

culture conditions. At the different incubation times (15, 30, 45, 60, 90 and 120 minutes) a 100 µl sample was taken from 

every well and transferred to a 96-well plate. The fluorescent signal was measured with an automated microplate 

fluorometer (SerColab Systems) using an excitation wavelength of 544 nm and an emission wavelength of 590 nm as 

described earlier (Zhou et al. 2013). The measured fluorescent signal was expressed as arbitrary fluorescent units (FU). 

For every measurement the background signal of the measurement solution was determined by incubating an identical 

volume in the absence of cells in the experimental conditions. This blank signal was subsequently subtracted from the 

signal measured in the presence of cells to obtain the signal induced by the presence of the cells. After the measurement, 

the PB or AB solution was removed from the wells and replaced by normal culture medium. For the measurement on day 

5, 3 ml of the measuring solution was used to allow for a higher number of sampling points. Additional samples were taken 

after 3, 4, 5 and 6 hours of incubation. 

To determine the quantitative correlation between the PB signal and the cell number in a 2D static setting two different 

approaches were used. 6-well plates were seeded with 100,000 cells each and cells were allowed to attach over night after 

which the culture medium was removed and 2, 4 or 6 ml of the PB solution was added on triplicate wells. Cells were 

incubated for 8 hours in total and 100 µl samples were taken every hour and transferred to a 96-well plate for measurement. 

Alternatively, different amounts of cells were seeded in triplicate in 6-well plates (25,000, 50,000, 75,000, 100,000, 

200,000, and 300,000). Cells were incubated overnight to allow cell attachment after which the culture medium was 

removed and 2ml of PB solution was added. Samples were taken every hour for 8 hours and measured as described before.  

1.2.5. 3D static cell culture and PB measurements 

For 3D culture experiments cells were drop-seeded onto the scaffolds at a density of 200,000 cells/60 µl as described in 

previous studies (Papantoniou et al. 2013, Zhou et al. 2013, Papantoniou et al. 2014, Sonnaert et al. 2014). 45 minutes 

after seeding 60 µl culture medium was added and 135 minutes later the medium volume was topped up to 1 ml. Scaffolds 

were statically incubated overnight in standard culture conditions (37°C, 5% CO2, 95% relative humidity). Since the seeding 

process resulted in homogenous and reproducible seeding efficiencies in previous work (~60%) this was not assessed 

separately in this work (Papantoniou et al. 2013, Papantoniou et al. 2014, Sonnaert et al. 2014). 

To determine the quantitative correlation between the PB signal and the cell content in a 3D static culturing system, 

scaffolds were transferred to 12 well plates containing 3 ml of culture medium after seeding. Medium was refreshed every 

two days and PB measurements were performed at day 1, 6, 10, 15 and 22 by replacing the culture medium with 3 ml of 

the PB solution and incubating the scaffolds in standard cell culture conditions for 3 hours. The PB signal was measured 

in triplicate as described before. At each PB time point 3 scaffolds were sacrificed for DNA measurement as described 

below. 

1.2.6. 3D perfusion bioreactor culture and PB measurement 

For 3D perfusion bioreactor culture, 3D Ti6Al4V scaffolds were seeded in the bioreactor system using the same methods 

as described for the static system (Papantoniou et al. 2013, Papantoniou et al. 2014, Sonnaert et al. 2014). Scaffolds were 

subsequently press-fitted in an in-house developed bioreactor chamber  (Papantoniou et al. 2013, Zhou et al. 2013, 

Papantoniou et al. 2014, Sonnaert et al. 2014) ensuring forced perfusion through the scaffold and cultured at a flow rate of 

1 ml/min in a non-humidified incubator (37°C, 5% CO2). The total medium volume in each circuit was 10 ml of which 7.2 

ml was located in the medium reservoir. Medium was refreshed every second day by attaching a falcon tube containing 

fresh medium to the system. For PB measurements a falcon tube containing 2.2 ml of a 20.5% PB solution was connected 

to the circuit resulting in a total volume of 5 ml and a final PB concentration of 9.09% as used for the static measurements. 

The PB solution was perfused for one hour at 1 ml/min after which the resulting PB signal in the solution was measured. 

To remove remnants of the PB solution in the bioreactor circuits for continued cell culture two falcon tubes containing 5 

ml of culture medium were subsequently connected to the circuits for a perfusion step of 5 minutes each after which a final 

medium refreshment was performed as described before. After seeding the scaffolds were dynamically cultured for 21 days 

and PB measurements were performed in triplicate on day 2, 7, 12, 17 and 21. After each PB measurement 3 scaffolds were 

sacrificed for DNA measurement. 

To determine the influence of both culture the measurement setup (static versus bioreactor), 3D cell seeded scaffolds 

cultured for 14 days in both systems were measured either in the respective culture systems or consecutively both in a static 



and perfusion bioreactor setup. All conditions were performed and measured in triplicate. In an additional 3 samples 

cultured in both setups no PB measurements were performed to verify that the performed handlings had no influence on 

cell number. All samples were used for DNA measurement after the experiment.   

To determine the influence of different flow rates during 3D perfusion bioreactor culture on the metabolic activity of cells 

in the 3D scaffolds, and thereby on the conversion rates of the PB, they were cultured at different flow rates (0.5 ml/min, 

1.1 ml/min and 2.2 ml/min) for 21 days after which the metabolic activity of the cells was determined using PB. The flow 

rates used during the PB measurement were the same as those used during culture for all conditions. The cell content of 

the scaffolds was also determined based on DNA measurements. Additionally, two conditions in which the volumetric flow 

rate was 0.5ml/min but the shear stress was equal to respectively the 1.1 and 2.2 ml/min condition by increasing the 

viscosity of the medium as described earlier (Section 2.3) using respectively 3.37% and 6.36% dextran (average MW 

150,000, Sigma) were evaluated.     

1.2.7. DNA measurement 

The DNA content was determined using a highly quantitative and selective DNA assay (Quant-iTTM dsDNA HS kit, Life 

Technologies). The scaffolds were rinsed with PBS and lysed in 350 µl RLT lysis buffer supplemented with 3.5 µl β-

mercaptoethanol (Qiagen). The lysed samples were vortexed for 60 seconds and stored at -80°C prior to analysis, thawed 

at room temperature and spun down for 1 min at 13,000 rpm. 10 µl of the sample was diluted in 90 µl milliQ water after 

which the DNA content was quantified with a Qubit® Fluorometer (Life Technologies) as described by Chen et al., 2012 

(Chen et al. 2012) 

1.2.8. Mathematical representation of the PB measurement in the perfusion bioreactor 

system using ordinary differential equations 

A schematic representation of the bioreactor system is shown in Figure.1. The concentration of the resorufin in the medium 

reservoir could be determined based on a mass balance over the reservoir taking into account the flow rate dependent in 

and outward fluxes (eq. 1). The outward flux was defined based on the flow rate and the resorufin concentration (eq. 2). 

The inward flux in the medium reservoir was equal to the outward flux at the scaffold although a flow rate and tubing 

volume dependent time delay had to be implemented to account for the time the measurement suspension required to be 

perfused from the scaffold back to the medium reservoir (eq. 3). The flux at the outlet of the scaffold was determined by 

the ingoing flux and the cell mediated resazurin conversion (eq.4) while the flux at the inlet of the scaffold was defined 

based on the concentration in the medium reservoir, again implementing the flow rate and tubing volume dependent time 

delay in order to account for the time required to perfuse the solution from the medium reservoir to the scaffold (eq.5). 

At the initial time point the resorufin concentration in the medium reservoir was set at zero while the maximal value was 

set at 3 500 as these were determined to be the borders of the linear operating window.  
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Figure.1: Schematic representation of the perfusion bioreactor system (Adapted from Zhou et al., 2013) 

1.2.9. Statistical analysis 

One-way Anova was performed to analyse significant differences between groups. A p-value < 0.05 was considered 

significant. 

 

1.3. Results 

Initially the PB metabolic assay was compared with the previously validated AB assay (Zhou et al. 2013) by monitoring 

for both assays cell proliferation in a static 2D setup for different incubation times (Figure.2.A and B). Both metabolic 

assays showed an increase in metabolic activity in function of culture time.in accordance with the expected exponential 

phase of cell growth. Although the same incubation times and concentrations were used, the PB signal was significantly 

higher compared to the AB signal for the same incubation time. This was also visible by the stronger increase in signal 

shown in Figure.2.C in which the linear operating window of both assays was determined respectively up to 3,000 FU for 

the AB assay and 3,500 for the PB assay. The relative standard deviation on the measured signal was also significantly 

lower for the PB measurement as shown in Figure.2.D. 



 

Figure.2: (A, B) 2D static expansion of hPDCs monitored with Alamar blue and Presto Blue respectively for different 

incubation times (n=3) (C) Signal saturation determined for Presto Blue and Alamar Blue based on 2D static expansion. 

The lines indicate the linear operating zone for both assays (R² values are shown for a fit forced through 0;0) (n=3) (D) 

Boxplot of relative standard deviation for 2D static Presto Blue and Alamar Blue measurements (n=60) 

Conversion rates for PB were determined in a static setup for both 2D and 3D cell culture systems. For all conditions a 

time dependent linear increase in the measured signal was observed (Figure 3). Linear regression was used to determine 

the slope coefficients which indicated the increase in FU per hour for all different conditions (Table1). These values were 

corrected for incubation time, cell number and volume and were then averaged over the different experimental conditions. 

For the case of 2D cell culture the two different setups used to determine the conversion rate resulted in a similar average 

value of approximately 616 FU converted per hour for 100,000. For the measurement in the 3D static culture system a 

linear correlation was again observed between the PB obtained signal and the cell number based on DNA measurement as 

shown in Figure 3.C. The resulting PB conversion rate was however significantly lower than the one obtained for the 2D 

static system (Table1).  



 

Table1: Observed increase in Presto Blue signal per hour for different static culture conditions based on Figure 3 and the 

representative Presto Blue conversion rates. 

 

Figure 3: (A) Fluorescent signal measured for different volumes of Presto Blue solution for 100,000 cells in a 2D static 

setup (n=3) (B) Fluorescent signal measured for different cell numbers in 2ml Presto Blue solution in a 2D static setup 



(n=3) (C) Presto Blue signal in function of incubation time for different time points during 3D static culture and 

corresponding cell number based on DNA measurements (n=3)  

As shown for both the 2D and 3D static culture and measurement setups the PB signal and DNA content measured for 

perfusion bioreactor expanded cells showed no significant differences after fitting the curves as shown in Figure 4.A in 

which both the increase in FU and the increase in cell number are represented on the Y-axis. Normalizing the signal to the 

volume and cell number resulted in conversion rates which were not significantly different from the earlier determined 2D 

conversion rates during the proliferative phase (Figure 4.B). As also shown in Figure 4.A the metabolic conversion rate of 

the cells in the scaffold does decrease once confluency is reached as determined with DNA measurements (Figure 4.B). 

 

Figure 4: (A) Cell number and Presto Blue signal during 21 days of 3D perfusion bioreactor culture for different time points 

(B) Presto Blue conversion rates for different time points during 3D perfusion bioreactor culture. * 0.05<p<0.01 

In order to determine the influence of the culture and measurement setup on the PB signal, bioreactor and static 

measurements of cells expanded in both 3D bioreactor and static setups were performed. Figure.5.A shows a significant 

higher DNA content for all 3D bioreactor expanded cells in comparison to the static 3D expanded cells. No significant 

difference was observed between the cells expanded under the same conditions indicating that the handlings performed for 

the measurements did not influence the cell content. Despite the significant differences observed in DNA content no 

differences in PB signal were observed between the 3D static and bioreactor expanded cells using the static measurement 

setup (Figure.5.C). However the measurements performed in the bioreactor system showed a significant difference between 

the bioreactor and the statically expanded cells (Figure.5.B). Since different incubation times and PB volumes were used 

for the bioreactor and static measurements the obtained signal was corrected for cell number, time and volume. Figure.5.D 

shows that a similar conversion rate was determined for all bioreactor measured conditions, independently from the culture 

setup. The conversion rate determined for static measurements were significantly lower in comparison to all bioreactor 

measured conditions. Additionally, the conversion rate determined for the bioreactor cultured, static measured samples was 

significantly lower than those for the statically cultured and measured.  



 

Figure.5: (A) DNA content (ng/ml) after 3D cell expansion for  different culture and measurement setups, as shown on the 

axis (n=3) (B) Presto Blue signal after either 3D static or perfusion bioreactor cell expansion, measured in the perfusion 

bioreactor system  (n=3) (C) Presto Blue signal after either 3D static or perfusion bioreactor cell expansion, measured in 

the static system (n=3) (D) Conversion rates for 3D constructs cultured in a bioreactor or static setup determined using a 

bioreactor (black) or static (grey) measurement setup (n=3). * 0.05<p<0.01, ** 0.01<p<0.001, $ indicates significant 

differences between dynamic and static measurement for the same construct, p<0.05 

No significant differences in cell proliferation were observed when using different flow rates nor did the increased viscosity 

and the correlated shear stress for the low volumetric perfusion influence the final cell number (Figure.6.A). Additionally, 

the conversion rates determined for the different conditions were not influenced by the perfusion velocity (Figure.6.B) 

indicating that, next to the proliferation, the PB conversion rates and therefore the metabolic activity of the cell population, 

was not influenced by flow rate within the examined range corresponding with initial shear stress values between 7E-3 Pa 

and 3.08E-2 Pa (Sonnaert et al. 2014). 

Although flow rate does not influence the conversion rate of the PB assay it should be high enough to prevent local 

saturation of the assay at the outlet of the scaffold. To determine at which combinations of flow rate and cell number this 

could influence the readouts, mass balance equations were used to determine the relative saturation of the linear PB 

operating window in the medium reservoir and at the scaffold in- and outlet in function of flow rate, cell number, 

measurement volume and incubation time. The resulting resorufin concentrations at the scaffold outlet obtained from the 

time dependent mass balances were subsequently converted to relative PB saturation as shown in Figure.7.A-C. Although 

flow rate did not influence the conversion rate of the assay, flow rate dependent changes in PB saturation were observed 

(Figure.7.B). Figure.7.D subsequently shows for which combinations of incubation time, cell number and flow rate 

saturation at the scaffold outlet is reached, allowing to define an operating window for the measurement.  



 

Figure.6: (A) Cell content for 3D constructs cultured in the perfusion bioreactor based on DNA measurement for different 

flowrates and medium viscosities (n=3) (B) Presto Blue conversion rate for 3D constructs cultured in the perfusion 

bioreactor with different flowrates and medium viscosities 

 

Figure.7: Presto Blue saturation at the bioreactor chamber outlet determined for (A) different cell numbers (B) different 

flow rates (ml/min) (C) different measurement volumes (ml) (D) incubation time (min) after which saturation of the Presto 

Blue assay is reached at the bioreactor chamber outlet for specific combinations of cells and flow rate (ml/min) (E) 

Operating window for Presto Blue measurement of a bioreactor chamber containing a scaffold with 2,500,000 cells valid 

for flow rates above 0.4ml/min (F) Operating window for a Presto Blue measurement in a 3D perfusion bioreactor system 

containing 5ml of measurement solution valid for flow rates above 0.4ml/min. The red area shows the measurement 

conditions which result in a value outside the linear operating window of the assay. 

1.4. Discussion 

A number of reports have shown that metabolic assays such as the AB assay can be used to monitor cell proliferation 

(Mueller et al. 2013, Zhou et al. 2013) although no quantitative correlation between the conversion rate of the reagent and 

the cell number has been defined. To enable a quantitative use of this tool we investigated the influence of three different 

cell culture methods and correlated measurement set-ups, including bioreactor culture, on the conversion of the resazurin 

based PB metabolic assay.  

Initially, a validated metabolic activity assay, the AB assay (Zhou et al. 2013) was compared with the PB assay for 

conventional 2D cell expansion. As shown in Figure.2.C the maximum signal obtained in the linear operating range was 

approximately 3,000 FU for the AB assay and 3,500 for the PB assay indicating that the latter has a significantly larger 

operating window.  Additionally, the time dependent increase in signal was significantly higher at each time point for the 



PB (Figure.2.A, B and C) demonstrating that this assay has a higher sensitivity power which was also confirmed by 

comparing the relative standard deviations obtained for both assays (Figure.2.D).  

Table1 shows that a linear correlation between PB signal and cell content exists (R²=0.87). Due to the increase in cell 

number, and the correlated decrease in available surface for proliferation, a decreasing trend in PB conversion in function 

of cell number was however present.  Nonetheless, no significant differences were observed between the average 

conversion rates determined using different volumes and cell numbers and a quantitative correlation between cell number 

and PB signal could be established. Although other groups reported discrepancies between resazurin conversion of the AB 

assay and cell number (Ng et al. 2005, Quent et al. 2010) these could probably have been induced by the high cell density 

in the culture systems used. When performing a similar experiment for static 3D cell culture and monitoring proliferation 

in function of time a quantitative relation between cell number and PB signal was again observed (Figure 3.C) although a 

significantly lower conversion rate was obtained (Table1). For the perfusion bioreactor 3D cell culture, the PB conversion 

rate was significantly higher than observed for the static 3D system and no difference was found in relation to the 2D setup 

(Figure 4.B). Since previous studies already showed that cell growth in 3D scaffolds in a static culture setup is 

predominantly located at the outer edges of the scaffolds due to limitations in nutrient diffusion (Ishaug et al. 1997, Bancroft 

et al. 2002, Sikavitsas et al. 2003, Papantoniou et al. 2014, Sonnaert et al. 2014) also the difference in PB conversion rate 

might be related to limited diffusion.  

In order to confirm that the different conversion rates observed between 3D static and perfused culture systems originated 

from enhanced mass transport in the perfusion bioreactor system, the conversion rate for cells expanded both in the 3D 

static or bioreactor system were determined using both static and bioreactor measurement setups. As shown in Figure.5.A 

the measurement methods and manipulations did not influence the final cell content of the scaffolds. Despite the significant 

differences in DNA content, the PB signal measured in the static setup was not influenced by the culture conditions 

(Figure.5.C). Diffusion limitations possibly influenced the accessibility of the cells in the centre of the densely populated 

bioreactor cultured scaffolds (Ishaug et al. 1997, Bancroft et al. 2002, Sikavitsas et al. 2003). In order to confirm this 

hypothesis the maximal diffusion depth of the resazurin in the scaffolds was determined using a partial differential equation 

describing the spatiotemporal evolution of resazurin (cR) as discussed by Demol et al., 2011 (Demol et al. 2011). As no 

data was available on resazurin diffusion in an engineered neo-tissue the diffusion coefficient (D) of resazurin in aquatic 

systems was used as an approximation (2.04*10-6cm²/s) (Khazalpour et al. 2014). The resazurin conversion rate (Q) was 

based on the results discussed earlier and cells were assumed to be homogenously distributed in the neo-tissue with a 

density (ccell) based on previous nano-CT volumetric results (Papantoniou et al. 2014, Sonnaert et al. 2014).  

𝜕𝑐𝑅(𝑧, 𝑟, 𝑡)

𝜕𝑡
= 𝐷(𝑧, 𝑟, 𝑡). ∇2c𝑅(𝑧, 𝑟, 𝑡) − 𝑄 ∗ 𝑐𝑐𝑒𝑙𝑙(𝑧, 𝑟, 𝑡) 

The steady state solution of the system enabled determining a maximal diffusion depth of 700µm. This results in an active 

volume of 40% of the total scaffold implying that only the cells present in this volume can contribute to the resazurin 

conversion. This corresponds to the discrepancy between the apparent conversion rate determined for bioreactor cultured, 

static measured scaffolds and bioreactor cultured and measured scaffolds in which the resasurin is perfused through the 

scaffold for which the static determined conversion rate was only 35% of the dynamic based value (Figure.5.D). For the 

bioreactor measured conditions we did observe an influence of the culture system on PB conversion (Figure.5.B). To 

compare conversion rates between the two measurement setups the PB signal was corrected for volume, time and cell 

number (Figure.5.D) which showed that conversion rates measured with the bioreactor setup were not influenced by the 

culture system used. As the Péclet number was larger than 1, the convective mass transport in this measurement setup 

ensured a homogeneous distribution of the PB reagent throughout the scaffold independent from the cell distribution and 

therefore a realistic conversion rate could be determined as opposed to apparent conversion rates obtained in the static, 

diffusion based setups. Since the used culture systems did not influence the conversion rates, the differences observed 

between the static and bioreactor measurement setups were not caused by changes in cell metabolic activity but rather by 

a decreased conversion efficiency caused by diffusion limitations (Ishaug et al. 1997, Bancroft et al. 2002, Sikavitsas et al. 

2003). Despite the lower conversion rate in the static setup a correlation between the obtained PB signal and the DNA 

content still exists as shown in Figure 3.C. This indicates that dependent on the measurement system different conversion 

rates should be used and that quantitative use of the methodology requires a system specific validation of the measurement. 

This was further validated by generating a correlation plot depicting the cell number based on the PB measurements in 

function of the cell number based on DNA measurements (Figure.8). Taking into account the respective conversion rates 

for the static cultured/measured and dynamic cultured/measured expansion systems an R² value of 0.9548 was obtained 

confirming the potential quantitative use of the methodology. 



 

Figure.8: Correlation between cell number determined on DNA measurement and cell number based on Presto Blue 

measurement for all 3D static and dynamic cell expansion performed for Figures 2-6 using the respective conversion rates 

determined for the two culture systems. (▲ 3D dynamic expansion and measurement, ● 3D static expansion and 

measurement) 

At day 21 of culture, after the proliferative phase as could be observed in Figure 4.A, both the increase in cell content, the 

PB signal and the conversion rate decreased significantly. As suggested for the 2D system (Figure 3.B and Table1) the 

decreased conversion rate of the PB assay for high cell densities might be related to the decrease in cell proliferation. 

Alternatively, previous work showed a non-linear correlation between the resazurin conversion and the cell number for 

high density cell cultures which was due to diffusion limitations both in 2D and 3D (Ng et al. 2005), although the fluid 

flow in the bioreactor system should circumvent these problems. Additionally, the high cell density in these constructs has 

been suggested to result in the further reduction of the fluorescent resorufin in the non-fluorescent, colourless 

hydroresorufin (O'Brien et al. 2000) thereby resulting in a decreased amount of the fluorescent resorufin. However, since 

multiple groups showed a linear behaviour of the assay within the defined operating conditions (Quent et al. 2010, Mueller 

et al. 2013, Zhou et al. 2013), the decrease in cell proliferation remains the most probable explanation for the observed 

decreased conversion rate of the PB.  

In order to determine the applicability of the proposed methodology for a broader range of operating conditions we 

subsequently also determined the influence of the use of different flow rates and shear stresses (using dextran to increase 

fluid viscosity) on the metabolic conversion rates of the assay. In a recent publication we showed that the use of range of 

flow rates (corresponding to initial shear stress values between 5.59E-4 and 5.59E-2Pa) did not induce differentiation of 

the expanding hPDC cell population (Sonnaert et al. 2014) Furthermore, a functional bone marrow derived mesenchymal 

cell population was also expanded in undifferentiated state under flow conditions in a perfusion 

bioreactor(Papadimitropoulos et al. 2014). In correspondence with these findings, we observed that the metabolic activity 

of the hPDCs is constant and independent from dextran concentration (affecting shear stress) and volumetric flow rate. 

Taking into account the determined conversion rates, expected number of cells and the culture and measurement setup 

these results now allow to define an operating window for each specific setup which will allow a rational selection of 

operating conditions (Gerontas et al. 2009, Papantoniou et al. 2013). Figure.7.D shows for which combination of cell 

number, flow rate and incubation time saturation of the assay is reached at the scaffold outlet, thus indicating the minimal 

flow rate and maximal incubation time required for monitoring an expansion system in function of the expected maximal 

cell number. It should be noted that, despite the fixed assay volume and therefore the fixed amount of resazurin which can 

be converted, the maximal incubation time for a certain cell number varies in function of flow rate. Next to the saturation 

of the assay due to high cell numbers and low flow rates, a significant resazurin concentration gradient will be present in 

the tubing of the system for high cell numbers and low flow rates. For higher flow rates this concentration gradient will be 

negligible resulting in a constant, cell dependent maximal incubation time. For these cases the operating window of the 

assay can be determined based on the total circuit volume, incubation time and expected cell number as shown in Figure.7.E 

and F in which the expected PB signal is shown in function of measurement volume and incubation time (Figure.7.E) or 

incubation time and cell number (Figure.7.F). This simplified representation of the system will be valid for flow rates that 

not significantly influence the maximal incubation time as shown in Figure.7.D. Next to using this mathematical 

representation of the system to define optimal operating conditions, the quantitative correlation between PB conversion 

and cell number can also be used to determine the cell number in the scaffold at any given time. Additionally, the theoretical 

boundaries of the window of operation could be determined for the dynamic measurement method i.e. convective perfusion 

through the constructs. For example, using a flow rate of 1ml/min as employed for measurements in this study, cell numbers 

as low as 50.000 cells could be detected using 5ml of PB solution although at least 120 minutes incubation time would be 

required to obtain a quantitative signal. On the other hand, using the same flow rate and 50ml of PB solution, constructs 

containing up to 25.000.000 cells could be monitored using short incubation times between 15 and 20 minutes. A further 



increase in PB solution volume would even allow the further broadening of the window of operations, thereby enabling the 

methodology to effectively cover the entire range of cell densities used for tissue engineering applications for which final 

cell densities in the engineered constructs were reported between 10^7 and 10^8 cells/cm³  (Bancroft et al. 2002, Eyckmans 

et al. 2006, Haycock 2011, Rodrigues et al. 2011, Santoro et al. 2012).In conclusion we can state that the PB assay is a 

promising tool to for on-line monitoring of cell proliferation in a 3D perfusion bioreactor system. Since the conversion of 

the metabolic assay was shown to be constant in function of time during cell proliferation, and the culture parameters such 

as flow rate and shear stress did not influence the metabolic activity nor the conversion efficiency, a quantitative correlation 

between cell number and PB conversion could be established. This allowed to determine the assay concentration at each 

location in the setup, thereby enabling to define optimal operating conditions as well as calculating cell number in the 

scaffold based on the PB concentration.  
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