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Abstract: Accurate prediction of the adverse effects of test compounds on living systems,
detection of toxic thresholds, and expansion of experimental data sets to include multiple
toxicity end-point analysis are required for any robust screening regime. Alamar Blue is an
important redox indicator that is used to evaluate metabolic function and cellular health.
The Alamar Blue bioassay has been utilized over the past 50 years to assess cell viability
and cytotoxicity in a range of biological and environmental systems and in a number of cell
types including bacteria, yeast, fungi, protozoa and cultured mammalian and piscine cells.
It offers several advantages over other metabolic indicators and other cytotoxicity assays.
However, as with any bioassay, suitability must be determined for each application and cell
model. This review seeks to highlight many of the important considerations involved in
assay use and design in addition to the potential pitfalls.
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1. Introduction

Alamar Blue has been widely used over the past 50 years in studies on cell viability and
cytotoxicity in a range of biological and environmental systems. It is one of the most highly referenced
substances used for cytotoxicity and viability assays; PubMed records list over 200 publications
citing Alamar Blue (resazurin) and cancer research and over 1,000 publications in drug screening,
development and discovery. Generally, its use has been applied to various aspects of monitoring
cellular health [1,2], apoptosis, cell cycle function and control [3—-8], test compound toxicology in
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medicine and in environmental risk assessments [9-13], cytotoxicity [14-16] and antimicrobial
susceptibility testing [17,18]. It has also been used to assess various bacteria, yeast and fungal species
and different cell types including, but not limited to fibroblasts [19], immortalized and cancer cell
lines [9,20,21], mouse and human lymphocytes [1,22], primary neuronal cell culture [4], and various
animal cell lines [23,24]. As with any viability assay, optimization and assessment of compatibility
must be carried out for every cell model. The objective of this review is to highlight the more
important considerations involved in assay use, design and the potential pitfalls. This review gives an
introduction and discussion of cell assays including their formats, chemistries, advantages and
limitations, followed by a discussion of the Alamar Blue assay which covers basic chemistry,
optimization parameters for the user, specific studies in relation to Alamar Blue assay optimization and
comparison with other bioassays, concluding statements and a checklist of important points to consider
with respect to suitability of the assay to a any given study.

2. Cell Viability and Cell Proliferation Assays
2.1. Cell Viability Assays

Morphological methods (including ultrastructural studies) require highly skilled personnel,
expensive equipment and results are not usually quantifiable; cells must also be destroyed so
continuous monitoring or kinetic studies are ruled out. Various cell viability and cell proliferation
assays are used to determine the effect of a test compound on cells propagated in vitro. Indirect
techniques that assess cell viability by monitoring cell membrane integrity after drug exposure, i.e.,
dye exclusion and preferential dye uptake, also destroy or interfere with the cell’s functioning and
hence are terminal assays. Other assays that measure cell viability, indirectly, by quantitation of
reduction of the intracellular environment using indicator metabolic markers are useful and offer fewer
limitations than other methods. Assays that quantify intracellular ATP (the ATP status of cells reflects
the cells’ energy capacity and viability) have also been developed where the concentration of ATP in
indicative of the number of viable cells in that culture. Other biomarkers that can be quantified include
NADH, capases, LDH, in addition to live- and dead-cell proteases (www.promega.com). One potential
drawback of some of these metabolic assays is there is no differentiation between cells that are actively
dividing and those that are quiescent which may result in an over-estimation of cell number. Also, an
increase in cell growth may indicate cell viability but, a decrease in viability can be interpreted as
the result of either cytotoxic effects of a particular test compound or induction of sub-optimal
assay conditions.

2.2. Cell Proliferation Assays Using Nucleotide Analogs

Cell proliferation assays monitor actively dividing cells, expressed either as the actual number of
active cells or the ratio of proliferating to non-proliferating cells in culture [25-27]. Quiescent cells
that are healthy but not proliferating are not detected by cell proliferation assays. Measurement of
DNA synthesis has been used as a specific marker in actively dividing cells. In these assays, labeled
nucleotide analogs (e.g., ["H]-thymidine or 5-bromo-2'-deoxyuridine [BrdU]) are added to cells and
are incorporated into the replicated DNA during the S phase of the cell cycle. The amount of labeled
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nucleotide is then quantified by: (i) measuring the total amount of labeled DNA in the cell population,
or by (ii) counting the number of labeled nuclei under a microscope. The growth rate of the cells
will determine the rate of cell turnover which dictates the incubation period with the labeled
nucleotide analogs. Quantitation of DNA content of cells based on radioisotopic assays are terminal,
labor-intensive and present handling, storage, and disposal issues. They are also time-consuming and
subject to operator errors especially for medium to high-throughput applications [25]. The clonogenic
assay measures the effect of a test compound on the proliferating fraction of the population (for a
review of these assays see references [25-27]).

2.3. A Comparison of Tetrazolium Salts as Metabolic Indicators

Tetrazolium salt reduction is a commonly used, cost-effective indirect measure of viable cell
number. The most frequently used tetrazolium salts are 3-(4,5-dimethyethiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), sodium 3'-[1-phenylamino)-carbonyl]-3,4-tetrazolium]-bis
(4-methoxy-6-nitrobenzene) sulfonic acid hydrate (XTT), and 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate, water-soluble tetrazolium salt (WST-1). Despite their wide
use and applicability, users of these assays may encounter a number of incompatibility problems
depending on the study objectives. For example, compared to XTT and MTS, WST-1 is more stable,
has a broader linear range and enables more rapid color development. MTT can be reduced by
NADPH, FADH, FMNH, and NADH, but not by the cytochromes. Tetrazolium salts are generally
cytotoxic because the formazan crystals that are produced from reduction of the salts must be
solubilized with DMSO or HCl/isopropanol which destroys the cells under investigation so
time-course experiments cannot be carried out [14]. MTT is not soluble in culture medium and is best
suited for use with adherent cell lines; however, XTT is soluble in culture medium and is suitable for
use with both non-adherent as well as adherent cell lines but XTT is not efficiently reduced without
PMS (phenozine methosulfate) (www.assay.nih.gov/assay/). Thus, selection of the most appropriate
tetrazolium salt as an indicator of metabolic activity is important. Alamar Blue circumvents many of
the incompatibility issues described and offers many advantages over tetrazolium salts.

2.4. Characteristics of a Robust Viability Assay

There is a range of commercially available assays which require careful optimization according to
the manufacturer’s recommendations (for example, www.ab-direct.com; www.promega.com;
www.invitrogen.com; www.trekds.com). It is important that the user defines what the assay has to
measure, the cell model under study, and whether end-point determinations are necessary. The
correlation between measurement and cell viability (taken as the number of live cells) must be
determined and the potential limitations of assay chemistries are also important for application to
either manual or automated high-throughput platforms. Depending on the assay chemistry, some
assays may be more suited to certain cell lines or only primary cell lines or may be more applicable to
adherent cells rather than cell suspensions. Further, metabolic activity can vary depending on the
life-cycle of a given cell and the cell type [25,28]. Assay responsiveness is influenced by a number of
factors including the culture medium i.e., constituents, buffering capacity, pH, cell density, evaporation
and edge-effects of the microtiter plate, incubation temperature, chemical interactions between the
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media components, test compound and assay chemistry, dosage and exposure time to the test
compound, and linearity of the assay, test compound and assay reagent stability for time-course
monitoring, instrumentation availability (spectrophotometer, fluorometer, luminometer), scalability to
medium and high-throughput workflow, reproducibility of the data and level of intra- and inter-assay
agreement, total cost of the assay, toxicity to the user and the environment, and whether the in vitro
data can be used to reliably predict biological implications. It should be noted that in vitro data
represents an estimated signal of the entire population of cells and may not always reflect an in vivo
response. The Alamar Blue assay satisfies most of these criteria once the user carefully optimizes the
reaction conditions for each cell model.

3. The Alamar Blue Assay
3.1. Assay Chemistry and Redox Principle

Alamar Blue monitors the reducing environment of the living cell. The active ingredient is resazurin
(IUPAC name: 7-hydroxy-10-oxidophenoxazin-10-ium-3-one), also known as diazo-resorcinol,
azoresorcin, resazoin, resazurine, which is water-soluble, stable in culture medium, is non-toxic and
permeable through cell membranes. Continuous monitoring of cells in culture is therefore permitted.
Resazurin was first used to assess bacterial or yeast contamination in milk by Pesch and Simmert
in 1929. It is a blue non-fluorescent dye that is reduced to the pink-colored, highly fluorescent
resorufin. Resazurin solution is highly dichromatic based on Kreft’s dichromaticity index (DI) [29].
The dye acts as an intermediate electron acceptor in the electron transport chain without interference of
the normal transfer of electrons [9]. The oxidation-reduction potential of Alamar Blue is +380 mV at
pH 7.0, 25 °C. Alamar Blue, therefore, can be reduced by NADPH (E, = 320 mV), FADH
(Eo =220 mV), FMNH (E, = 210 mV), NADH (E, = 320 mV), as well as the cytochromes (E, = 290 mV
to +80 mV). As the indicator dye accepts electrons, it changes from the oxidized, non-fluorescent, blue
state to the reduced, fluorescent, pink state [9]. In addition to mitochondrial reductases, other enzymes
(such as the diaphorases (EC 1.8.1.4, dihydrolipoamine dehydrogenase [30]), NAD(P)H:quinone
oxidoreductase (EC 1.6.99.2) [31] and flavin reductase (EC 1.6.99.1) [32] located in the cytoplasm and
the mitochondria may be able to reduce Alamar Blue. Hence, Alamar Blue reduction may signify an
impairment of cellular metabolism and is not necessarily specific to interruption of electron transport
and mitochondrial dysfunction [33]. This change from oxidized to reduced state allows flexibility of
detection where measurements can be quantitative as colorimetric and/or fluorometric readings (the
latter being more sensitive) or qualitative as a visible change in color indicating presence or absence of
viable cells. Spectrophotometric absorbance is taken at two wavelengths (570 and 600 nm or 540 and
630 nm, although other filters can be used with a correction factor to be incorporated in calculations).
Absorbance values will vary according to microtiter plate (flat-bottomed or rounded and manufacturer).
Fluorescence signals are measured at an excitation wavelength at 530-560 nm and an emission
wavelength at 590 nm.
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3.2. Optimization Parameters and Assay Responsiveness

The optimum pH of the assay is ranges between 7.0 and 7.4, therefore, culture medium must have
buffering capacity. The optimum incubation temperature is 37 °C and plates must therefore, be sealed
to prevent evaporation. Assays must be carried out at a uniform temperature to ensure reproducibility
of all wells and across a single plate. Alamar Blue is photosensitive and the incubations must be done
in the dark. The culture medium and the test compound themselves should not interact with the assay
chemistry. Negative and positive controls must be empirically determined to ensure that there are no
non-specific interactions with assay chemistry which would result in artifacts or false positive signals.
The incubation time and cell density must be empirically determined and standardized as low cell
density means slower growth and lower than expected levels of dye reduction. The end-point of the
assay depends on the cell density used. Generally, it is recommended that the cells should be in the
exponential stage of growth. It is also preferred that the culture medium should be synthetic and
defined, however, it must also allow sufficient growth so that stimulatory or inhibitory effects of test
compounds are not exaggerated or underestimated.

Bleaching out of the pink color of the reduced state of the dye (quenching of fluorescence) usually
occurs after very prolonged incubation times due to the formation of a colorless product called
dihydroresorufin. Exhaustion of the buffering capacity of the dye’s formulation may explain the
formation of this product. 10% fetal bovine serum (FBS) and bovine serum albumin (BSA) may also
cause quenching of the assay [9,34]. Phenol red shifts all values 0.03 units higher than without phenol
red, but it does not otherwise affect assay chemistry. Microbial contamination will reduce the dye and
lead to false positive signals hence, the assay must be carried out under aseptic conditions and the
medium may require antibiotics to eliminate microbial contamination.

4. Specific Studies in Relation to Suitability of the Alamar Blue Assay and Comparison with
other Bioassays

The various parameters that influence assay responsiveness are particularly important in studies of
anti-microbial sensitivity in different micro-organisms. Alamar Blue has been used extensively in
biomedical research to assess the relative susceptibilities of a number of pathogens to anti-microbial
compounds [15,35-42], including multi-drug screening of various clinically important pathogenic
yeasts and filamentous fungi (including Aspergillus spp., Candida spp.) with high levels of agreement
with the recommended reference methods of the NCCLS [18,37,41,42].

Similarly, there have been numerous publications that describe the successful use of Alamar Blue in
drug screening for bacterial pathogens including but not limited to Mycobacterium spp.,
Staphylococcus spp., Enterococcus spp. and Pseudomonas spp [17,43—46]. For Mycobacterium spp.,
Alamar Blue test results had a high level of agreement with the BACTEC systems [17,38-39].
However, one study compared seven bioassays with different assay chemistries nitrate reductase assay
(NRA), microscopic observation drug susceptibility (MODS), Mycobacterium Growth Indicator
Tube 960 (MGITTM 960), Genotype” MTBDRplus, Alamar Blue, MTT and resazurin assays for the
detection of multi-drug susceptibilities of 31 well-characterized Ugandan strains of M. tuberculosis [47].
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It was reported that Alamar Blue, MTT and resazurin assays had variable sensitivity and specificity
compared with the other assays.

Recently, the Alamar Blue assay has been used to study fungicide sensitivity of five plant pathogens,
Monilinia fructicola [48], Botrytis cinerea [49], Verticillium dahliae [50], Colletotrichum spp. [51] and
Alternaria alternata [52]. Conventional methods of testing susceptibility of fungi to different classes
of fungicides include mycelial growth assays of single-spore isolates on amended agar (AA). These
methods are laborious, time consuming, require considerable amount of media and lab space, are not
amenable to automation for high-throughput screening, and may not identify intermediate sensitivity to
a particular fungicide [53]. Further, there may be problems of diffusion of the test compound and the
agar, there may be limited contact between the fungus and the amended agar surface, and responses for
broth cultures may be different from those on semi-solid medium due to differences in oxygen tension.
The microdilution method circumvents some of the problems encountered by the AA test but results
may be inaccurate because spectrophotometric measurements include both viable and nonviable (dead)
spores. Various researchers have also developed antifungal sensitivity assays based on flow cytometry
using a number of different dyes, which can be toxic to the user and to the cells hence, time-course
experiments cannot be conducted [54]. Methods that require the use of a hemacytometer to carry out
spore counts are laborious and prone to variable results when working with numerous isolates and
replicates. The use of an optimized Alamar Blue assay as a quantitative colorimetric assay in
determining the relative efficacies of differently acting fungicides on spore viability has been described
for different plant pathogenic fungi [49,51]. The assay can also be utilized as a qualitative one where
presence or absence of a color change of the dye indicates presence or absence of viable spores [52].
The Alamar Blue assay in conjunction with amended agar assays would be able to discriminate among
test compounds that affect spore viability, those that only suppress mycelial growth or both [51].

Methods for high-throughput screening of anti-biofilm compounds are needed. In such assays,
Alamar Blue has been shown to be a more reproducible and cheaper redox indicator than XTT [55]
and is useful in identifying resistance-compromised mutants and identification of compounds with
anti-biofilm activity. The assay has been used to identify antimicrobials with enhanced efficacy against
certain clinically important bacterial and fungal biofilms [56—60].

The Alamar Blue assay has been exploited for monitoring immune cell proliferation and function.
Immune cells including lymphocytes, monocytic macrophage cell lines, interleukin-dependent
cytotoxic T cell lines, dendritic cells and myeloma cells have been monitored by Alamar Blue
assays [61-63], since the assay does not require cell lysis and continuous monitoring through time-course
experiments is possible [64,65]. It was also used in time-course experiments to investigate
immuno-modulatory effects [66,67]. The specific advantages of the Alamar Blue assay over the
[*H]thymidine assay for lymphocyte proliferation studies are: (i) non-radioactive, (ii) ease of use,
(i11) lower cost, (iv) not labor intensive, (v) rapid assessment of proliferation of large number of
samples; (vi) non-toxic; (vii) useful in determining the kinetics of cell growth of hybridomas, and
(viii) no interference between secreted of antibodies of a given hybridoma cell line and assay chemistry.
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5. Alamar Blue Compatibility and Assay Chemistry Interactions

As with any bioassay, suitability must be determined for each application and cell model. While
Alamar Blue has been used extensively in cell viability and cytotoxicity studies, its use in monitoring
cell proliferation may be limited to studying specific cell models.

5.1. Selecting a Cell Model

The effects of indomethacin on tendon-derived cell proliferation using the Alamar Blue assay was
studied [28]. It was demonstrated that tendons appear to contain two subpopulations of cells; one
subpopulation with apparently normal metabolic activity and a second subpopulation of cells with low
levels of mitochondrial enzymes and subsequently low levels of oxidative metabolism. Although it
was also concluded that the Alamar Blue dye had no toxic effect on these cells, because of the
differential metabolic rate of tendon-derived cells, reduction of Alamar Blue dye may appear to be
non-linear [28]. These findings suggest that the Alamar Blue assay may not be appropriate for studying
proliferation in tendon-derived cells.

Cell proliferation was assessed by comparing the results of an Alamar Blue assay and two DNA
quantification assays, CyQuant and PicoGreen, on two human cancer cell lines and two human
primary cell sources [25]. It was found that the metabolic assays may not accurately reflect cellular
proliferation rates due to a non-linear correlation between dye reduction and cell number that led to an
over-estimation of cell number. Although the Alamar Blue assay is a simple, fast and sensitive assay it
may not be as useful in assessing cell proliferation in these cell lines and, therefore, may be more
valuable to cytotoxicity testing.

Investigation of anti-proliferative compounds or cytotoxic therapeutic agents to treat malignant cells
or aberrant cell proliferation is an important aspect of drug development. Viability assays that can
quantify biological activity and differentiate the relative stability and toxicity of various test
compounds are the most valuable. As indicated earlier, one of the more critical assumptions of such
quantitative viability assays is that cell number and drug concentration share a linear and inversely
proportional relationship. This assumption is violated in cases of highly variable cell number in
time-course experiments because of a number of factors, for example: (i) where the cell line itself has
irregular growth properties, (ii) where a smaller number of responsive non-proliferating cells is
masked by a larger number of non-responsive proliferating cells, (iii) where the test compound affects
cellular aggregation or adhesion-both of which can indirectly affect cell proliferation, and (iv) where
the test compound causes apoptosis or changes the cell cycle which would result in a nonlinear
relationship between drug dose and cell number. In some cases where feasible, it may be necessary to
normalize the data to cell number by using second assay (e.g., TruCount beads or a hemocytometer) [68].

Resazurin caused oxidative stress that lead to autophagy and cell death through cellular production
of reactive oxygen species (ROS) and mitochondrial impairment in HL-60 and ‘Jurkat’ leukemia
cells [69]. The dye itself caused a reduction in leukemia cell proliferation which has important
implications in toxicity and chemo-resistance screening. This emphasizes the importance of empirically
testing positive and negative controls for the assay to ensure no non-specific interaction effects.
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The development of an Alamar Blue assay to evaluate plant cell viability and/or proliferation in
tomato cell suspension was studied [70]. Comparisons were made with the more commonly used
2,3,5-triphenyltetrazolium chloride (TTC) assay. Compared to the TTC viability assay, the Alamar
Blue assay was: (i) more rapid since no organic extraction of the product was required, (ii) non-toxic to
the cells which facilitated downstream analysis of the same cell culture, (ii1) different quantification
methods can be used, and (iv) more sensitive at low percentages of cell viability. However, the
disadvantages of the AB assay included a lower substrate capacity than the TTC assay.

5.2. Interaction Effects

Some of the reductases involved in reduction of Alamar Blue are present in subcellular components
and not only in the mitochondria [33,71] which implies that Alamar Blue reduction may not be entirely
due to changes in mitochondrial function. Depending on the objectives of any given study, it may be
necessary to determine the importance of mitochondria-restricted Alamar Blue reduction for each cell
model. Knowing the contribution of mitochondrial reductases to Alamar Blue reduction may be
important to establishing the predictive ability of in vitro data [72].

Interaction effects and assay compatibility problems have been specifically demonstrated in
screening bioengineered nanomaterials. Engineered nanomaterials vary in diversity and complexity of
the types of materials and have different physicochemical properties [73]. As a result, it has been
recommended that a diverse portfolio of cell viability and cytotoxicity assays (including the Alamar
Blue assay) with different chemistries and detection mechanisms should be used for the assessment of
nanoparticles or nanomaterials [74,75]. One reason is that some nanoparticles may interact with assay
chemistry [76] and there is difficulty in determining in vitro effects [77]. Further, the composition of
the culture medium and the nanomaterials itself, use of dispersants or other additives, the proliferation
rate and the type of the cells used in the assay may also have an effect on assay outcome [76,78].

6. Conclusions

Accurate prediction of the adverse effects of test compounds on living systems, detection of toxic
thresholds, and expansion of experimental data sets to include multiple toxicity end-point analysis are
required for any robust screening regime. The Alamar Blue assay provides accurate time-course
measurements, has high sensitivity and linearity, involves no cell lysis, is ideal for use with
post-measurement functional assays, is flexible as it can be used with different cell models, is scalable
and can be used with fluorescence- and/or absorbance-based instrumentation platforms, and finally, it
is non-toxic, non-radioactive and is safe for the user, and the environment. /n vitro bioassays may not
be highly predictive of in vivo effects and there may be a need for the development of multiple
parameters which would assist in translating in vitro data into meaningful in vivo effects [72]. There is
a profusion of data that supports the use of Alamar Blue as a cell viability assay, however, numerous
studies have adopted a combinatorial approach to cell viability and cytotoxicity screening and,
therefore, utilized different assay chemistries in order to produce the most meaningful and
representative in vitro result.
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Important Points to Consider with Respect to Suitability of the Alamar Blue Assay for a Specific
Application

e Study objective: specific impairment of cytosolic vs. mitochondrial reductases important?

e Cell model: cell type, adherent/non-adherent cells, cell density, cell line and age of cells
under study

e Other studies demonstrated success with the cell model under investigation?

e Availability and type of instrumentation: fluorometric or colorimetric or both?

e Data recovery: indirect qualitative and/or quantitative?

e End-point determinations important?

e Assay responsiveness must be assessed by evaluation the following: culture medium i.e.,
constituents, buffering capacity, pH, evaporation and edge-effects, microtiter plate: flat or
round-bottomed, manufacturer, incubation temperature and time, chemical interactions between
the media components, test compound and assay chemistry compatibility, dosage and exposure
time to the test compound, linearity of the assay, negative and positive controls

e Need for a second assay to directly measure cell number?

e Time-course monitoring required?

e Storage and stability of the reagent

e Reproducibility of the data and level of intra- and inter-assay agreement

e Total cost of the assay

e Can biological implications be reliably predicted from in vitro data?
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