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Chapter

Mammalian Cell Viability 
Methods in 3D Scaffolds for Tissue 
Engineering
Benjamin Gantenbein, Andreas S. Croft and Marie Larraillet

Abstract

Modern methods have evolved in tissue engineering to evaluate cell viability 
(CV) in 3D scaffolds and tissues. These involve either the usage of 3D confocal laser 
microscopy of live or fixed tissues, or separation of cells from the tissue, either live 
or fixed, and then their analysis by flow cytometry. Generally, working with live 
cells has the disadvantage that all the scanning needs to be completed immediately 
at the end of an experiment. Two different approaches can be distinguished: stain-
ing intact cell membranes and staining fixed cells. The entire cytoplasm is stained 
with amine-reactive dyes (ARDs), these use the principle of dead cell exclusion. 
Here, we list and compare live-cell versus fixed-cells fluorescence-based methods 
and also show their limitations, especially when working with autofluorescent or 
cross-linking materials like silk or genipin-reinforced hydrogels. Microscopic tech-
niques have the advantage over flow cytometry-based methods in that these provide 
the spatial distribution and morphology of the cells. Calcein AM combined with 
ethidium-homodimer works for most 3D constructs, where no strong fluorescent 
background is found on the tissue or scaffold. Frequently, however, concentrations 
and incubation times need to be adjusted for a specific tissue to ensure diffusion of 
dyes and optimise emittance for detection.

Keywords: live/dead staining, 3D scaffold, hydrogels, confocal laser scanning,  
calcein AM, ethidium homodimer-1, cell tracking, mammalian cells, amine-reactive 
dyes (ARDs), microscope, fixed cell staining, glycosaminoglycan-rich tissues, fibrin, 
silk, genipin

1. Introduction

1.1 The need for 3D culture models in tissue engineering

There are several areas of applied research where the importance for ex vivo 
3D culture models is crucial, especially if 3D organ culture models are to be 
established using perfusion or non-perfusion characteristics or even under static 
culture conditions. These concepts apply to all research areas involving organs 
and tissues in culture. As the authors of this chapter are active in the field of 
musculoskeletal research, examples will be illustrated using connective tissues or 
cells isolated from bone and joints. These fields often focus on joint-derived tis-
sues that cause clinical problems for healing such as (i) anterior cruciate ligament 
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(ACL) [1–3], (ii) cartilage scaffold engineering [4–7], (iii) intervertebral disc 
(IVD) regeneration [8–10] and (iv) bone regeneration [11–15]. We demonstrate 
a subset of fluorescent staining and methods to stain cells from bone and joint-
derived tissues: that is, staining mesenchymal stromal cells, chondrocytes and 
IVD cells in native tissue or in 3D hydrogel-like scaffolds such as fibrin [16], 
polyethylene glycol (PEG) [17], and also cells on solid materials such as silk [18]. 
In all of these fields, bioreactor models have been developed to better understand 
the mechanism of mechanical loading on these tissues. However, the combination 
of novel smart biomaterials can also be studied together or in direct contact with 
the organ of interest under more realistic conditions [10, 19–21]. More gener-
ally speaking, as the aim is to develop clinically relevant models considering the 
integrity of tissue and organ explants, judging cell viability (CV) becomes a major 
issue that needs to be assessed [22]. CV is also the main read-out for new bio-
materials and scaffolds to be tested for tissue engineering (TE) and cell therapy 
applications. Of course, there are other parameters quantified such as DNA 
content, mitochondrial activity [23, 24] and cell apoptosis [25, 26]. However, in 
this book chapter, we would like to emphasise CV as a key parameter and sum-
marise the currently most applied methods to stain and visualise living and dead 
cells. Furthermore, we provide a link of an automated cell counting macro for the 
integration of ImageJ, a free microscope imaging processing platform to quantify 
CV [27]. At the end, we would like to present some examples using 3D automated 
macros for high-throughput screening. The decision whether to analyse cells in a 
living or dead state has to be made relatively early in the work flow (Figure 1).  
Most fluorescent dyes that are introduced here are commercially available as 
kits (Table 1) [4, 28–31]. However, as many of the patents have expired, most 

Figure 1. 
Overview of tissue engineering principles and judgement for cell viability (point out microscopy or FACS 
methods). The main decision is whether information on the cell morphology and spatial distribution is essential 
or whether quantitative numbers of CV are enough. In the latter case, determination of CV by flow cytometry 
using either fixed or live cells is the choice. However, in these cases the cells need to be isolated from the ECM 
firstly and then the 3D information and original cell morphology are lost. For certain applications in TE, it is 
crucial to see into the 3D distribution of living cells in the tissue/scaffold.
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fluorescent dyes are now also available from a wider range of distributors even as 
concentrated powders and can be bought for affordable prices. We would like to 
provide a series of more or less straightforward protocols to trace living cells in 
tissues, of which, we can provide our own experiences. Finally, we would like to 
conclude with some, in our view, hard-to-trace examples using biomaterials with 
strong autofluorescence or difficult optical characteristics. For these biomaterials, 
scanning may not be easy and no good workarounds exist yet.

1.2 Evaluation of the cell viability in hydrogels, living tissues and organs

In TE and for orthopaedics and other fields involving organ and tissue-oriented 
research, it is crucial to understand whether cells are alive if seeded into a scaffold 
and after a specific time of culture. For a cross-disciplinary field in regenerative 
medicine, it is essential to understand the viability of tissues and cells over time, 
especially in 3D scaffolds, where diffusion gradients arise through unequal dis-
tribution of nutrients, oxygen concentration and pH gradients caused by cellular 

Staining Name λEx 

[nm]
λEm 

[nm]

Providers Applications and 

references

Calcein 

AM

Calcein 

acetoxymethyl 

ester (green)

496 516 Sigma-Aldrich, 

Thermo Fisher 

Scientific

Live cell staining, cell 

tracking [4, 16, 28–31, 43]

CellVue™ Claret far red 

linker kits

655* 675* Sigma-Aldrich Live staining [51]

DAPI 4′,6-diamidino-2-

phenylindole

340 488 Sigma-Aldrich, 

molecular 

probes, 

Thermo Fisher 

Scientific

Dead nuclei staining for 

fixed cells, does not stain 

live cells

DID Vybrant™ Cell-

Labelling Solutions 

(far red)

644 665 Thermo Fisher 

Scientific

Live/dead membrane 

staining [59]

DIL Vybrant™ Cell-

Labelling Solutions 

(orange)

549 565 Thermo Fisher 

Scientific

Live/dead membrane 

staining [59, 60]

DIO Vybrant™ 

Cell-Labelling 

Solutions (green)

484 501 Thermo Fisher 

Scientific

Live/dead membrane 

staining [59]

EthD-1, 

EtDi

Ethidium 

homodimer-1

528 617 Sigma-Aldrich Dead nuclei staining

LuminiCell 

Tracker™

Nanoparticles 422* 540* Sigma-Aldrich In vivo cell tracking

PKH26 Red fluorescent 

cell linker kits 

for general cell 

membrane 

labelling

551 567 Sigma-Aldrich Live membrane staining, 

transplantation studies 

[53–56]

PKH67 Green fluorescent 

cell linker kits

490 502 Sigma-Aldrich Live membrane staining 

[52, 60]

*Kits are available in multiple colours.

Table 1. 
An overview of the most commonly applied fluorescent dyes to either determine cell viability (CV) or to track cells 
in scaffolds or tissues. Also given are whether they are more suitable for live cell imaging or to work with fixed cells.
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activity. TE frequently involves scaffold designing that then often needs to be 
assessed for cytocompatibility and cell viability. Thus, a central question is whether 
the spatial distribution of cells is essential or whether solely quantitative numbers 
are sufficient.

Currently, there are a number of assays available to determine CV in tissue or 
three-dimensional (3D) scaffolds, including lactate dehydrogenase staining (LDH) 
[32–34], calcein-AM with ethidium homodimer-1 staining, for example Live/
Dead®, Ca-AM/EthD-1 and cell counting after scaffold/tissue digestion [35, 36] 
(Table 1). The easy and straightforward combination of Ca-AM/EthD-1 dyes can 
be used to stain living and dead cells directly in the scaffold or tissue. The Ca-AM 
is enzymatically hydrolysed into calcein in living cells, turning those into a bright 
fluorescent green. The EthD-1, on the other hand, is only able to enter cells with a 
compromised membrane and stains nucleic acid fluorescent red. It should be noted 
that it is also possible to count cells after scaffold digestion using different dyes or 
stains, which differentiate living from dead cells, such as Ca-AM or Trypan Blue 
(TB) [37].

There are many advantages of the LIVE/DEAD viability/cytotoxicity tests: One 
advantage is that the live cell staining is not dependent on cell proliferation and is 
a nonradioactive assay unlike thymidine uptake and 51Cr release assays [38–40]. 
Furthermore, stained cells can be observed using fluorescence illumination and 
can be counted to determine the percentage of viable (or non-viable) cells. For cells 
grown in multi-well plates, the overall fluorescence per well can be determined 
using a fluorescence plate reader. For 3D specimens, confocal laser scanning 
microscopy (cLSM) has widely been applied. The main advantage of the cLSM is its 
ability to record the precisely defined optical sections from a 3D sample. This can be 
achieved by moving the focal plane of the instrument stepwise through the depth 
of the specimen, whereby a series of optical sections (stacks) can be collected. This 
provides, of course, more detailed information than from a piece of tissue that con-
tains data from only one focal plane [41, 42]. Because optical sectioning is relatively 
non-invasive, the 3D distribution and relative spatial relationship of stained living, 
as well as fixed, cells can be observed with reasonable clarity. Another essential 
feature is that the slices obtained by the cLSM can be forwarded to automated 
image analysis and can also be rendered as 3D stacks if the optical plains are suf-
ficiently overlaid (about 20–30% is recommended). These stacks can then also be 
used to compute surface- or volume-rendered 3D reconstructions of the specimen. 
Accordingly, data from images can be processed and converted into cell counts and 
live/dead cell ratios, respectively.

Recently, the question was asked whether there are differences in outcomes 
among widespread cell viability techniques used in TE. To answer this question, 
three commonly used methods were recently systematically investigated: (i) clas-
sical hand counting by Trypan Blue and hemocytometer (ii) Live/Dead® staining 
in combination to confocal laser microscopy and (iii) lactate dehydrogenase (LDH) 
activity staining on histological slices (Figure 2) [16].

Generally, CV is defined as

 =
   

   

number of living cells
CV

total number of cells
 (1)

This formula is the basis to judge CV (Eq. (1)). The following paragraph 
will introduce the principles of live/dead staining and 3D scanning using cLSM 
technology, and provide hands-on protocols for staining connective tissues such 
as joints.
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2.  Applied protocols for live/dead staining of cells in tissues or scaffolds 
using cLSM

The following staining protocols using Ca-AM/EthD-1 in 3D carriers and tissues 
were partially reprinted with permission from the publishers. The protocols were 
modified and are based on the book chapter by [43].

2.1 Stage for 3D scanning

To ensure optimal optics, it is recommended not to use plastic well-plates from 
commercial manufacturers for scanning. Instead, a simple stage for 3D scanning 
with excellent optical characteristics for inverted microscopy can be produced with 
the following materials. The following protocol has been tested for intervertebral 
disc tissue of bovine and human origin but has also been successfully used for liga-
ment tissue of human joints and cartilage biopsies.

1. Aluminium plate (dimensions 50 × 80 × 6 mm) (Figure 3A and B)

2. Metal drill to cut out a circular hole (Ø 22 mm)

3. Coverslip 30 × 50 mm No.1 (e.g. Gerhard Menzel Glasbearbeitungswerk 
GmbH & Co. KG, Braunschweig, Germany)

4. Nusil© Medical Grade Silicon (MED-1137, Adhesive Silicone Type A, Silicone 
Technology, Carpinteria, CA, USA)

The Nusil© Medical Grade Silicon is dried for at least 72 hours.
The complete sample holder is washed twice with methanol and dried for 

15 minutes before use (Figure 3).

2.2 Preparation of staining solutions

Prepare 1 mL of staining solution using serum-free Dulbecco’s Modified Eagle 
Medium (DMEM) or phosphate-buffered saline (PBS) per tissue (~3 × 3 × 3 mm3). 

Figure 2. 
Representative images from the three different techniques used to estimate cell viability (i.e. LDH, Calcein  
AM/Ethidium homodimer (CaAM/EthD-1), and Trypan Blue staining after trypsin digestion) for five 
different cell viability mixtures, called MIX. (A) Exemplary images of cell viability stainings in fibrin 3D 
carriers using bovine chondrocytes. The pictures represent the outcome of an evaluation staining to control for 
cell viability (CV) and to investigate into the accuracy of these three prominent techniques to evaluate CV. 
(B) Error to MIX of the estimated CV in the MIX. It was evident that hand counting and Trypan Blue with 
hemocytometer is the most accurate method. CV was mostly overestimated with increasing number of living 
cells, especially with LDH assay. The figure was modified from [16] and reprinted with permission from the 
publishers. Values are means ± SD, n = 5.
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For the staining of tissue, we used a 10× higher concentration of Ca-AM (10 μM) 
than usually indicated on live/dead kits. The reason for this increased concentration 
is the fact that the fluorescent molecule needs a longer time to penetrate into the 
tissue or carrier, and a higher concentration is needed. However, for the EthD-1, we 
kept a 1 μM concentration as recommended by several manufacturers. Prepare the 
dye ‘cocktail’ directly before staining since fluorescent dyes are unstable in contact 
with water. Also, keep these freshly prepared dye solutions in the dark if possible.

2.3 Preparation of the tissue samples

IVD tissue from bovine or human origin or tissue of human ACL (in the latter 
case, both with ethical written consent) can be stained with this protocol, which 
we provide below. It is likely that incubation times and concentrations need to be 
adjusted for other tissue types.

1. Discs are then separated into nucleus pulposus and annulus fibrosus tissue by a 
6-mm Ø biopsy puncher (Polymed, Glattbrugg, Switzerland).

2. Circular tissues are then further cut into half by a scalpel blade and annulus 
fibrosus is further dissected into inner and outer annulus fibrosus by eye.

3. Tissues pieces are emerged in 1 mL of a freshly prepared staining solution in a 
12-well plate and incubated for 1 h at 37°C in 100% humidity and 5% CO2.

4. After incubation, tissue bits are transferred into a fresh well-plate and washed 
with 1 mL of TBSS and checked immediately with the laser scanning micro-
scope. For the imaging, a customised sample holder was used. The preparation 
of this customised sample holder is shown in Figure 3. For all of our live cell 
imaging, it was recommended to use a custom-made holder, which enables 
significantly improved optics than culture well-plates plastics on their own.

3. Staining and counting of pre-isolated fixed cells

In the following sections of this chapter, we present novel, unpublished data, 
and thoughts on the staining of fixed cells and how accurate these kits are to evalu-
ate the CV in scaffolds and tissues. We used the new class of fixable dead stains with 

Figure 3. 
Customised sample holder for scanning tissues and scaffolds. Dimensions of simple custom-made sample holder 
(aluminium plate with 22 mm Ø drilled hole) used for improved 3D scanning. (A) Side view. (B) Schematic 
top view. The picture is modified but based on [43] and reprinted with permission from the publishers.
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the aim that CV could be determined in fixed tissues as an alternative to live/dead 
cell staining as outlined in the previous section. Fixable dead cell stains referred to 
as amine-reactive dyes (ARDs) are a class of viability dyes designed for the discrim-
ination between living and dead cells in samples that will be fixed. It is a new class 
of viability assays using the principle of dead cell exclusion markers. The method 
is based on the reaction of a fluorescent reactive dye with cellular amines [44, 45]. 
The reactive dye crosses the compromised membrane of dead cells, thus reacting 
with free amines present in both the cytoplasm and the cell surface. This reaction 
leads to an intense fluorescent staining of the dead cells. On the opposite, living 
cells exclude this dye as their membranes are intact and only the cell-surface amines 
are available to react with the dye. This results in a significantly lower fluorescence 
signal, which is due to a fewer amount of amines reacting with the dye, as shown in 
Figure 4. The main advantage of fixable methods lies in the fact that the reaction 
is irreversible. Therefore, after cell fixation and permeabilisation, the bound dye 
remains linked with the dead cells and the staining is stable with no loss of fluores-
cence signal over a certain period of time [44, 45]. Moreover, ARDs are available 
in a variety of excitation and emission wavelengths, which gives a great advantage 
in terms of diversity, thus allowing a considerable flexibility when establishing 
staining protocols [44]. These cells will then be counted most efficiently using flow 
cytometry.

3.1 Cell viability mixtures

To evaluate different methods to estimate CV in terms of accuracy and preci-
sion, the approach is to generate, both, living and dead cell solutions that were then 
combined with pre-known CV ratios (PREMIX) 100%/0%, 75%/25%, 50%/50%, 
25%/75% and 0%/100%. The preparation of the dead cells for the mixtures was per-
formed based on the method by Gantenbein-Ritter et al. [16], where the non-viable 
cells were obtained by 1 N HCl treatment. It has been shown that cell nuclei stay 
intact with this method and, thus, can be detected with all methods under investiga-
tion. The cells were detached with 1% trypsin, centrifuged (500 g, 5 min) and then 

Figure 4. 
Principle of action of a fixable cell viability assay using amine-reactive dyes (ARDs). The top path represents 
cells with damaged membrane where the ARD (in blue) can enter into the cytoplasm. The bottom path shows 
living cells with intact cell membrane in which case the dye cannot pass. The principle is described in Perfetto  
et al. [45].
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resuspended in PBS. The dying process was achieved by the addition of 1% of 1 N 
HCl in a PBS solution to the cell suspension followed by 10 min of incubation at room 
temperature (RT). The cells were then washed and resuspended in PBS. In parallel, 
living cells were detached, centrifuged (500 g, 5 min) and resuspended in PBS.

3.1.1 Amine-reactive dye (ARD) staining

In the following section, we describe how the ARD staining was evaluated for 
accuracy, and how it was compared to hand counting using TB and cLSM imaging.

3.1.2 Cell staining with ARD

For the comparison of the fixable versus the live cell imaging, the different cell 
mixtures were stained using the ViaQuant ™ blue fixable dead cell stain kit from 
GeneCopoeia (GeneCopeia, inc., Rockville, MD, USA). A cell density of 2 × 106 
cells/mL for each mixture was used using ACL-derived ligamentocytes (LCs) and 
the staining protocol of the manufacturer’s instructions was followed. In short, the 
cell suspension was incubated on ice and protected from light during 30 min in a 
1-mL PBS volume where 1 μL of dye was added. The cells were then washed with 
PBS prior to fixation with 3.7% formaldehyde during 15 min. Finally, the cells were 
used to prepare the CV ratios as described above for PREMIXes.

3.1.3 Cell labelling and gel casting to evaluate the ARD staining

Each cell suspension was added to 2% agarose (Lonza, Rockland, ME, USA) in 
a 1:1 ratio of 250 μL volume to obtain a 1% agarose gel. The final cell density was 
approximately 2 × 106 cells/mL. Subsequently, 27 μL of the agarose-cell mixture 
was then casted into a custom-made silicone mould (cylinder dimensions ⊘ 
4 mm × 2 mm height). After embedding into the gel, the cells were stained with 
the ViaQuant ™ blue fixable dead cell stain kit and the pellets were incubated for 
60 min in 1 mL of PBS containing 1 μL of dye. In order to localise the cells in the 
3D carriers, they were counterstained with EthD-1, which labelled all nuclei in 
red fluorescence. The cells were incubated for 5 min at RT in a 1-mL PBS solution 
containing 0.5 μM EthD-1-1.

3.1.4 Hand counting method

With the TB method, the number of living and dead cells were manually 
counted with a Neubauer improved cell counting chamber by taking four repeated 
measurements of each cell suspension (n = 4/suspension). The CV was computed 
for each count and then averaged. The hand counting procedure was then repeated 
after staining with ARD (n = 8/cell mixture). In this case, cells were counted manu-
ally using a hemocytometer under a Leica DM IL microscope (Leipzig, Germany) 
using a blue fluorescence filter to determine the proportion of the two cell popula-
tions. Blue fluorescent cells corresponded to dead cells and the nonfluorescent ones 
to living cells.

3.1.5 cLSM imaging

The quantification of CV after ARD and EthD-1 staining of the 3D agarose car-
riers was performed using the ImageJ software (v1.51k, NIH) [27] by first obtaining 
the colocalised cells between the red and blue channels with the plug-in ‘colocalisa-
tion highlighter’. Colocalised cells between EthD-1 and ARD staining corresponded 
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to the dead cells. For this purpose, the settings had to be adjusted in order to take 
into account only the bright blue fluorescent cells. The threshold values for both 
channels were set at 50% and two points were considered as colocalised if their 
respective intensities were strictly higher than the threshold of their channels. Dead 
cells were then counted using the plug-in ‘nucleus counter’. The number of red cells 
corresponding to the total number of cells (living and dead) was also computed 
with the plug-in ‘nucleus counter’. Thus, the number of living cells was obtained by 
subtracting the number of dead cells from the total number of cells.

4. Validation of cell viability methods

It is important to know the accuracy and precision of the most commonly 
applied cell viability methods in the laboratories. Here, we summarise the results of 
two studies, one involving the comparison of several live methods, that is, Trypan 
Blue staining and manual cell counting using hemocytometer (TB), live/dead stain-
ing, and cLSM imaging (CA-AM/EthD-1). The second study, we present here, is on 
the usage of ARD stains and its accuracy for CV in comparison to live/dead staining 
followed by cLSM and was not published previously.

In the case, where CV is then quantified in 3D using a cLSM microscope, the 
following procedure was applied: Firstly, the stacks were separated into separated 
channel images and the CV was determined on each of the images (Figure 5). This 
step was done using the open source macro of ImageJ. In this routine, the red and 
green cells were quantified separately per single image using a custom-made macro 
in ImageJ software named ‘Cellcounter3D’ (deposited at http://imagej.nih.gov/ij/
macros/Cellcounter3D.txt) and available free of charge under the GNU licence [16]. 
The macro consists of a converting step to 8-bit mode and a threshold step that 
passes a binary image with pixels in the range of 100–255 to the plug-in ‘nucleus 

Figure 5. 
Progress of cell viability (CV) estimates through a 3D stack using the custom-written ‘Cellcounter3D’ routine of 
imageJ and the OTSU method to count the number of green (live cells), red (= dead cells) and the total number 
of cells in z-stacks of cLSM images. As can be seen, the total number of cells increases after about 5–10 sections 
inside the scaffold and then reaches a plateau of about 10–15 consecutive optical sections. The first five images 
from the tissue surface are rejected as these are prone to error due to cell death by tissue/carrier manipulation. 
In light blue is the window indicated that is then used to estimate the CV of 10 consecutive pictures after the 
maximum of the total cell number reached Tmax/2. The picture is based on [43] and has been reproduced with 
permission from the publishers.
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counter’ (available at https://imagej.nih.gov/ij/plugins/mbf/index.html). This step 
then uses the ‘Otsu’ method for particle counting [46]. The minimum and maxi-
mum island sizes were set to 7–50 and 15–100 pixels for the red and green channel, 
respectively. Please, note that these parameters can be modified dependent on the 
quality of a specific hydrogel/biomaterial and dependent on the cell density and the 
type of cells seeded. It is important to inspect the segmentation and cell counting 
progress by eye to judge whether the numbers are meaningful. The intermediate 
steps like the results of the segmentation progress can be also stored as .tiff or .jpg 
files for further documentation.

In the following steps, we describe the settings to determine CV using live/
dead staining and cLSM technology. The 3D carriers were produced using a mould, 
made of easy-sterilisable materials, such as silicon membranes or stainless steel. 
The dimensions of these moulds were in this case of a cylindrical shape of 4 mm 
in ⌀ × 2 mm in height, corresponding to a volume of 27 μL of carrier. The final 
chosen cell density was 2 × 106 cells/mL. The 3D carriers, that is fibrin, PEG or 1% 
agarose, respectively were cut sagittally into halves and incubated in 1-mL high 
glucose Dulbecco’s Modified Eagle Medium (DMEM) without fetal calf serum 
(FCS) containing 10 μM CaAM and 1 μM EthD-1 (both Fluka, Sigma-Aldrich, 
Buchs, Switzerland) for 3 h at 4°C followed by 1 h of incubation at 37° C, 5% CO2 
and 100% humidity. The carriers were then scanned from top and bottom surfaces 
to ~200 μm depth at two random locations per side with a confocal laser scanning 
microscope (cLSM510, Carl Zeiss). Stacks were taken at 10× magnification at a 
512 × 512 pixels resolution (field size of 921.4 × 921.4 μm) with the pinhole at 1 
Airy unit and 50% image overlap and 5.8-μm intervals. The proposition was then 
to quantify CV on a subset of 10 consecutive images, starting at the image with 
50% or more of the maximum amount of the total cells per image in a single stack 
(Figure 5). Additionally, the first five sections starting from the surface into the 
scaffold were also rejected as there cell death occurred through tissue manipula-
tion, which causes a strong bias. To determine this frame, a MatLab routine has 
been written (MatLab R2020a, MathWorks inc., Natick, MA, US), which picks the 
analysis-window automatically and summarises the CV results in a compact table. 
The code is available free of charge at the Mathworks repository under the keyword 
‘Cell Viability Estimator for 3D Scaffolds’ [47]. Figure 5 illustrates a typical profile 
through a stack of images for the living, dead and total cells. The cells in this case 
were bovine chondrocytes from articular cartilage seeded at a cell density of 4 M 
cells/mL in fibrin hydrogel (Tisseel™, Baxter, Vienna, Austria) according to a 
customised recipe as described in [16]. These cells were counted then using three 
different methods on day one of culture under standard conditions. It is important 
to note that CV can be determined also on z-compressed images, which represent a 
cumulative summary of the entire stack or on individual scans through the stack as 
introduced here.

The accuracy of the dead cell fixable viability assay was then determined by 
computing the relative error between the theoretical cell viability and the hand 
counting, flow cytometry and cLSM results obtained after the ARD staining. The 
theoretical viability was based on the hand counting of living and dead cells of 
the different cell mixtures with the TB method. Then, the relative error (∆x) was 
computed as followed in Eq. (2):

 
x x

x
x

0 -D =  (2)

where, x0 corresponds to the CV measured with any of the to be compared 
methods, that is, LDH, ARD+FACS, cLSM live/dead and compared to x, the one 
from the TB assay known as the reference method (=PREMIX).
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The accuracy of all the methods was quantified in regards to the cell mixtures by 
calculating the absolute error (δx) as followed in Eq. (3):

 , ,i j i j ixx pδ = −  (3)

where xi,j is the mean CV of each method, j, and pi are the estimated CV of the 
prepared cell mixtures, i.

5. Comparisons of CV estimation methods

It was recently found in an earlier study that in a systematic comparison of  
Try pan Blue, CA-AM/EthD-1 by 3D stack scanning with lactate dehydrogenase 
activity on cryosections and lastly vs. and averaging [16] and thirdly by compar-
ing lactate dehydrogenase (LDH) activity and ethidium homodimer-1 co-staining 
and using histological sectioning. What is needed in such studies are known cell 
premixes (in short MIX) to determine the error. In this study, it became evident that 
LDH and Ca-AM/EthD-1 methods overestimated the number of living cells with 
respect to MIX in all cell viability mixtures (except for 0%), whereas TB method 
always slightly underestimated this number; however, it was clearly the one clos-
est to the MIX values. Figure 5 illustrates how premixes of known living and dead 
cells can be produced and then how three particular different live/dead staining 
(methodologies) were compared. In this comparison, it became evident that optical 
methods such as cLSM have a relatively high deviation from the MIX as it was over-
estimating the total number of cells per volume by a factor of about four. The reason 
for this was attributed to the refraction index of the IVD tissue and/or the hydrogels 
that might cause an experimental bias.

5.1 Flow cytometry

Flow cytometry analysis of the different CV mixtures was correlated with 
certain variations of the aimed living/dead cell ratio. The results were different 

Figure 6. 
Flow cytometry results for isolated primary human cells from the anterior cruciate ligament (ACL) cells, which 
were stained at different PREMIXes of living and dead cells, that is, 100%/0%, 75%/25%, 50%/50%, 25%/75% 
and 0%/100% and then stained with the ARD. CV can then be inferred from either (a) histogram of the ARD 
and cell counts with the different peaks depending on the cell populations (FACS-2D plot) or from (b) 2D 
(with the dimensions plots of the ARD and forward scatter (FSC) with the two distinct populations according 
to the CV mixture (FACS – histogram plot)). However, these are only minor deviations between the two 
methods, which arose from the variation in the gating.
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depending on the representation of the data with either the histogram (Figure 6a)  
or 2D plot (Figure 6b), but they stayed in a close range. Both representations 
revealed an overestimation for the 0%, 25%, 50% and 75% targeted CV, but for 
100% CV mixture, the result was underestimated.

5.2 Accuracy of fixable viability assay

The accuracy of the fixable viability methods was tested by comparing the 
computed viability of the different methods to the theoretical viability, based on the 
TB assay. All CV mixtures matched the targeted CV with variations among some 
ratios and methods, as depicted in Figure 7.

6. Cell tracking methods: colocalisation of fluorescence

There are study designs that require cell tracing methods. For instance, 
isolated cells from species in which they are labelled with non-specific mem-
brane dyes or organelle dyes. In this case, cells from species (or an individuum) 
A are transplanted into species (or an individuum) B and are then monitored 
over time with respect to cell viability [48, 49]. This could be of particular 
importance in the case of autologous or allogeneic stem cell research, where for 
instance, mesenchymal stromal cells (MSCs) are transplanted into live organ-
isms or in vitro using organ culture systems. Here, long-lasting fluorescent dyes 
are the method of choice. It has been characterised in a number of model sys-
tems and has been found to be useful for in vitro cell labelling, in vitro prolifera-
tion studies and long-term, in vivo cell tracking [50]. Here, dyes such as PKH26 
or PKH67 (PKH26GL, Sigma-Aldrich, Buchs, Switzerland), and CellVue® 
Claret are commonly used [51–55] (Table 1). The half-life for the elution of red-
fluorescent lipophilic membrane dye PKH26 from labelled rabbit red blood cells 
is greater than 100 days. PKH26 was used also to stain extracellular vesicles of 
mammalian cells [56]. It has been recently found that this particular dye seems 
to leak into non-stained cells in vitro and in vivo [54]. Furthermore, the staining 
involves a step, where cells are exposed for about 5 min in a diluent, which is 

Figure 7. 
Results of absolute error relative to the prepared mixtures for CV measurement determined with the four 
different methods: TB assay, hand counting with ViaQuant™ staining, FACS-histogram and FACS-2D plot 
illustrating the determination of the gates for live and dead cells. Values are presented as mean ± SD, N = 4.
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highly hydrophobic and is known to cause cell stress and therefore potentially 
influences the outcome. Thus, exposure in this staining process needs to be 
optimised for each cell type (User bulletin of Sigma-Aldrich [57]). Less cyto-
toxic seems to be, at least from our experience, the carbocyanine dyes like the 
product from Vybrant™ Cell-Labeling Solutions (Molecular Probes, Thermo 
Fisher Scientific, inc., a multicolor kit available under cat#V-22889) [58]. There 
is a notable selection of these dyes, including DiI (𝜆Ex = 549 nm; 𝜆Em = 565 nm; 
in blue range emission), CM-DiI, DiO (𝜆Ex = 481 nm; 𝜆Em = 501 nm; orange-red 
emission) and DiD (𝜆Ex = 644 nm; 𝜆Em = 655 nm; dark red range emission). 
In the case of CM-Dil (𝜆Ex = 553 nm; 𝜆Em = 570 nm; red range emission), the 
cells can be traced even after fixing and paraffin embedding [59, 60] (Table 1). 
These dyes do not need to go through a rather stressful staining step in a strong 
solvent, a feature that is welcome for many cell tracing experiments, where the 
transplanted tissue cannot be scanned immediately after the experiment on 
a certain time point. Our previously presented imageJ macro ‘Cellcounter3D’ 
(available from: http://imagej.nih.gov/ij/macros/Cellcounter3D.txt) also allows 
to count multiple single channels. We recommend to use the plug-in ‘LSM_
Batch_with_colors.txt’, which can be also obtained from the ImageJ repository, 
to split the channels firstly. If multiple dyes and channels are being used, it is 
recommended to split the channels into single .tiff or .jpg images with increas-
ing indices of the z-stack images. Then, there are also plug-ins for colocalisa-
tion, such as the ‘colocalisation finder’, which was found to be highly useful, as 
these allow to define the pixels with colocalised stainings. In the case of PKH26 
or DID stained cells, thus cells in the red wavelength range for instance in 
combination of Ca-AM staining, the number of ‘yellow’ stained cells should be 
counted. With this open source solution it is possible to distinguish for instance 
injected viable cells that show Ca-AM staining and cell tracer labelling (green + 
red stained = yellow), live native cells (green only) and dead injected cells (red 
only cells), and 4′,6-diamidino-2-phenylindole (DAPI) was used to counterstain 
for dead cells, thus, blue only cells are to be considered ‘native’ or autochtho-
nous dead cells. These concepts were applied in studies were stem cells needed 
to be traced after injection into an IVD organ culture model [48, 61]. Here, it 
was possible to trace cells inside an organ culture system of an IVD, labelled 
with the proposed dyes and colours.

7. Real-time microscopy using cell fluorescent dyes

Lately, it has become fashionable to monitor cell proliferation using a selected 
number of time points but using real-time imaging and using cell tracing/track-
ing experiments. Several microscopes offer now high-throughput approaches 
to monitor cell proliferation and cell death over time. Here, two devices are of 
interest to be mentioned: one is the Nikon Biostation CT (Nikon, Tokyo, Jp) and 
the Incucyte S3 (Essen BioScience, Ltd., Newark Close, UK) with three fluorescent 
channels (note: the latest release S5 comes even with five channels). There are 
also several more affordable devices on the market, which, however, do not allow 
to track multiple culture vessels and cell conditions at the same time but rather 
single vessel monitoring over time. Real-time monitoring of cell shapes turned 
out to be very useful to monitor for instance MSCs undergoing differentiation as 
it was possible to discriminate differentiating cells according to certain ‘features’ 
using segmentation methods and statistical shape modelling [62]. MSCs could 
also be traced in dependency of their passaging number, that is, in dependence 
of their senescence [63]. These cell motility pathways were tracked for instance 
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using ImageJ [27] and the open source plugin ‘MTrackJ’, which allows manual 
tracking of individual cell trails. More recently, fast microscopes were designed 
that can handle high-throughput monitoring of multiple wells, and even multiple 
spots of interest in the well. Here, we can report on the experience with the use 
of the Incucyte S3 (Essen Bioscience), which in our hands, produced highly 
satisfactory results for cell tracing in co-culture experiments with direct cell–cell 
contact. As an example, the cytoplasm green of bone marrow-derived MSCs was 
stained with IncuCyte® CytoLight Rapid Green Reagent, cat# (cat. No. 4705). 
Additionally, primary human nucleus pulposus cells (NPCs) of the IVD were 
stained with IncuCyte® CytoLight Rapid Red reagent (cat. No. 4706). These cells 
were then seeded in 96-well plates in a ‘race’ experiment seeding 50:50 with 4000 
cells per cell type, and the interactions and the cell proliferation between the two 
cells was monitored (Video 1). Both cell types were cultured in an osteogenic 
medium, which was alpha-Modified Eagle Medium (𝛼MEM, Gibco, Thermo Fisher 
Scientific) supplemented with β-glycerophosphate, dexamethasone and vitamin 
C to thrive MSCs towards osteogenic differentiation. The presence of red NPCs 
was added in this experiment to monitor the inhibitory effects of these onto the 
MSCs undergoing ossification. We have previously shown that IVD cells such as 
NPCs can inhibit MSCs undergoing ossification by expressing BMP antagonists 
[64, 65]. As for the fluorescent stainings in this case, it became evident in this 
experiment that both dyes are washed out in less than 12 h of culture. Figure 8 
illustrates the cytoplasmic stains on MSCs (in green) and NPCs (in red) and how 
the staining faints after only a few hours by cell divisions in the co-culture. Thus, 

Figure 8. 
Phase-contrast microscopic images of time-lapse microscopy of a co-culture of human MSCs (stained in green) 
with NPCs (stained in red) seeded in a 1:1 ratio. (A) Status immediately when cells were seeded at time point 
0; (B) cell populations after 9 hours; C) Cell populations after 24 hours; and (D) cell populations after 2 days 
and 20 hours in culture. Please, note how the red cytoplasmic staining faints more rapidly over time than the 
green staining of the MSCs. Fluorescence staining must be optimised for each cell type separately.
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these stainings from Essen Bioscience would need to be optimised for long-term 
experiments for several weeks.

8.  Trouble shooting of difficult carriers with strong fluorescent 
interference

In some cases, unexpected problems were encountered with special biomateri-
als, which hindered any kind of CV designation as presented above using classical 
live/dead stain. For instance, staining for cyto-compatibility is often done on 3D 
hydrogels and other 3D biomaterials that do not allow a transparent view. In the case 
of Bombyx mori silk, for instance, it was found that staining with EthD-1 was not 
possible due to a very strong autofluorescence of the silk material (Figure 9A and B). 
Moreover, integration of genipin, which is a natural cross-linker to increase stiffness 
of hydrogels, has been proposed [66–69]. The increasing concentration of genipin 
leads to increasing autofluorescence, noticeable as ‘noisy background’ on the red 
fluorescent channel. This can be seen in Figure 9C, where MSCs were stained with 
Ca-AM life staining but the genipin-reinforced fibrin hydrogel was making it impos-
sible to use EthD-1 as the second dye to visualise dead cells. Therefore, DAPI (blue) 

Figure 9. 
(A–C). Examples of difficulties to quantify cLSM 3D-scan projections on complex biomaterials. Pictures 
represent z-stacks of compressed images through a stack of ~200 μm through the respective biomaterials. 
Primary human-derived bone marrow mesenchymal stromal cells (MSCs) were seeded and cultured for 
21 days on (A) silk-fleece from Bombyx mori (produced from Spintec engineering, GmbH, Aachen, 
Germany) (in red with strong autofluorescence from the silk material [18]); (B) human MSCs on B. mori 
silk after 21 days of culture containing growth factor GDF6 (naturally expressed by Baculo-virus transduced 
B. mori larvae that co-expressed the human growth factor during larval growth); (C) human MSCs cultured 
in fibrin hydrogel (45 mg fibrinogen/mL, Tisseel™, Baxter) containing 4.5 mg/genipin, a natural cross-linker 
to stiffen the hydrogel. Notice, the strong red staining resulting from the genipin cross-linker in the hydrogel 
[67]. (D) Example of an image with co-staining of injected cells into an organ, that is isolated progenitor cells 
stained with DID (Vybrant™, thermo Fisher scientific) and calcein AM into IVD; (E) human NPCs cultured 
for 21 days in polethyleneglycol hydrogel (PEG) lacking RGD motive (Q-gel™); (F) human NPCs cultured 
for 21 days in PEG hydrogel with RGD motive, showing filopodia growth. Cells adhere with filopodia to the 
matrix and change to a very artificial cell phenotype [17].
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ore an alternate dead staining needs to be taken. The feature of intrinsic fluorescence 
of genipin was recently proposed as a wanted side effect for in vivo studies to track 
hydrogels [70]. Figure 9D is an example of an experiment, where a hydrogel, in 
this case a methacrylated gellan gum [71, 72], is used as a carrier material and 
mixed with bovine nucleus pulposus progenitor cells (NPPCs) [73]. This mix was 
then injected into a bovine IVD organ culture model. The aim was to determine 
the CV and to identify and distinguish transplanted and native cells. The cells were 
monitored for live/dead staining after 2 days of organ culture [61]. The cells were 
labelled with DID and CaAM prior injection and resulted in yellow co-labelled cells. 
Figure 9 E and 9F demonstrates the effects of integration of cell adhesion motives 
by lack (Figure 9E) or integration of RGD (Figure 9F) into a commercially available 
hydrogel made of high-molecular weight polyethylene glycol (PEG) (QGel™, QGel 
inc., Lausanne, Switzerland). Due to the addition of the RGD, NPCs started to develop 
filopodia, which is a very unnatural cell shape and morphology for these cells. This 
feature, however, may be very useful if MSCs are cultured in 3D depending on the 
specific research question under mechanical loading [17].

9. Discussion

CV is a very central parameter in TE methods. However, this parameter is prone 
to multiple sources of errors. Errors come in not only from the methodology, the 
experimental design, the experimenter, but also from the technical limitations of 
the devices. Here, we presented our data for the systematic evaluation of some of 
the more commonly applied methods.

First of all, there are various methods, which allow inferring cell viability. 
Here, we discussed direct methods, which use fluorescent dyes such as Ca-AM or 
similar dyes or combined with membrane dyes. Depending on the research ques-
tion, a major factor is whether the morphology and the spatial distribution matters 
(Figure 1). Then, fluorescent dyes combined with microscopic techniques are the 
methods of choice. To get dynamic CV quantification in 3D stacks, it is even recom-
mended to use cLSM technology, which will give a very accurate visualisation of the 
CV in depth. The disadvantage of this methodology is clearly that the tissue needs 
to be stained right away after stopping the experiment, and the scanning should 
take place within 1–2 h after the staining procedure. Samples should be kept if pos-
sible at 37°C and the laser exposure inside the cLSM should be minimised.

Alternatively, tissue fixation and subsequent CV quantification has the advan-
tage that any microscopic analyses can be postponed for a future time point.

Either tissue fixation or freezing in O.C.T. compound is an option (Tissue-Tek® 
O.C.T.™ Compound, AJ Alphen aan den Rijn, The Netherlands). These scaffolds 
then need to be cut using a cryotom. The samples can then be stained with other 
live stains using LDH assay (usually a brownish formazan staining) in combination 
with a dead cell staining, for instance DAPI (blue) or EthD-1 (red).

ARD stains that are applied onto cells did not seem to work for any kind of tissue 
staining (tested were IVD and ACL tissue). However, if cell morphology does not 
matter and cells can be successfully isolated by mild digestion (e.g. by pronase/collage-
nase digestions overnight) [74] without losing the dead cells in the digestion process, 
this could become a valid alternative to live/dead imaging. However, the protocol for 
ARD stain works perfectly for flow cytometric applications (see Figure 6). We have 
also evaluated the stability of the ARD for later FACS analysis. Fluorescent ratios and 
intensities remained unchanged if stored at 4°C after 7 days (our data not shown). 
Interestingly, CV is overestimated for most methods (Figures 2 and 7). As seen for all of 
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our comparisons in terms of accuracy, the TB method was performing best. If the ARD 
dye was used in hand counting methods, it also overestimated the true CV (Figure 7).

It can be complex to determine CV in cell suspensions and in tissue samples, 
as there are two modes of cell death: necrosis and apoptosis [75, 76]. Necrosis is an 
uncontrolled cellular death where cells lose their membrane integrity, whereas apop-
totic cells die in a controlled manner involving cell shrinkage, nuclear fragmentation 
and the formation of apoptotic bodies [75]. Most of CV assays such as dye exclusion or 
intracellular enzyme release rely only upon necrotic loss of membrane integrity, thus 
omitting the detection of apoptotic cells. To detect apoptotic cells, other fluorescent-
based kits are recommended such as the detection of caspase 3 activity [22].

Thus, future methods will consider fluorescent methods in the tissue and directly 
distinguish apoptosis and necrosis. It could involve the application of assays detecting 
only apoptotic cells such as it is the case in the TUNEL assay. In this case the detection 
of cell undergoing apoptosis is achieved through the use of modified nucleotides and 
enzymes to label DNA fragments. DNA fragmentation is detected by labelling the 
3′-hydroxyl termini in the double-stranded DNA breaks that are generated during apop-
tosis. In the case of flow cytometry study, annexin V would also be a possibility as it is an 
early marker of apoptosis. It binds to phosphatidylserine, which is a marker of apoptosis 
when it is present on the outer part of the plasma membrane. It should be noticed that 
recently a third form of cell death has been defined, which differs from apoptosis and 
necrosis, which is called ‘autophagy’. Autophagy differs from the previous forms in that 
cells can be killed by starvation from particular growth factors and cellular stresses [75].

Live/dead staining can only discriminate in a limited way between necrosis and 
apoptotic cell death. Autophagy cannot be distinguished with the fluorescent dyes 
described in this chapter. It could be feasible to address apoptotic cells using cLSM 
if certain cell nuclei demonstrate fragmentation of the nuclei. However, most dead 
cells by image segmentation methods that will be identified will have died through 
necrosis and show a clearly structured nucleus. As it was mentioned in the intro-
ductory chapter, an improvement of the reliability can be obtained by combining 
various CV methods [22, 77]. Thus, the use of the fixable dead cell stain would be 
best when used in combination with another CV assay or live and dead staining.

10. Conclusions

• CV can be determined with a wide range of methods allowing to stain mam-
malian cells. However, which techniques should be used is determined from 
the question at hand.

• TB method, a relatively cheap and affordable method, was the most accurate 
method to evaluate PREMIXes in all of the previous investigations.

• Live/dead imaging and cLSM imaging using 3D stacks is a very suitable 
method to quantify CV in 3D scaffolds. The samples with cells embedded in 
3D hydrogel carriers or also native in the tissue can be scanned by cLSM about 
300 μm deep into the tissue.

• cLSM scanning requires good optics. The total cell number per volume was 
overestimated by a factor of four for yet unconfirmed reasons, possibly devia-
tions from the refraction indices of hydrogel-like materials.
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• Cells can be traced using membrane dyes, such as PKH26, DID, DIO, DIL or 
similar dyes. Staining protocols for each specific mammalian cell type might 
have to be optimised.

• Fixable dead cell staining kit, as for instance the ViaQuant™, is optimised for flow 
cytometric analyses, and can only be partially used for TE applications. Its applica-
tion for tissue samples is not possible as the dye cannot specifically stain dead cells.

• Rather, this fixable kit is more suitable for toxicology screening where cells are 
kept in suspension. It still has some advantages over other viability assays like 
flexibility of the experimental design in terms of excitation wavelength and 
stability of the dye after fixation, and also its simple handling.

Acknowledgements

This work was supported by the Swiss National Science Foundation grant 
number 310030E_192674/1 and by a start-up grant from the Center for Applied 
Biotechnology and Molecular Medicine (CABMM) to B.G.

The authors thank Daniela D. Frauchiger, Silvan Heeb, and Rahel D. May 
for the contribution of the images/movies involving silk or genipin-reinforced 
fibrin hydrogel. They are grateful to László Kupcsik and Marije de Jong (Van 
der Werf) for the assistance in the development of the ImageJ ‘Cellcounter’ 
macro and the MatLab routine ‘Cell Viability Estimator for 3D Scaffolds’ for CV 
determination for cLSM analysis. The cytometer equipment was from FACSlab 
core facility of University of Bern (www.facslab.unibe.ch). The microscopes 
were provided by the microscope core facility of the University of Bern (www.
mic.unibe.ch).

Conflict of interest

The authors declare no conflict of interest.

Abbreviations

ACL anterior cruciate ligament
𝛼MEM alpha-modified eagle medium
ARD amine-reactive dye
Ca-AM calcein acetoxymethyl ester
Ca-AM/EthD-1 calcein acetoxymethyl/ethidium homodimer-1 = LIVE/DEAD 

staining
cLSM Confocal laser scanning microscopy
CV cell viability
DAPI 4′,6-diamidino-2-phenyl-indole
EthD-1 ethidium homodimer-1
FACS fluorescence-activated cell sorting
FCS fetal calf serum
IVD intervertebral disc
LC ligamentocyte
LDH lactate dehydrogenase
LG-DMEM low-glucose Dulbecco’s modified eagle’s medium
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MSC mesenchymal stromal cell
PREMIX the pre-made mixtures of live and dead cells to determine the 

accuracy of methods
NP nucleus pulposus
PBS phosphate-buffered saline
RT room temperature
SD standard deviation
TB Trypan Blue
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