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Abstract: The resazurin assay, also known as the Alamar Blue assay, stands as a cornerstone technique
in cell biology, microbiology, and drug development. It assesses the viability of cells through the con-
version of resazurin into highly fluorescent resorufin. The resulting fluorescence intensity provides a
reliable estimate of viable cell numbers. Cytotoxicity assays, such as the resazurin-based method, play
a crucial role in the screening of potential drug candidates and in the assessment of pharmaceutical
and chemical toxicity. In recent years, inconsistencies have arisen in pharmacogenomic studies, often
due to poorly optimized laboratory protocols. These inconsistencies hinder progress in understanding
how substances affect cell health, leading to unreliable findings. Thus, the need for standardized and
rigorously optimized protocols is evident to ensure consistent and accurate results in cytotoxicity
studies. This manuscript describes a standardized procedure for optimizing resazurin-based viability
assays to improve the reliability of cytotoxicity data. This optimization approach focuses on critical
experimental parameters and data quality, aiming to achieve a level of measurement imprecision of
less than 20%. In conclusion, to address the critical issues of reproducibility and reliability, protocol
standardization, such as the one described in this manuscript, can greatly enhance the credibility of
cytotoxicity studies, ultimately advancing drug safety assessments.

Keywords: cell viability; resazurin assay; consistency of results; preclinical drug tests; protocol
standardization

1. Introduction

Resazurin, a nontoxic blue dye also known as Alamar Blue, is a widely used bio-
chemical assay employed in various fields, such as cell biology, microbiology, and drug
development [1]. This assay provides a rapid and sensitive method to assess the viability
and metabolic activity of living cells. When cells are treated with resazurin, it is internalized
by cells and metabolically reduced in the cytoplasm of living cells by cytosolic, microsomal,
and mitochondrial dehydrogenase or reductase enzymes, producing resorufin, a highly
fluorescent pink compound [2]. Resorufin is released from cells into the culture medium,
which can be collected to measure its fluorescence intensity (FI) (Figure 1).

A direct correlation is established between the cell count and the FI. The interpolation
of the FI data of an unknown sample using a calibration curve permits the estimation of
the number of viable (living) cells.

The resazurin reduction assay is relatively inexpensive and more sensitive than tetra-
zolium assays [3]. While both assays rely on the reduction of a dye to a colored formazan
product by metabolically active cells, there are key differences between the two. Tetra-
zolium salts, such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
and MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium), are reduced by cellular dehydrogenases to produce formazan crystals [4]. In
contrast, resazurin is a cell-permeable blue dye that is reduced primarily by mitochondrial
enzymes [2]. Mitochondria are highly active organelles within cells and play a central role in
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cellular metabolism [5]. As a result, even slight changes in cellular metabolic activity, which
may not be detected using tetrazolium-based assays, can lead to measurable reductions in
resazurin to resorufin conversion. Furthermore, resazurin exhibits a wider dynamic range
of detection compared to tetrazolium-based dyes [6]. This means that the fluorescent signal
generated by the reduction of resazurin is more proportional to changes in cell viability
across a broader range of cell densities and metabolic states. Both these factors contribute
to the enhanced sensitivity of the resazurin assay compared to tetrazolium-based assays.
Additionally, resazurin is less affected by compounds that interfere with tetrazolium re-
duction, providing more reliable results in certain experimental conditions [7]. Another
advantage of resazurin is that it is non-toxic to cells when used at low concentrations and
for short incubation periods, making it suitable for time-lapse experiments.

Figure 1. Resazurin reduction to resorufin in viable cells.

Resazurin assays can be used for several purposes, such as drug discovery (drug
safety and toxicity studies) and proliferation assays (growth factor or cytokine studies). In
addition, this assay can be used to evaluate cell viability in different 3D matrices [8–10].
Drug development is one of the most important applications where the resazurin-based
viability assay can play a pivotal role in ensuring the safety and efficacy of substances
that interact with living cells. Indeed, in preclinical pharmaceutical research, cytotoxicity
assays are used to screen potential drug candidates and to identify compounds that may
have adverse effects on cells, allowing researchers to prioritize safer and more promising
candidates for further drug development. An important aspect to consider is that the effects
of drugs on proliferation or apoptosis are highly dependent on cell physiology, which varies
between different cell types, cell growth stages, health, genetics, and microenvironments.
Due to this complexity, cytotoxicity studies should consider the specific characteristics of
the cells, carefully designing experiments to account for these factors.

Recently, the results of two large-scale pharmacogenomic studies were compared.
These studies encompassed over 450 cancer cell lines and evaluated various parameters
such as gene expression, copy number, genome sequence, and pharmacological response
to approximately 15 anticancer drugs. Notably, despite the use of common estimators,
the pharmacologic drug response showed a high discordance between the studies [11,12].
These comparisons suggested a lack of appropriate standardization of laboratory and assay
protocols to study drug responses in pharmacogenomic experiments. Poorly optimized
protocols can lead to unreliable and inconclusive results, hindering progress in under-
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standing how various substances affect cell viability and health. Such variability not only
makes it challenging to compare results between studies but also raises questions about the
reliability of findings, potentially leading to misguided conclusions about the safety and
efficacy of substances under investigation.

Similarly, for the resazurin-based viability assay, the cell-specific dehydrogenase and
reductase activity can affect the results. Additionally, there are numerous other variables
to consider, such as the excitation (Ex) and emission (Em) wavelengths (λ) utilized for FI
measurement, the incubation time, and the cell concentration and type.

To enhance the credibility and relevance of cytotoxicity studies, there is an urgent need
for standardized and rigorously optimized laboratory protocols, ensuring consistent and
accurate results and ultimately advancing drug development and safety assessments. To
address this issue, the scientific community has invested significant efforts in developing
ISO standards [13,14], guidelines [3,15,16], and standard operating procedures (SOPs) [17]
for selecting and utilizing cytotoxicity assays effectively. Many of these standards and
guidelines are generic and lack detailed coverage of all essential parameters for effective
standardization. Recently, some researches have focused on a more detailed investigation
of the specific aspects to be optimized in resazurin-based viability assays for particular cell
types. In 2019, Rezende et al. conducted an analysis and validation of both the analytical
and biological parameters of the resazurin-based assay for assessing cell viability and
cytotoxicity in oral squamous carcinoma and glioblastoma cells. This research aimed to
enhance the transition from in vitro to in vivo studies [18]. In 2020, Larsson et al. took an
important step by demonstrating that identifying potential confounders and subsequently
optimizing cell line-specific parameters could enhance the repeatability and reproducibility
of cell-based drug screens [19]. Furthermore, in 2021, an ASTM standard practice was
published detailing the procedures for conducting a nondestructive proliferation test for
mammalian cells based on the resazurin viability test on 3D scaffolds [20].

Even if an SOP describing the rationale and methodology for optimizing cytotoxicity
experiments using the resazurin-based viability assay would be highly beneficial, as of
now, such comprehensive guidelines are not available. SOPs play a crucial role in cell
biology, as they provide a standardized set of guidelines and protocols for conducting
experiments to ensure the consistency, accuracy, and reproducibility in results. Establishing
and following an SOP for cell viability assays is indispensable for minimizing variability
between experiments, making it easier to compare results across different studies and
laboratories [21,22].

This manuscript, with the relative SOP Supplementary File (SOP S1), contributes to
the field by describing an SOP aimed at optimizing resazurin-based viability assays in
terms of the selection of the best Ex and Em wavelengths, the selection of appropriate incu-
bation times, a definition of assay limits, and an evaluation of repeatability, reproducibility,
and measurement uncertainty. The optimization has the ultimate goal of improving the
reliability of cytotoxicity tests.

The SOP Supplementary File describes in detail the protocols to perform the exper-
imental workflow; in addition, it reports several recommendations, including sugges-
tions on control samples, and for measuring cell growth and cytotoxicity employing the
resazurin assay.

2. Optimization Workflow
2.1. Excitation and Emission Wavelengths

The selection of optimal Ex and Em wavelengths for resorufin fluorescence measure-
ments is essential for obtaining accurate, sensitive, and reproducible data while minimizing
background interference. While resorufin itself remains consistent regardless of the cell
type, the cellular environment can significantly influence its excitation and emission prop-
erties. For instance, autofluorescence originating from cellular components may overlap
with the emission spectrum of the fluorophore. Moreover, variations in intracellular com-
ponents, such as proteins, lipids, and nucleic acids, can alter the local microenvironment.
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Additionally, differences in pH levels across cell types and media can impact the resorufin
fluorescence intensity and spectral profile.

While resorufin, produced by the enzymatic conversion of resazurin, is a highly
fluorescent molecule, resazurin itself has relatively low fluorescence within the visible
spectrum [23]. Data from the literature give rather variable indications for the optimal λEx
and λEm for resorufin, with suggested values spanning from 530 nm to 570 nm for Ex and
from 580 nm to 620 nm for Em.

To select the best combinations of λEx and λEm for a specific cell type at a given
concentration of resazurin, an evaluation of different combinations falling within the
resazurin fluorescence spectra was necessary. The optimal combination will achieve the
highest fluorescence intensity while minimizing the background signal. The approach used
to achieve the best signal-to-noise ratio and accuracy is detailed in the SOP S1 file (page 5).

2.2. Incubation Time

The recommended incubation time for a resazurin assay typically ranges from 30 min
to 4 h. Selecting the correct incubation time, strictly dependent on the cell type and cell
confluency, is a critical point for obtaining accurate, comparable, and reliable results. Indeed,
a prolonged incubation time when the cell concentration is high can lead to the depletion of
the cells’ available resazurin, affecting the direct correlation between its reduction and the
number of viable cells. In contrast, a too short incubation time does not allow for an accurate
measure of the cells’ proliferative activity when their number is low [9]. Furthermore, the
rate of resazurin reduction is influenced by the metabolic rate of the cells, and different cell
types and experimental conditions can show different metabolic kinetics. These important
limitations are often overlooked. The SOP S1 file (page 8) describes the steps needed for
the process of optimizing the incubation time for a specific cell type at a given resazurin
concentration, taking into account the cell confluency.

2.3. Limit of Blank, Limit of Detection, and Limit of Quantification

Characterizing the analytical performance of a laboratory test is critical to understand
its capabilities and limitations, and ensuring that it is “fit for purpose”.

The Limit of Blank (LoB) is defined as “the highest apparent analyte concentration
expected to be found when replicates of a sample containing no analyte are tested” [24].
Several replicates, usually from 10 to 20, of blank (no-cell control) have to be measured to
estimate the LoB by calculating the mean and the standard deviation (SD). The formula to
estimate the LoB is reported below [25]:

LOB = meanBlank + 1.645(SDBlank) (1)

The factor 1.645 corresponds to the critical value for a one-sided 95% confidence
interval (CI) in a normal distribution.

While the LoB is conceptualized as a concentration, its determination in the context of
the resazurin assay involves the measurement of fluorescence intensity (FI). The formula
mentioned above serves to establish a threshold value, beyond which signals are judged to
be significantly different from background noise (LoBFI). Since FI is directly proportional to
the concentration of the analyte (viable cells), determining the LoB as a concentration needs
the generation of a cell calibration curve. Applying a regression analysis relating FI values
to known cell concentrations allows for the interpolation of the LoBFI value calculated
using the aforementioned formula (1). Consequently, the LoB value can be obtained as a
concentration (SOP S1 file, page 10).

The Limit of Detection (LoD) represents “the lowest amount of an analyte in a sample
which can be detected but not necessarily quantitated as an exact value” [26]. The LoD is
therefore higher than the LoB [20]. There are different methods for LoD estimation [25,26].
The two most used methods are listed below:
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• Starting from both the LoB and replicates of a known sample at a low analyte concen-
tration, by using the following formula [24]:

LoD = meanBlank + 1.645
(
SDLow concentration sample

)
(2)

Assuming a Gaussian distribution (one-side) of the low concentration samples, approx-
imately 95% of the values are expected to exceed the previously estimated LoB. Conversely,
approximately 5% of the low concentration samples may yield values below the LoB,
potentially leading to an erroneous interpretation that no analyte is present [24].

• By using a linear calibration curve (recommended), the LoD can be expressed as

LoD =
3.3

(
SDresponse

)
S

(3)

where SDresponse is the SD of either the y-intercept of the regression line (recommended),
regression line, or the blank; and S = the slope of the calibration curve. The factor
3.3 in the formula above corresponds to the critical value for a one-sided 99% CI in a
normal distribution and it is used to approximate a 99.7% CI.

The Limit of Quantification (LoQ) is the lowest concentration at which the analyte can
be detected with acceptable precision and accuracy [27]. The LoQ can be equal to or greater
than the LoD. The LoQ can be approximated by using a linear calibration curve [25,26]
as follows:

LoQ =
10

(
SDresponse

)
S

(4)

where SDresponse is the SD of either the y-intercept of the regression line (recommended),
regression line, or the blank; and S = the slope of the calibration curve. The use of a factor
of 10 is a widely accepted practice, based on statistical considerations that aim to provide a
sufficient separation between the signal associated with the analyte and the background
noise. In addition, in a normal distribution, approximately 99.7% of the data fall within
three SDs of the mean. By using a factor of 10, there is a high probability that the measured
value is well above the noise level.

It is advisable to evaluate more than one calibration curve, performing the experi-
ments on different days. The results can change depending on which method is used to
determine the LoD and the LoQ. Regardless of the technique chosen, an adequate number
of samples prepared at or near the LoD and the LoQ should be analyzed to demonstrate
the appropriateness of the estimated values as part of the validation process.

The steps outlining the process for estimating and validating the LoB, the LoD, and
the LoQ using the calibration curve method are reported in the SOP S1 file (page 10).

2.4. Repeatability, Reproducibility, and Measurement Uncertainty

Repeatability and reproducibility are ways of measuring the precision of a test. Re-
peatability, defined as “measurement precision under a set of repeatability conditions of
measurement” [28], assesses the consistency of measurements obtained using a single in-
strument or operator under identical conditions; reproducibility, defined as “measurement
precision under reproducibility conditions of measurement” [28], evaluates the agreement
between the measurements conducted under nonhomogeneous conditions. Regarding
resazurin viability tests, experimental repeatability can be determined as the SD of multiple
repeated measurements of the same sample acquired under identical conditions [8,29].
Reproducibility can be calculated as the SD of multiple independent measurements of
the same sample conducted under varying conditions (e.g., different days and/or op-
erators) [8,29]. Both repeatability and reproducibility contribute to the assessment of
measurement uncertainty (MU), a critical factor in ensuring the reliability of test results.
MU is defined as a “nonnegative parameter characterizing the dispersion of the quantity
values being attributed to a measurand, based on the information used” [28]. It is frequently
indicated as the measured value ± expanded uncertainty (U), representing the interval
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in which the result is expected with a certain degree of confidence. To evaluate the MU,
the contributions of the main sources of uncertainty should be included [30,31]. In the
specific case of resazurin assays, repeatability, reproducibility, and uncertainty related to
the pipette used to transfer metabolized resazurin in the plate for FI measurement should
be considered [8,29]. Although a lower MU corresponds to greater precision, there is no
fixed value for the MU that is considered to be a “good” value. Considering the purpose
of your measurement, analyzing data from the literature, and referring to standards and
stakeholders are useful to define acceptable limits or tolerances for a specific experiment.
The recommended protocol to evaluate the repeatability, reproducibility, and MU for the
resazurin assay is provided in the SOP S1 file (page 14).

3. Experimental Approach

Resazurin at a working solution (WS) concentration is generally nontoxic to cells,
allowing time-lapse experiments. After the incubation step, transferring resazurin WS to a
new plate for FI measurement is recommended but not mandatory. This implies that FI
can be measured directly in the plate where the cells are seeded. In this case, it is necessary
to use a plate suitable for both cell culture and fluorescence measurement (e.g., a plate
with black/white walls and a transparent glass bottom). If you choose this approach, it is
essential to include two blank samples in your experiments:

• “No-Cell control” (Blank 1), with resazurin WS only;
• “No-Resazurin WS” (Blank 2), with cells in the culture medium without resazurin WS.

Both the FI values for Blank 1 and 2 should be subtracted from the FI value of the
unknown samples.

While this approach has advantages in terms of the number of wells/plasticware
used, especially during the assay optimization steps, it has some disadvantages, including
potential cell interference in the well (which can vary based on cell confluence) and the risk
of losing sterility if the instrument (i.e., a spectrophotometer such as microplate readers)
does not allow an FI measurement with the lid on. Based on this information, you should
select the most appropriate experimental strategy and optimize the assay using the same
approach you intend to use for experimental measurements.

4. Applications

Cell viability and proliferation assays play a crucial role in drug discovery for investi-
gating growth factors, cytokines, and cytotoxic substances. These assays also find extensive
use in various biomedical applications, including in vitro differentiation studies and the
assessment of cell colonization within 3D scaffolds, where an appropriate cell number is
a key factor in achieving the desired results. Furthermore, the possibility of monitoring
the same sample over time without altering the system is essential for studying cellular
behavior and functions [8] (see SOP S1 file, page 16, for assay setup recommendations).

4.1. Relative Quantification

For proliferation assays, the results are usually expressed as the fold change (FC, a
measure that describes how much a quantity changes between an original and a subsequent
measurement [28]), normalizing results on untreated cells. For cytotoxicity tests, the results
are usually expressed as percentages, normalized to positive and negative control samples,
by using the “min-max normalization” method (see SOP S1 file, page 17, for further details).

4.2. Absolute Quantification

Since there is a direct correlation between resorufin FI and the number of proliferating
cells, it is possible to extrapolate the number of viable cells in a sample using a calibration
curve. A calibration curve must be used in each independent experiment and should be
incubated with resazurin WS under identical conditions as the unknown samples (see
SOP S1 file, page 18, for further details).
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5. Outlier Management and Significance Assessment
5.1. Outliers

By carrying out all the steps described above, the possibility of obtaining outlier
data is significantly reduced. However, the risk of addressing technical errors cannot be
completely eliminated. In a cell viability assay, the presence of outlier data warrants careful
consideration to ensure the accuracy and reliability of results. Outliers, defined as “a
result that is very different from the main group of results” [32], may arise from various
sources, including technical errors or biological variability. The proper handling of outliers
involves assessing their impact on the overall dataset. Depending on the context, outliers
may be retained, adjusted, or excluded after a thorough examination. Statistical methods,
graphical representations, and an understanding of the biological system’s variability
are crucial in making informed decisions about the treatment of outlier data. Managing
outliers appropriately contributes to the robustness and validity of cell viability assay
results, enhancing the overall interpretation of experimental outcomes (see SOP S1 file,
page 20).

5.2. Statistical Differences between Populations

When a statistically significant difference is observed between two populations in a
study and the calculated difference lies within the U of the measurement method, caution
is needed in drawing definitive conclusions. Indeed, this condition suggests that the
apparent statistical significance may be compromised by the variability and potential errors
associated with the measurement.

Additionally, while a statistical difference might be considered significant, it is crucial
to assess its biological significance and relevance. It is essential to discern whether the
identified statistical significance holds biological implications.

These assessments ensure that research findings are not only statistically robust but
also have real-world and impactful relevance (see SOP S1 file, page 20).

6. Discussion

Viability tests play a crucial role in both fundamental and translational research,
particularly in the field of cell-based pharmacogenomics for preclinical drug screening.
These tests are pivotal in determining the viability and health of cells subjected to vari-
ous experimental conditions, providing crucial insights into their response to potential
therapeutic agents. Unfortunately, these studies often encounter challenges related to low
inter-laboratory reproducibility, which ultimately leads to unreliable data [11,33,34]. As a
result, the credibility and translational potential of preclinical drug screening efforts are
often compromised, hindering the advancement of therapeutic development initiatives.
In recent years, an increasingly high and worrying number of irreproducible preclinical
studies has emerged. It is estimated that laboratory protocols are one of the primary causes
of irreproducibility in 10.8% of cases [12], highlighting the critical role that procedural
inconsistencies and methodological variability play in undermining research outcomes.
Consequently, improving the reliability of results is a major challenge in life sciences. Con-
sistent and reliable results are essential not only for advancing scientific knowledge but
also for facilitating the translation of research findings into clinical applications. Regardless
of the specific method used to determine the cellular response to treatment, the results
obtained should be consistent. To address this challenge, one effective strategy involves
optimizing experimental parameters. Indeed, by carefully fine-tuning variables such as the
concentration, volume, and incubation time, it is possible to minimize sources of variability
and enhance the reproducibility of the findings. SOPs are essential requirements in clinical
laboratories, serving as a key component of a quality management system and playing
a pivotal role in guaranteeing the reliability, precision, and uniformity of results [21,22].
By delineating precise steps and guidelines for each aspect of an experiment, SOPs help
ensure the consistency of results across different laboratories and experimental conditions.
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In this manuscript, we presented a comprehensive optimization approach (namely an
SOP) applicable to the resazurin assay across various cell lines.

Our primary focus was to optimize critical experimental parameters, such as the
concentration, volume, and incubation time. By systematically optimizing these parameters,
we aimed to maximize the reliability of the resazurin assay across various cell lines, ensuring
consistent and reproducible results under different experimental conditions.

Additionally, we placed a significant emphasis on the rigorous assessment of data
quality throughout the experimental process, to enhance the robustness and reliability
of our results, minimizing potential sources of variability and error. A key aspect of our
approach involved minimizing the MU, while also characterizing and understanding the
confidence limits of the viability test.

By carefully optimizing the experimental parameters and implementing standardized
protocols, researchers can significantly enhance the robustness and reliability of viabil-
ity testing results. This not only fosters greater confidence in research findings but also
promotes the reproducibility and translatability of preclinical studies, ultimately advanc-
ing scientific knowledge and contributing to the development of effective therapeutic
interventions.

7. Conclusions

In conclusion, the presented SOP offers a systematic approach to optimize the re-
sazurin assay, addressing challenges of variability and enhancing reliability. By adhering to
standardized protocols and correct parameter optimization, researchers can ensure con-
sistent and reproducible results, advancing the reliability of viability testing in preclinical
drug screening.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios14040156/s1, SOP S1: Standard operating procedure to
optimize resazurin-based viability assays [20,35–42].
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