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Abstract Three-dimensional cultivation of human

cells is promising especially for long-term mainte-

nance of specific functions and mimicking the in vivo

tissue environment. However, direct viability assess-

ment is very difficult in such systems. Commonly

applied indirect methods such as glucose consumption,

albumin or urea production are greatly affected by

culture conditions, stress and time of cultivation and do

not reflect the real time viability of the cells. In this

study we established a real-time in situ viability assay

namely; resazurin assay, in a 3D hollow-fiber bioreac-

tor using human liver cells. Resazurin assay is based on

the conversion of resazurin to a fluorescent dye by

cytoplasmatic and mitochondrial enzymes. We show

that the resazurin reagent in concentrations used in this

study is non-toxic and could be rapidly removed out of

the system. Moreover, we observed that dead cells do

not affect the results of the assay. We optimized the

assay on HepG2 cells and tested it with primary human

hepatocytes. Moreover, we maintained primary human

hepatocytes in the 3D bioreactor system in serum-free

conditions and also assessed viability before and after

the exposure to amiodarone using the resazurin assay.

We show that this approach is applicable during long-

term cultivation of cells in bioreactors under different

conditions and can moreover be applied to pharmaco-

logical studies, e.g. investigation of chronic drug

effects in such 3D bioreactors.
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In situ viability assay � Drug testing � Resazurin

Introduction

The cell viability is routinely assessed during main-

tenance and testing of cell culture systems. A palette of

established and validated assays based on diverse

endpoints is available. Examples include assays such

as the MTT and WST-1 assays which are based on the

metabolic activity, Trypan-Blue exclusion method

which relies on membrane integrity and Sulforhoda-

mine B and crystal violet assays that quantify protein

content, among many others. Other non-invasive

methods such as measurement of respiration in 2D

multiwell plates equipped with oxygen sensors have

been reported to show high correlations to other

endpoint assays (Noor et al. 2009). The resazurin

D. Mueller � G. Tascher � E. Heinzle � F. Noor (&)

Biochemical Engineering Institute, Saarland University,

Geb. A1 5, 66123 Saarbruecken, Germany

e-mail: fozia.noor@mx.uni-saarland.de

G. Damm

Department of General-, Visceral- and Transplantation
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assay, well-known under the trade name Alamar

Blue�, is based on the reduction of the non-fluorescent

substrate resazurin into the fluorescent dye resorufin

by mitochondrial and cytosolic enzymes. The reduced

form of the fluorescent dye is soluble and the cells can

be further cultivated after the assay (O’Brien et al.

2000).

We recently reported long term maintenance and

chronic toxicity assessment in 2D cultures with

enriched medium (Mueller et al. 2012). Although 2D

cultivation systems are easy to maintain and handle,

these do not reflect the three-dimensional in vivo

tissue environment. Alternative cell culture systems

are based on 3D cell culture techniques mimicking the

microenvironment of tissues or organs and allow long

term maintenance of the cells. These cultivation

systems include gel-based systems imitating extracel-

lular matrix (Sodunke et al. 2007), spheroids (Abu-

Absi et al. 2002; Mueller et al. 2011a), micro scaffolds

(Bokhari et al. 2007) or various types of hollow fiber

bioreactors (Schmitmeier et al. 2006; Schmelzer et al.

2010). Hollow fiber 3D bioreactors were applied as

bioartificial liver for clinical applications (Gerlach

et al. 2003) and were down-scaled for analytical

purposes. Liver cells form three-dimensional aggre-

gates around the hollow-fibers including the formation

of liver-specific structures (Zeilinger et al. 2004). It

was shown that the 3D bioreactors are suitable for

long-term functional maintenance of primary human

hepatocytes indicating high potential of these systems

particularly for the assessment of chronic drug-

induced effects (Mueller et al. 2011b). One main

disadvantage of this hollow-fiber bioreactor is its

black-box character, since direct cell counting meth-

ods as well as microscopic observation of cells is not

possible. So far, only indirect methods such as

monitoring of substrate consumption rates are reported

for viability assessment. A real-time in situ viability

assay would be very helpful for evaluating cellular

state over extended periods of culture. Gloeckner et al.

(2001) applied the resazurin assay to a miniaturized

3D hollow-fiber bioreactor monitoring proliferation of

human leukemic cell lines. Using suspension cell

lines, they found a higher sensitivity of their method

compared to indirect methods such as monitoring of

glucose consumption.

In the presented study, we tested this method for

adherent cells for the viability assessment of the

HepG2 cell line as well as of primary human

hepatocytes in a 3D-hollow fiber bioreactor system.

Moreover, we determined the concentration of the

reagent that can be safely used in the bioreactor

without causing toxicity and at the same time giving a

measurable signal. We also assessed the retention of

the reagent inside the bioreactor and determined the

time needed to wash out the reagent from the system.

Using a control, we show that dead cells or released

enzymes do not affect the established assay. In case of

primary human hepatocytes, the cells were exposed to

a clinically relevant concentration of amiodarone for

4 days. Viability was assessed in the early and late

phase of the cultivation (i.e. before and after drug

exposure).

Although we used human liver cells, other cell

types like kidney cells (Iwahori et al. 2005) or cardiac

cells (Hosseinkhani et al. 2010) could also be main-

tained in a 3D bioreactor system. In all cases, viability

assessment is fundamental. The real time in situ assay

described in our study could be extended to these other

cell types in various 3D bioreactor settings. This

would additionally support studies on cell physiology

and phenotype and can be also applied to long term

drug toxicity assessment studies.

Materials and methods

Culture medium and cells

The human hepatoblastoma cell line, HepG2, was

obtained from the German collection of microorgan-

isms and cell cultures (DSMZ, Braunschweig, Ger-

many). Cells were routinely maintained in Williams

Medium E (PAN Biotec, Aidenbach, Germany) sup-

plemented with 100 U/ml penicillin, 100 lg/ml strep-

tomycin and 10 % fetal calf serum (FCS; PAN Biotec,

Aidenbach, Germany) at 37 �C in a cell incubator

(Memmert GmbH, Schwabach, Germany) at 95 %

relative humidity with 5 % CO2 supply.

Primary human hepatocytes (PHH) were isolated

from resected liver tissues from patients with primary

and secondary tumors. Tissue collection was done

according to the institutional guidelines and with the

patient’s written consent. Isolation and purification of

non-tumor cells was performed as described previ-

ously (Mueller et al. 2011b).

In the 3D bioreactor system, cells were maintained

in Heparmed Vito 143 (Biochrom AG, Berlin,
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Germany) medium supplemented with insulin (20 IU/l),

transferrin (5 mg/l) and glucagon (3 lg/l), all from

Biochrom AG.

3D bioreactor system

The 3D bioreactors were purchased from Stem Cell

Systems GmbH (Berlin, Germany) (Fig. 1b). They

consist of three interwoven hollow fiber capillary

bundles that form four different compartments which

are integrated into a polyurethane housing as recently

described (Mueller et al. 2011b).

The bioreactor is kept in a chamber maintained at a

temperature of 37.5 �C and is connected to a perfusion

system (Fig. 1a). The perfusion system includes a

recirculation pump for medium perfusion, a feed pump

for fresh medium supply and a flow regulation for

gas supply. Recirculation flow rate was adjusted to

7 ml/min with a feed rate of 1.5–2 ml/h. The system can

be easily kept in recirculation mode when the feed pump

is switched off allowing recirculation of the medium in

the system, e.g. during assays. Bioreactor and tubing

system were assembled under sterile conditions on a

laminar flow workbench. After assembly, the bioreactor

was connected to the perfusion system.

In case of the HepG2 cells, 39 or 6 9 107 viable

cells were re-suspended in 7 ml Heparmed Vito

medium supplemented with 2.5 % FCS and inoculated

into the 3D bioreactor. Whereas in case of primary

human hepatocytes (PHH), 108 cells were inoculated

using Heparmed Vito medium supplemented with

2.5 % FCS. At day 10, the system was adjusted to

serum-free medium.

Assessment of the sensitivity of resazurin

Resazurin reagent was purchased as CellTiter-Blue�

Cell Viability Assay from Promega GmbH (Mann-

heim, Germany). For the assessment of applicable

resazurin concentrations giving sufficient signals,

5 9 104 HepG2 cells per well were seeded in a

96-well plate in Williams Medium E (WME) with

10 % FCS. After cell adherence overnight, the cells

were washed and 200 ll of serum-free medium was

added. Different resazurin concentrations, ranging

from 0.1 to 20 % in triplicates were added. The plate

was incubated at 37 �C and relative fluorescence unit

(RFU) was measured every hour (in total 6 h) at ex/em

540/590 nm using a Fluoroskan Ascent CF fluores-

cence reader (Thermo Labsystems, Vantaa, Finland).

Medium samples without cells were used as back-

ground controls.

Assessment of resazurin toxicity

A concentration–response curve of the resazurin

reagent was generated to determine its toxicity.

5 9 104 HepG2 cells were seeded per well in a

96-well plate in Williams Medium E containing 10 %

FCS and incubated over night for cell adherence.

Afterwards, cells were washed twice and serum-free

medium was added. The cells were exposed to

Fig. 1 a Perfusion system

for 3D bioreactor: pump

control (1), recirculation

pump (2), feed pump (3), gas

rotameters (4), bioreactor

(5) and sample port (6). b 3D

bioreactor with tubing for

medium in- and outflow as

well as for cell inoculation
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different concentrations of resazurin, ranging from 1

to 100 % (v/v) culture medium in triplicates. After

24 h, supernatant was aspirated off and cells were

washed twice with PBS. Two hundred ll medium and

resazurin reagent (20 % v/v) was added to each well.

The cells were incubated for 5 h in the incubator.

Fluorescence was measured as described above.

Untreated cells were used as negative control

(100 % viability) while cells treated with 20 %

dimethylsulfoxide (DMSO) as positive (dead) control.

Medium samples without cells were used as back-

ground controls.

Resazurin assay in 3D bioreactor

Resazurin reagent was slowly injected into the biore-

actor system via sample port, resulting in a final

concentration of 2 % (v/v). A 1 ml syringe with Luer-

Lok connections was used for injection. Recirculation

mode without medium feeding was adjusted. Samples

were taken using two 1 ml syringes at the same time,

adapted to a 3-way stopcock using Luer-Lok connec-

tions. First, about 1 ml of dead volume was drawn

using one syringe. After that, 0.5 ml of sample was

collected with the other syringe and dead volume was

put back into the system. Using this sampling

technique, accurate sampling was guaranteed. Fifty

ll samples were transferred into 96-well plates.

Fluorescence was measured at ex/em 540/590 nm.

Medium samples without cells were used as back-

ground controls.

Investigation of artifacts due to extracellular

components

Two hundred ll of medium and effluent (waste)

sample taken from the 3D bioreactor were transferred

into a 96-well plate. Forty ll of resazurin reagent were

added and the plate was incubated at 37 �C in a cell

incubator for 24 h. Fluorescence was measured at ex/

em 540/590 nm. As positive control, a sample of the

resazurin assay within the 3D HepG2 bioreactor

(incubation time 6 h) was used.

Assay validation in 3D bioreactor system

HepG2 cells were inoculated into a 3D bioreactor. At

cultivation day 3, viability was assessed by resazurin

assay. The detergent Triton X-100 was then injected

into the system at a concentration of 2 % (v/v). The

system was kept in recirculation mode for 24 h and the

cell viability was again assessed by resazurin assay.

Resazurin assay for viability assessment in 3D

bioreactor of PHH during drug exposure

Amiodarone was injected slowly in the 3D bioreactor

system, in a similar way to resazurin, preventing

oscillating over concentration. End concentration was

1.2 lM. Resazurin assay was performed in the early

and late phase of cultivation (i.e. before and after drug

exposure) to investigate effects of the drug.

Results

Assessment of the sensitivity of resazurin

To determine the linearity between reagent concen-

tration and increase in fluorescence, different resazu-

rin concentrations ranging from 0.5 to 20 % were

added to HepG2 cells in 96-well plates and fluores-

cence was measured over 6 h as shown in Fig. 2a. All

tested resazurin concentrations showed a significant

increase of fluorescence during 6 h of incubation. The

highest correlation coefficients were found at concen-

trations between 1 and 2.5 % (v/v). The higher

concentrations [C5 % (v/v)] showed a linear range

at the first hours of incubation, whereas saturation was

observed after 4 h. Even the lowest concentration of

resazurin reagent [(0.2 % v/v)] showed significant

increase of fluorescence over time.

Assessment of resazurin toxicity

For optimization of resazurin assay for its use in the

3D bioreactor, dose–response was assessed using

HepG2 cells. As shown in Fig. 2b, cells exposed to

higher concentrations of resazurin (i.e.[10 % v/v) for

24 h showed a lower viability as compared to control

cells. However, lower resazurin concentrations (B2 %

v/v) had no effect on cell viability.

Resazurin assay in 3D bioreactor

Based on the above results, we chose 2 % (v/v)

resazurin concentration for viability assessment in the

3D bioreactor system. A direct injection of the Alamar
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Blue dye would lead to an oscillation of the concen-

tration. To prevent this, reagent injection was carried

out slowly via the sample port of the tubing system and

slight mixing within the injection syringe was per-

formed. The resazurin assay was performed at day 3

after inoculation of 3 9 107 HepG2 cells (Fig. 3a). At

the start of the assay, only background fluorescence

which was 21 (±1) RFU was observed. Over 6 h,

linear increase of fluorescence was detected (Fig. 3a),

with regression coefficients of 0.992 between RFU

and time. After 6 h, the highest fluorescence was

observed (102 RFU) and the slope of the straight line

was 12.9.

Investigation of artifacts due to extracellular

components

Removal of the fluorescent product out of the 3D

bioreactor system should occur as fast as possible to

prevent any interference in other studies or assays.

Effluent samples after wash out of the resazurin assay

were collected and intrinsic fluorescence was mea-

sured. It was observed that the product could be

washed out of the system just by feeding one reactor

volume of the fresh medium and turning the system

into feed mode, whereby 2 ml/h fresh medium was

added. Effluent flowed out with the same rate. As

depicted in Fig. 3b, only negligible fluorescence was

observed at day 3 while at day 4 all resazurin assay

product was washed out and removed from the

bioreactor system.

As mentioned before, resazurin reagent is reduced

to a fluorescent dye by both, mitochondrial and

cytosolic enzymes. Possible artifacts due to extracel-

lular components would lead to false positive values.

To exclude this, both effluent sample of the 3D

bioreactor, which has been in contact with the cells

before, and fresh medium as negative control were

incubated with resazurin reagent for 24 h. As shown in

Fig. 3c, both effluent sample as well as fresh medium

(negative control) show only intrinsic reagent fluores-

cence (26 ± 1).

Assay validation in 3D bioreactor system

We tested whether the established assay showed a

dependence on the inoculated cell number and if a

positive (dead) control would create signal noise or

affect the results of the assay. Therefore, we inocu-

lated 6 9 107 HepG2 cells into the 3D bioreactor

system and performed the first resazurin assay at day 3

after inoculation (Fig. 4). Again, a linear increase in

fluorescence over time was measured in the recircu-

lation samples (R2 = 0.978). Fluorescence after 6 h

assay time was 195 RFU. At day 4, we injected the

detergent Triton X (2 % v/v) and kept the system in

recirculation mode. We again assessed viability by

resazurin assay as shown in Fig. 4. We saw a stable

Fig. 2 a Fluorescence signal intensity of different resazurin

concentrations tested on HepG2 cells. 5 9 104 cells were

seeded in 96-well plate format and incubated overnight.

Different resazurin concentrations were added, ranging from

0.2 % - 20 % (v/v) as indicated. Fluorescence was measured

over 6 h. Error bars indicate ± standard deviations (n = 3).

RFU = relative fluorescence units. b Concentration–response

curve for resazurin reagent giving percentage viability of

HepG2 cells after 24 h. Cell viability was assessed relative to

untreated control. Concentration of resazurin reagent in the

medium (v/v) is given in percentage of culture medium. Error
bars indicate ± standard deviations (n = 3)
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background signal of 21 ± 0.6 RFU during 6 h assay

time indicating null viability.

Resazurin assay for viability assessment in 3D

bioreactor of PHH during drug exposure

After optimization with HepG2 cells we proceeded

with PHH in the 3D bioreactor. For primary human

hepatocytes, viability was assessed in the early phase

after adjusting serum-free conditions (Fig. 5a). Ami-

odarone was then injected into the 3D bioreactor

system as described above. After exposure, amioda-

rone was washed-out by feeding fresh drug-free

medium. Viability was again assessed in the late

cultivation phase using the described resazurin

method (Fig. 5b).

At both time points, increase of fluorescence was

observed within the assay time. Fluorescence value at

assay start was 27 ± 4. After 6 h, RFU was 105

(R2 = 0.955) for the first assay in the early (day 11)

and 108 (R2 = 0.959) for the second assay in the late

cultivation phase (day 27) as shown in table 1.

Fig. 3 a Resazurin assay on HepG2 cells in the 3D bioreactor

system at cultivation day 3 for 6 h (3 9 107 inoculated cells)

b Fluorescence measurements on effluent samples after resazurin

application to determine the removal of the reagent product from

the 3D bioreactor. Samples were transferred into 96-well plates

and intrinsic fluorescence was measured at ex/em at 540 nm and

590 nm. Day 0 represents the day of the actual resazurin assay

after medium change, day 1–5 after the resazurin assay. These

samples were effluent samples collected every 24 h. The dye was

washed out with a flow rate of 2 ml/h. RFU = relative

fluorescence units. c Fluorescence measurements on effluent

sample of 3D bioreactor and fresh medium to exclude possible

artifacts due to extracellular components. Samples were trans-

ferred into 96-well plates and incubated with resazurin reagent

(20 % v/v) at 37 �C for 24 h. Fluorescence was measured at ex/em

at 540 nm and 590 nm. Negative control represents fresh medium

incubated with resazurin reagent, positive control represents a

sample of the resazurin assay within the 3D bioreactor at time

point 6 h. Error bars indicate ± standard deviations (n = 3).

RFU = relative fluorescence units

302 Cytotechnology (2013) 65:297–305

123



Discussion

A variety of assays are used for viability assessment in

two-dimensional (2D) cultures. The 2D systems and

assays are adequate and sufficient for most in vitro

applications. Nevertheless, 2D monolayer cultures

differ in their architecture, in the micro environment

and in the phenotype from the in vivo tissue. Various

3D bioreactors offer an alternative for maintenance of

cells in a tissue like environment. This is especially

important for long term cultivation while maintaining

the phenotype and the functionality of the test system.

The possibility of long term cultivation has an impact

on the testing of compounds in preclinical screening as

well as in safety pharmacology for e.g. chronic liver

toxicity assessments. As a prerequisite to any study,

cell viability must be assessed over extended culture

periods without disturbing the cells. As such a non-

invasive and real time assay is required. We recently

demonstrated long-term cultivation of primary human

hepatocytes in a 3D bioreactor system (Mueller et al.

2011b) for 3 weeks. We used biochemical parameters

such as galactose consumption and lactate production

as well as production of the liver-specific markers

albumin and urea for an indirect estimation of cellular

viability since a direct, microscopic observation of the

cells is not possible in this bioreactor. We, however,

modified the system by incorporating an on-line

respiration measurement device allowing the moni-

toring of cell viability. However, a simple and

technically less demanding assay for viability assess-

ment would be very useful.

In this study, we used a resazurin based viability

assay, to directly monitor cell viability within the 3D

bioreactor. This method allows direct in situ real time

monitoring of viability of cells despite the black-box

character of the bioreactor. Based on the results on 2D

monolayer system using HepG2, we chose a concen-

tration of 2 % (v/v) of resazurin since this concentra-

tion had no effects on the viability of the cells and gave

a linear signal for 6 h.

We assessed the viability of HepG2 cells (3 9 107

cells inoculated) maintained in the 3D bioreactor

at day 3 of inoculation. Linear increase of the

Fig. 4 Resazurin assay on HepG2 cells (6 9 107 inoculated

cells) in 3D bioreactor for 6 h at cultivation day 3 (closed
square) and upon incubation with Triton X-100 as positive

(dead) control (closed triangle)

Fig. 5 Resazurin assay on primary human hepatocytes

(108 inoculated cells) in 3D bioreactor system at a day 10

b day 27. Resazurin concentration was 2 % (v/v). Samples were

taken over 6 h, transferred into 96-well plates and fluorescence

was measured at ex/em 540 and 590 nm. RFU relative

fluorescence units
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fluorescence signal was detected during 6 h of incu-

bation time. It was further demonstrated that easy

wash-out of the product is possible without perturbing

the cells. The short incubation time is moreover

helpful since the whole assay can be carried out within

a few hours. Reduction of the substrate by medium

components or released cellular enzymes due to cell

death, which would lead to false-positive values was

also excluded experimentally. It was concluded that

the reagent reduction was exclusively caused by living

cells in the 3D bioreactor.

As further controls, we tested the established

resazurin assay in a 3D bioreactor inoculated with

6 9 107 HepG2 cells. This is double the number of

inoculated HepG2 cells in the above bioreactor. The

highest fluorescence value observed upon 6 h assay

time was 195 RFU, which is 1.9 fold higher as in the

first experiment. Therefore, we conclude that the

established assay show a significant dependence on the

inoculated cell number. Due to the required material

and the high costs of bioreactors, it is not possible to

establish calibration curves using a range of different

inoculated cell numbers. However, the clearly

observed cell number dependence show the potential

and applicability of the assay, e.g. for physiological

and toxicity studies. Furthermore, we tested if dead

cells would influence the results of the assay by

injecting the detergent Triton X-100. After recirculat-

ing overnight, resazurin assay was again performed

and showed only background fluorescence indicating

that all cells were killed by incubation with Triton

X-100. Based on this, we proved that a lot of dead cells

or released enzymes do not interfere with the assay.

A step further, we investigated another 3D biore-

actor with primary human hepatocytes. In this system,

we started the cultivation using 2.5 % fetal calf serum

and adjusted to serum-free conditions at day 10. Use of

serum limits pharmacological and ‘‘-omics’’ relevant

studies due to the non-defined composition, batch-to

batch variations and high endogenous protein content

of the serum. In our previous study, we showed the

serum-free cultivation of PHH in these 3D bioreactors

for 11 days. Serum-free cultivation of PHH is of

particular interest since it was reported that FCS

induces dedifferentiation and therefore loss of func-

tionality of these cells (Tuschl et al. 2009).

After adjusting to serum-free conditions, we con-

tinuously exposed the PHH to therapeutic concentra-

tion of amiodarone for 4 days. The system was washed

over 3 days. In the late cultivation phase (day 27),

viability was again assessed using resazurin assay. By

comparing fluorescence values at the end of both

assays (105 RFU and 108 RFU) it was observed that

viability was maintained even after drug exposure in

serum-free conditions. Therefore, we could conclude

that the exposure to clinically relevant concentrations

of amiodarone did not affect cell viability in this

experiment. This also proves the non-invasiveness of

the assay. However, future studies should include

determination of free drug concentration within the 3D

bioreactor system since drug binding to the capillaries

inside the bioreactor could occur. This may partly

explain why we did not observe any toxic effects of

amiodarone in our system.

In addition, future studies focusing on the prolifer-

ation profiles of HepG2 in the 3D bioreactor over time

would be very useful to improve the functionality of

the HepG2 cells. Some studies have shown a more

differentiated cellular phenotype for HepG2 cells

when grown in a three-dimensional manner (Altmann

et al. 2008; Lan and Starly 2011).

We show that the resazurin based assay is applica-

ble to 3D bioreactor systems using adherent cells. This

real time in situ assay will be of tremendous impor-

tance in monitoring long term cultivation of cells in

such bioreactors. This will also facilitate the monitor-

ing of long term drug/test compound induced effects

on the cells. The established assay in presented 3D

bioreactor would further support future cellular phys-

iological as well as pharmacological studies in terms

of the assessment of drug effects on cellular metab-

olome, fluxome, proteome or peptidome, where accu-

rate assessment of viability is essential for qualitative

and quantitative analyses. Moreover, toxic effects of

drugs can be assessed and the assay could also be

Table 1 Resazurin assay in the 3D bioreactor system

Primary human hepatocytes

Early phase (day 10) Late phase (day 27)

RFU after 6 h 105 108

Linearity (R2) 0.955 0.959

Slope 11.3 13.0

Table shows relative assay values after 6 h, as well as linearity

and slope of fluorescence curve over time. For primary human

hepatocytes, two assays were performed in the early and late

cultivation phase, i.e. before and after drug exposure

304 Cytotechnology (2013) 65:297–305

123



applied to any other cell type in 3D bioreactors,

supporting different research fields.
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