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Abstract: The A549 cell line has become a cornerstone in biomedical research, particularly in cancer
studies and serves as a critical tool in cytotoxicity studies and drug screening where it is used to
evaluate the impact of pharmaceutical compounds on cellular viability. One of the most widely
adopted methods for viability assessment, which is also used in evaluating drug cytotoxicity, is the
resazurin-based assay. This assay exploits the ability of living cells to convert resazurin into fluores-
cent resorufin, providing a reliable indicator of metabolic activity. By measuring this conversion, cell
viability can be estimated. Resazurin assay is extensively used for evaluating cytotoxic effects on
various cell lines, including A549 cells, thereby bridging the gap between in vitro experimentation
and drug development. However, frequent data inconsistencies in pre-clinical drug screening high-
light the critical need for standardization to ensure reliability and reproducibility. This manuscript
addresses these challenges by describing the optimization of resazurin-based viability assays for
A549 cells in both 2D cultures and 3D fibrin gel models. By optimizing this test, the study aims to
enhance the reliability of cytotoxicity results and introduces a new standard operating procedure,
thus providing consistent results with minimal measurement uncertainty. This standardization is
crucial for advancing drug screening and ensuring robust research findings.

Keywords: cell viability assays; resazurin assay; A549 cell line; consistency of results; pre-clinical
drug tests

1. Introduction

The A549 cell line, derived from the lung tissue of a 58-year-old white male with lung
cancer, has emerged as a cornerstone in biomedical research, particularly in respiratory and
cancer studies [1]. Characterized by epithelial morphology and adenocarcinoma origin,
these cells show unique properties that make them well-suited for investigations into cell
biology, drug screening, and toxicity testing. Over the years, A549 cells have significantly
advanced the understanding of lung cancer and respiratory physiology, contributing to the
overall progress of biomedical science. Furthermore, A549 cells have played a crucial role
in scientific investigations concerning viral and bacterial infections. Indeed, researchers
have utilized them to delve into the complexities of infectious diseases, including tuberculo-
sis [2], since they serve as a model for studying the interaction between pathogens and host
cells, shedding light on the molecular mechanisms that underlie infection progression [3].
Additionally, A549 cells have proven instrumental in the production of Adenovirus and
contributed to advancements in gene therapy and viral vector research [4]. Their ver-
satility extends beyond cancer studies, making A549 cells a key tool in several fields of
biomedical research.

Among the most important applications of A549 cells, cytotoxicity studies, and drug
screening are of particular relevance. Indeed, they play a pivotal role in evaluating the
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impact of pharmaceutical compounds on cellular viability. The sensitivity of A549 cells
to different agents is particularly valuable for screening and profiling the cytotoxicity of
novel pharmaceutical candidates. Moreover, their responsiveness to a broad range of
chemical stimuli enables the exploration of drug interactions and mechanisms of action,
thus establishing the A549 cell line as an indispensable tool in the early phases of drug
discovery, which contributes to the development of safer and more effective therapeutic
drugs [5].

The resazurin-based viability assay is one of the most adopted tools to assess drug
cytotoxicity [6]. Exploiting the ability of living cells to reduce the non-fluorescent dye
resazurin into fluorescent resorufin, this assay provides a reliable indicator of cellular
metabolic activity and, consequently, cell viability [7]. The simplicity and sensitivity of
the resazurin assay make it particularly advantageous for assessing the cytotoxic effects
of various substances on several cell lines, including A549 cells [8]. Its versatility extends
to high-throughput screening applications, enabling the rapid evaluation of several com-
pounds and concentrations. The resazurin-based viability assay serves as a bridge between
in vitro experimentation and drug development [9]. Indeed, it plays a pivotal role in
the early stages of drug discovery, contributing to the identification of safe and effective
compounds for further development and clinical exploration.

In this scenario, results consistency poses a significant challenge in pre-clinical drug
screening. In fact, several papers identified data inconsistencies in pre-clinical studies [10,11].
In 2016, a Nature survey involving 1576 researchers highlighted that over 70% of the partici-
pants failed to replicate experiments conducted by other scientists. Additionally, more than
50% of researchers were unsuccessful in reproducing their own experiments [12]. Recently,
two pharmacogenomic studies on over 450 cancer cell lines revealed significant discordance
of data [13,14]. This inconsistency hampers result comparisons and raises concerns about
the reliability of the findings. The choice of cell lines, such as the commonly used A549 cell
line, introduces variability that can impact the repeatability of results. Experimental pro-
tocols, from reagent concentrations to assay conditions, must be standardized to mitigate
inconsistencies. Additionally, biological complexity, such as cell culture conditions and
health, further adds to the challenge. To address these issues, the scientific community is
increasingly emphasizing transparent reporting, adherence to standardized methodologies,
and collaboration for improving the robustness of pre-clinical research [15,16].

This manuscript outlines the optimization of resazurin-based viability assays on the
A549 cell line in both 2D and 3D (fibrin gel) culture models, which utilizes and validates a
standardized operating procedure (SOP) we previously developed [17], with the primary
goal of enhancing the reliability of cytotoxicity data. As an outcome of this work, we
provide a specific SOP for conducting resazurin-based cytotoxicity assays on A549 cells,
which ensures reliable results with minimal uncertainty.

2. Materials and Methods
2.1. Cell Culture Conditions (2D)

The A549 cell line (CCL-185) was purchased from the American Type Culture Collec-
tion (ATCC). Cells were cultured in DMEM medium containing 1 g/L glucose, sodium pyru-
vate, and without L-Glutamine (Biowest, Nuaillé, France). The culture medium was sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis,
MO, USA), 2 mM Glutamine (Lonza, Basilea, Switzerland), and 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA). The cells were maintained at 37 ◦C with 5% CO2.

2.2. Resazurin Working Solution Preparation

Resazurin sodium salt (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was
dissolved in 1× PBS (#A9162.0100, VWR, Radnor, PA, USA) to achieve a final concentration
of 10 mM and stored at −20 ◦C. Intermediate dilutions (440 µM in 1× PBS) were prepared,
sterilized using a 0.22 µm filter, and stored at −20 ◦C. Resazurin Working Solution (WS)
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was freshly prepared before each experiment by diluting 440 µM resazurin in complete
DMEM, resulting in a final concentration of 44 µM.

2.3. Identification of Optimal Excitation and Emission Wavelengths

To optimize the assay, different combinations of excitation (Ex) and emission (Em)
wavelengths (λ) were evaluated. A549 cells were detached following manufacturers’ rec-
ommendations and counted with a Neubauer chamber. Three different cell confluences
were selected: ~9 × 104 cells/cm2 for high confluency, ~4.5 × 104 cells/cm2 for medium
confluency, and ~9 × 103 cells/cm2 for low confluency. Cells dilutions were appropri-
ately prepared in complete DMEM (1% FBS) and seeded in triplicate in a 96-well plate
(#655 180, Greiner Bio-One, Milan, Italy). Following an overnight (ON) incubation under
standard culture conditions to ensure a firm attachment to the plate, the medium was
gently removed, and 100 µL of resazurin WS was added to each well. Triplicate of re-
sazurin WS only (Blank) was prepared for each λEx-λEm combination evaluated. After
a 1.5 h (h) incubation, metabolized resazurin WS was transferred to a 96-well plate for
fluorescence intensity (FI) detection (#MSSBNFX40, Millipore, Burlington, MA, USA). FI
was measured using the EnSpire Multimode Plate Reader (Perkin Elmer, Waltham, MA,
USA) at 12 λEx-λEm combinations, joining 4 λEx (530, 535, 540, and 545 nm) with 3 λEm
(585, 590, and 595 nm) [17].

2.4. Evaluation of Optimal Incubation Time

A549 cells were detached and counted as previously described. Three different curves
were prepared: medium–high confluency, ranging from ~1.8 × 104 to ~9 × 104 cells/cm2;
low–medium confluency, spanning ~1.8 × 103 to ~1.6 × 104 cells/cm2; very low confluency,
ranging from ~3.5 × 102 to ~1.8 × 103 cells/cm2. Diluted cell samples were prepared in
complete DMEM (1% FBS) and seeded in triplicate in a 48-well plate (#677 180, Greiner
Bio-One, Milan, Italy). Following an ON incubation under standard conditions to ensure a
firm attachment to the plate, the medium was gently removed, and 350 µL of resazurin WS
was added to each well. A triplicate of resazurin WS only (Blank) was prepared. Cells were
then incubated using standard conditions for 0.5, 1, 2, 3, and 4 h. At each incubation time
point, metabolized resazurin WS was removed from the wells, and 100 µL was transferred
to a 96-well plate for FI detection. FI was measured with the EnSpire Multimode Plate
Reader at λEx 545 nm and λEm 590 nm [17].

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

The Limit of Blank (LoB), Limit of Detection (LoD), and Limit of Quantification (LoQ)
were calculated using the calibration curve method [18–20]. Estimations for LoB, LoD,
and LoQ were based on data derived from the calibration curve “very low confluency”
(3.5 × 102–1.8 × 103 cells/cm2) after a 4 h incubation. Subsequently, a validation of LoD
and LoQ was conducted by analyzing 10 replicates of samples prepared in proximity to the
previously estimated values (10 replicates in the same experiment) [17].

2.6. Repeatability, Reproducibility, and Measurement Uncertainty

A549 cells were detached and counted as previously described. Three different cell
confluences were selected: ~9 × 104 cells/cm2 for high confluency, ~4.5 × 104 cells/cm2

for medium confluency, and ~9 × 103 cells/cm2 for low confluency. Cells dilutions were
appropriately prepared in complete DMEM (1% FBS) and seeded in triplicate in a 96-well,
48-well, and 24-well plate (TCP011024, Biofil, Pisa, Italy). Cells were cultured ON using
standard cell culture conditions to allow them to be firmly attached to the bottom of
the plate. After gently removing the medium from the wells, resazurin WS was added
to each well (100 µL for the 96-well, 350 µL for the 48-well, and 600 µL for the 24-well
plate) [17]. A triplicate of resazurin WS only (Blank) was prepared for each plate type. Cells
were incubated using standard conditions for 1.5 h. Then, metabolized resazurin WS was
removed from the wells, and 100 µL was transferred to a 96-well plate for FI detection. FI
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was measured with the EnSpire Multimode Plate Reader at λEx 545 nm and λEm 590 nm.
This experiment was performed 3 times on 3 different days (Exp 1, Exp 2, Exp 3) by the
same operator. Repeatability, reproducibility, and measurement uncertainty (MU) were
evaluated [17,21–23].

2.7. Fibrin Gel Scaffold Preparation (3D Cell Culture)

Fibrin gel scaffolds were prepared following a synthesis protocol optimized by our
group [24]. More in detail, bovine fibrinogen (Fraction I, type I-S from bovine plasma,
Sigma Aldrich, St. Louis, MO, USA) was dissolved for about 2 h at 37 ◦C in 0.9% sodium
chloride (NaCl) to prepare a 5 mg/mL solution; bovine thrombin (Sigma Aldrich, St. Louis,
MO, USA) was dissolved in milliQ-H2O at a final concentration of 100 U/mL; a 50 mM
calcium chloride (CaCl2) (Sigma Aldrich, USA) solution was prepared in milliQ-H2O.
After complete homogenization, each solution was sterilized using a 0.22 µm filter. Fib-
rinogen solution was further diluted in complete DMEM (10% FBS) to a final concentra-
tion of 2.5 mg/mL before use (fibrinogen WS). Thrombin WS was prepared by mixing
100 U/mL thrombin and 50 mM CaCl2 to achieve final concentrations of 12.5 U/mL and
25 mM, respectively.

Fibrin gel scaffolds were formed in a 48-well plate. In each well, two fibrin gel layers
were prepared:

• Bottom layer: Fibrin gel without cells, which prevents cells from sinking to the bottom
of the plate during gelling. In each well, 135 µL of fibrinogen WS were mixed with
15 µL of thrombin WS and incubated at 37 ◦C for about 30 min.

• Top layer: Fibrin gel with cells. A549 cell line was detached and counted as previ-
ously described. Cells were resuspended in fibrinogen WS at different selected cell
concentrations. After the complete gelling of the bottom layer, in each well, 135 µL of
fibrinogen WS-A549 were mixed with 15 µL of thrombin WS and incubated at 37 ◦C
for 12 h. After the complete gelling of the top layer, 150 µL of complete DMEM (10%
FBS) was added over the scaffolds to avoid dehydration and allow cell growth.

For both layers, the final concentrations of fibrinogen, thrombin, and CaCl2 were
2.25 mg/mL, 1.25 U/mL, and 2.5 mM, respectively.

Two calibration curves ranging from ~4.5 × 103 to ~9 × 104 cells/cm2 were used to
identify the optimal incubation time and estimate repeatability, reproducibility, and MU as
previously described for 2D culture. LoB, LoD, and LoQ were estimated starting from the
2D data and experimentally validated as indicated above for 2D culture.

2.8. Residual Resazurin on the Cell-Seeded Scaffold

Eight fibrin gel scaffolds were prepared in 48-well plates: 4 without cells (Blank:
B1, B2, B3, and B4) and 4 with A549 cells at a density of 2 × 104 cells/scaffold, around
1.3 × 105 cell/cm3 (Sample: S1, S2, S3, and S4). Scaffolds were prepared as previously
described. Culture media were changed every 3 days. Scaffolds were incubated with
resazurin WS for 4 h, according to the following scheme:

• B1/S1: days 1, 4, 7, and 11 (4 times);
• B2/S2: days 4, 7, and 11 (3 times);
• B3/S3: days 7 and 11 (2 times);
• B4/S4: day 11 (1 time).

After each incubation, resazurin WS was removed from the well for FI measurement,
and scaffolds were washed twice with 1× PBS before the addition of complete DMEM
(10% FBS). Culture media were collected before each resazurin WS treatment, and FI was
immediately (within 10 min time lapse) measured to evaluate the residual signal caused by
the previous resazurin treatments. FI differences between samples treated 1, 2, 3, or 4 times
with resazurin WS were evaluated to investigate any potential interference due to residual
resazurin in the gel.
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2.9. Optical Microscopy

Images of A549 cells, grown in fibrin gel and treated with resazurin, were acquired
using a Zeiss Axio Observer. Z1/7 inverted microscope (Carl Zeiss, Oberkochen, Germany)
with a 20× objective in phase contrast. Image analysis was conducted using Zeiss software
ZEN 2.6 (blue edition).

2.10. Statistical Analysis

FI data were expressed as mean ± SD, where SD represents the standard deviation.
Statistical analyses were performed using Origin 2022 software (OriginLab Corporation,
Northampton, MA, USA). One-way ANOVA with post-hoc Tukey multiple comparisons
was used to assess significant differences in FI values among sample groups. All analyses
with a p < 0.05 were indicated as statistically significant (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001).

3. Results and Discussion
3.1. Optimal λEx-λEm Wavelengths Identification

The optimal λEx-λEm combination for A549 cell lines treated with 44 µM Resazurin
WS was determined by evaluating 12 different λEx-λEm combinations across 3 different cell
confluences: low, medium, and high. The linearity of the results was evaluated for each
λEx-λEm combination, all of which exhibited high linearity with coefficient of determination
(R2) values ranging between 0.982 and 0.998.

To select the best λEx-λEm, results were analyzed based on the cell confluency. No
disagreements were observed for the high confluency (Figure 1). However, for both low
and medium cell confluences, the λEx-λEm combination of 545 nm as λEx and 590 nm
as λEm yielded the greatest FI difference between the experimental well and the Blank
(Figure 1). The λEx of 545 nm and λEm of 595 nm were selected as optimal conditions for
resazurin assay in A549 cell lines (R2 = 0.985), and this λEx-λEm combination was used for
the subsequent experiments.
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3.2. Optimal Incubation Time Evaluation

The selection of incubation time is strictly dependent on cell type and concentration.
Optimal incubation times for A549 cells treated with 44 µM resazurin WS were identified
by evaluating three different dilution curves at very low, low–medium, and medium–high
confluency. After treating cells with resazurin WS, FI was measured at 0.5, 1, 2, 3, and
4 h of incubation under standard conditions. Results indicated that 3–4 h is the optimal
incubation time when the cell concentration ranges from ~1 × 103 to ~1.6 × 104 cells/cm2;
1.5–2 h for cell concertation between ~1.6 × 104 and ~7.5 × 104 cells/cm2; 0.5–1 h for
cell concertation exceeding ~7.5 × 104 cells/cm2 (Figure 2). Prolonged incubation times,
in relation to the number of cells, resulted in a plateau in the curve (Figure S1). This is
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due to the loss of direct correlation between the resazurin reduction and the number of
viable cells.
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Figure 2. FISample-Blank (y-axis) versus cell concentration (x-axis) for very low, low–medium, and
medium–high cell confluency. FI is expressed as arbitrary units (au). Error bars indicate SD. Lin-
earity was indicated by R2 values. Suggested optimal incubation time is indicated for different cell
concentration ranges.

3.3. Calculation of LoB, LoD, and LoQ

The LoB, LoD, and LoQ were estimated by using a calibration curve ranging from
~3.5 × 102 to ~1.8 × 103 cells/cm2 (very low confluency). Regression analysis was per-
formed to evaluate the curve slope (S) and the SD of the y-intercept. LoB was estimated as
~15 cells/cm2, while LoD and LoQ were estimated to be approximately 6.5 × 102 cells/cm2

and 2 × 103 cells/cm2, respectively, for the resazurin assay on A549 cell lines (Figure 3A).
Subsequent analysis confirmed the loss of curve linearity under the LoD (R2 = 0.80).
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green dotted lines indicate LoB, LoD, and LoQ; the gray area indicates the range of the curve in which
linearity is lost. (B) Experimental validation of LoD and LoQ. FI is expressed as arbitrary units (au).
Blank represents resazurin WS only. ** p ≤ 0.01; **** p ≤ 0.0001.
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To experimentally validate the estimated values, 10 replicates of samples prepared
with a concentration of 6.5 × 102 cells/cm2 (LoD) and 2 × 103 cells/cm2 (LoQ) were
analyzed. Results showed a coefficient of variation (CV%) of 66.2% and 15.6% for LoD and
LoQ, respectively. Although the FI value of both LoD and LoQ were significantly different
from the Blank sample (LoD vs. Blank: p = 0.007; LoQ vs. Blank, p = 2.42 × 10−12), the CV%
of LoD was too high to ensure reliable results, so the limit of ~2 × 103 cells/cm2 (LoQ) was
fixed as the minimum recommended cell concentration for proliferation/cytotoxicity test
using resazurin assay on A549 cell line (Figure 3B).

3.4. Repeatability, Reproducibility, and Measurement Uncertainty

Repeatability, reproducibility, and MU were calculated for three different cell con-
fluences: low, medium, and high. The linearity of the curves was assessed, yielding an
R2 mean of 0.994 ± 0.002 (mean ± SD). No significant differences were found between
96-well, 48-well, and 24-well plates (Figure 4A). Consequently, results from the different
plates were considered together for repeatability, reproducibility, and MU calculations.
Figure 4B shows the results obtained for each confluency in each experiment (n = 3). Our
data indicated a mean relative repeatability of 4.5% (7.1% for Blank, 4.7% for low, 4% for
medium, and 3.1% for high confluency) and a mean relative reproducibility of 5.5% (7.3%
for Blank, 7% for low, 4.2% for medium, and 3.4% for high confluency). In each experiment,
with a reading volume of 100 µL, the uncertainty due to pipetting error was 0.53%. The
mean relative expanded uncertainty (U%) for resazurin assay on the A549 cell line was
found to be optimal, measuring at 14.2% (20.3% for Blank, 16.9% for low, 11.6% for medium,
and 8.1% for high confluency).
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3.5. Resazurin Assay on 3D Cell Culture

The feasibility of using the resazurin assay for 3D proliferation/cytotoxicity tests was
evaluated using A549 cells encapsulated in a fibrin gel-based scaffold. First, we assessed
the fibrin gel’s ability to absorb resazurin WS, observing complete absorption after 1 h of
incubation (Figure 5A). Successively, we compared 2D and 3D A549 cell cultures. Two
identical calibration curves were prepared in a 48-well plate for 2D and 3D by seeding or
encapsulating A549 cells. The optimal incubation time for A549 in fibrin gel was found
to be approximately double that of the time used for 2D culture. Under these conditions,
curves exhibited R2 values of 0.997 and 0.988 for 3D and 2D culture models, respectively
(Figure 5B).
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Figure 5. (A) Resazurin WS absorption by fibrin gel after 1 h of incubation. (B) Comparison between
2D (orange) and 3D (blue) identical curves incubated 1.5 h and 3 h, respectively. FISample-Blank (y-axis)
versus cell concentration (x-axis). FI is expressed as arbitrary units (au). Error bars indicate SD.
(C) Experimental validation of LoD and LoQ in 3D culture model. FI is expressed as arbitrary units
(au). Blank represents resazurin WS only. **** p ≤ 0.0001.

Repeatability, reproducibility, and MU for the 3D culture model were calculated as
previously described and were comparable with the 2D model. In detail, the results
showed a mean relative repeatability of 4.3% and a mean relative reproducibility of 6.9%.
The uncertainty due to the pipetting error of reading volume was the same as 2D. The
mean relative expanded uncertainty (U, expressed as %) for resazurin assay on A549 cell
lines inside fibrin gel 3D culture was found to be 16.5%.

LoD and LoQ, estimated starting from 2D data, were found to be ~8.8 × 103 cells/cm3

and ~2.64 × 104 cells/cm3, respectively. Experimental validation of these values, with
10 replicates of samples prepared at concentrations of 8.8 × 103 cells/cm3 (LoD) and
2.64 × 104 cells/cm3 (LoQ), indicated a CV% of 54.9% and 6.7% for LoD and LoQ, respec-
tively. LoB was estimated as ~800 cells/cm3. Similar to the 2D culture model, although
the FI value of both LoD and LoQ were significantly different from the Blank sample (LoD
vs. Blank: p = 1.16 × 10−5; LoQ vs. Blank, p = 2.12 × 10−24), but the CV% associated
with LoD was excessively high to ensure reliable results (Figure 5C). Therefore, the limit
of 2.64 × 104 cells/cm3 (LoQ) was established as the minimum recommended cell concen-
tration for proliferation/cytotoxicity tests using resazurin assay on A549 cell lines in 3D
(fibrin gel).
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3.6. Residual Resazurin on the Fibrin Gel Scaffold

When 2D and 3D results were compared, a ratio between FI values (2D vs. 3D)
of 1.81 ± 0.13 (mean ± SD) was observed. It is plausible to assume that part of the re-
sazurin/resorufin remains trapped in the gel. To verify the possibility of measuring several
times the same fibrin gel scaffold without any interference caused by resazurin/resorufin
residual, four identical scaffolds containing the same concentration of A549 cells (S1, S2,
S3, and S4) and four scaffolds without cells (B1, B2, B3, and B4) were prepared. S1 and
B1 were treated with resazurin WS 4 times, S2 and B2 3 times, S3 and B3 twice, and S4
and B4 once. Culture media were collected from fibrin gels without cells (B1, B2, B3, and
B4) and with cells (S1, S2, S3, and S4) before each resazurin WS treatment, and only the
FI of the media was measured to evaluate the signal due to any residual resazurin in the
gel due to previous resazurin treatments. The complete medium was used as a control
(resazurin treatment = 0). It was observed that FI values significantly increased after one
resazurin treatment, with a slight increment after 2 and 3 resazurin treatments, confirming
that residual resazurin/resorufin remains trapped in the gel and is slowly released over
the days following incubation (Figure 6A).
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Figure 6. (A) FI values (y-axis) measured in cell culture media collected from fibrin gels without
(w/o) and with cells before each resazurin WS treatment (x-axis). The complete medium was used
as a control (resazurin treatment = 0). FI is expressed as arbitrary units (au). Error bars indicate SD.
(B) FISample-Blank results (y-axis) in identical samples treated 1, 2, 3, or 4 times with resazurin WS
(x-axis) at day 11. The FI result of the day of seeding (day 1) are indicated by continuous orange
line, while dashed lines indicate ± SD. FI is expressed as arbitrary units (au). Error bars indicate SD.
(C) Images acquired with optical microscopy on day 11 of identical samples treated 1, 2, 3, or 4 times
with resazurin WS (20× objective).
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After 11 days of growth in the fibrin gels, we evaluated the FI results in the identical
samples treated 1, 2, 3, or 4 times with resazurin WS. Considering that part of resazurin
remains trapped in the gel, it was expected that FI values would be falsely higher in samples
that underwent multiple measurements. Surprisingly, results indicated similar values in
the samples that were treated only 1 or 2 times with resazurin (S4 and S3); on the contrary,
samples S1 and S2, treated respectively 4 and 3 times with resazurin, showed FI values
similar to those evaluated on the day of seeding (day 1) (Figure 6B).

To better understand the meaning of this result, cell morphology was analyzed with
light microscopy. The images clearly showed that as the number of treatments with re-
sazurin increases, the number of cells decreases, and their morphology worsens (Figure 6C).
This underlines that the residual resazurin in the gel does not interfere with the FI measure-
ment but is injurious to cells if subjected to long exposures. Therefore, our data suggest
that performing time-lapse experiments involving more than two resazurin incubations is
not advisable when cells are embedded in fibrin gel.

4. Conclusions

Given the crucial role A549 cells play in cytotoxicity studies and drug screening,
the reliability of experimental outcomes becomes of primary importance. Utilizing A549
cells proves valuable in early drug discovery [5,25,26]; however, challenges in pre-clinical
research, which were demonstrated by inconsistencies and reproducibility issues, need
attention. The prevalence of data discrepancies in scientific studies, especially those in-
volving cancer cell lines, underscores the requirement for standardized methodologies and
transparent reporting [14,26].

Improving results reliability stands as a major challenge in the life sciences [27].
Regardless of the method employed to assess cellular responses to treatment, the obtained
results should consistently align. Addressing these challenges not only contributes to the
reliability of cytotoxicity results but also aligns with broader efforts within the scientific
community to increase the consistency of pre-clinical research data [28,29].

To meet this challenge, an effective strategy should involve optimizing experimen-
tal parameters, specifically improving and standardizing laboratory protocols. In this
manuscript, we applied and validated our previously described comprehensive optimiza-
tion approach [17] to optimize the resazurin-based viability assay on the A549 cell line in
both 2D and 3D (fibrin gel) in vitro models. This approach focused on critical experimental
parameters and data quality assessment to support result robustness and reliability while
characterizing and understanding the confidence limits of the test.

We successfully optimized the parameters for resazurin tests conducted on the A549
cell line in both 2D and fibrin gel 3D cultures and provided an SOP for conducting resazurin-
based cytotoxicity assays specific for A549 cells in a 2D model, which ensures reliable results
with minimal uncertainty of less than 15% (Supplementary File S1). This SOP can be useful
in testing new biocompatible materials, performing drug screening, evaluating environ-
mental toxins, and studying cellular responses to various treatments. It has a standard
protocol comparable among different labs, thus ensuring data reliability and comparability.

While our optimized SOP offers enhanced reliability, it remains tailored to A549 cells.
This approach can be adapted to the other adherent cell lines that are capable of metaboliz-
ing resazurin, but additional validation would be needed to confirm its effectiveness across
various cell types and conditions.

Moreover, while the SOP was designed to standardize procedures across laboratories,
some variability could still arise due to differences in reagents, equipment, and incuba-
tion conditions. A multi-laboratory validation would be beneficial to fully confirm the
robustness of this protocol.

In conclusion, our optimized approach for resazurin-based assays on A549 cells pro-
vides a reliable tool for cytotoxicity testing, which advances the standardization necessary
for robust pre-clinical drug screening.
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www.mdpi.com/article/10.3390/cells13231959/s1, Supplementary File S1: Standardized protocol
for resazurin-based viability assays on A549 cells in 2D culture; Supplementary Figure S1: Plateau
curves for optimal incubation time variation. Refs [30,31] are citied in Supplementary Materials.

Author Contributions: Conceptualization, J.P. and C.D.; data curation, J.P.; formal analysis, J.P. and
L.R.; funding acquisition, C.D.; investigation, J.P.; methodology, J.P., S.C., L.R. and M.P.; project
administration, J.P. and C.D.; resources, C.D.; software, J.P.; supervision, C.D.; validation, J.P. and
L.R.; visualization, J.P.; writing—original draft, J.P.; writing—review and editing, J.P., S.C., L.R., M.P.
and C.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research and the APC were funded by the LifeSaver Project, which is funded by the
European Union’s Horizon 2020 Research and Innovation Programme (grant number: 101036702).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or supplementary material.

Acknowledgments: We thank Francesca Napoli (Dept. of Oncology- University of Turin) and Marco
Lo Iacono (Dept. of Clinical and Biological Sciences—University of Turin) for the willingness to use
the Fluorescent Plate Reader. The Figures were partly generated using Servier Medical Art, provided
by Servier, licensed under a Creative Commons Attribution 3.0 unported license.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Lieber, M.; Todaro, G.; Smith, B.; Szakal, A.; Nelson-Rees, W. A Continuous Tumor-cell Line from a Human Lung Carcinoma with

Properties of Type II Alveolar Epithelial Cells. Int. J. Cancer 1976, 17, 62–70. [CrossRef] [PubMed]
2. Lin, Y.; Zhang, M.; Barnes, P.F. Chemokine Production by a Human Alveolar Epithelial Cell Line in Response to Mycobacterium

Tuberculosis. Infect. Immun. 1998, 66, 1121–1126. [CrossRef] [PubMed]
3. Thomas, L.H.; Friedland, J.S.; Sharland, M.; Becker, S. Respiratory Syncytial Virus-Induced RANTES Production from Human

Bronchial Epithelial Cells Is Dependent on Nuclear Factor-Kappa B Nuclear Binding and Is Inhibited by Adenovirus-Mediated
Expression of Inhibitor of Kappa B Alpha. J. Immunol. 1998, 161, 1007–1016. [CrossRef] [PubMed]

4. Giard, D.J.; Aaronson, S.A.; Todaro, G.J.; Arnstein, P.; Kersey, J.H.; Dosik, H.; Parks, W.P. In Vitro Cultivation of Human Tumors:
Establishment of Cell Lines Derived From a Series of Solid Tumors2. JNCI J. Natl. Cancer Inst. 1973, 51, 1417–1423. [CrossRef]
[PubMed]

5. Garcia-de-Alba, C. Repurposing A549 Adenocarcinoma Cells: New Options for Drug Discovery. Am. J. Respir. Cell Mol. Biol. 2021,
64, 405–406. [CrossRef]

6. Vieira-da-Silva, B.; Castanho, M.A.R.B. Resazurin Reduction-Based Assays Revisited: Guidelines for Accurate Reporting of
Relative Differences on Metabolic Status. Molecules 2023, 28, 2283. [CrossRef]

7. O’Brien, J.; Wilson, I.; Orton, T.; Pognan, F. Investigation of the Alamar Blue (Resazurin) Fluorescent Dye for the Assessment of
Mammalian Cell Cytotoxicity: Resazurin as a Cytotoxicity Assay. Eur. J. Biochem. 2000, 267, 5421–5426. [CrossRef]

8. Lavogina, D.; Lust, H.; Tahk, M.-J.; Laasfeld, T.; Vellama, H.; Nasirova, N.; Vardja, M.; Eskla, K.-L.; Salumets, A.; Rinken, A.;
et al. Revisiting the Resazurin-Based Sensing of Cellular Viability: Widening the Application Horizon. Biosensors 2022, 12, 196.
[CrossRef]

9. Rampersad, S.N. Multiple Applications of Alamar Blue as an Indicator of Metabolic Function and Cellular Health in Cell Viability
Bioassays. Sensors 2012, 12, 12347–12360. [CrossRef]

10. Hirsch, C.; Schildknecht, S. In Vitro Research Reproducibility: Keeping Up High Standards. Front. Pharmacol. 2019, 10, 1484.
[CrossRef]

11. Reynolds, P.S. Between Two Stools: Preclinical Research, Reproducibility, and Statistical Design of Experiments. BMC Res. Notes
2022, 15, 73. [CrossRef] [PubMed]

12. Baker, M. 1,500 Scientists Lift the Lid on Reproducibility. Nature 2016, 533, 452–454. [CrossRef] [PubMed]
13. Haibe-Kains, B.; El-Hachem, N.; Birkbak, N.J.; Jin, A.C.; Beck, A.H.; Aerts, H.J.W.L.; Quackenbush, J. Inconsistency in Large

Pharmacogenomic Studies. Nature 2013, 504, 389–393. [CrossRef] [PubMed]
14. Freedman, L.P.; Cockburn, I.M.; Simcoe, T.S. The Economics of Reproducibility in Preclinical Research. PLoS Biol. 2015,

13, e1002165. [CrossRef] [PubMed]
15. Drude, N.I.; Martinez Gamboa, L.; Danziger, M.; Dirnagl, U.; Toelch, U. Improving Preclinical Studies through Replications. eLife

2021, 10, e62101. [CrossRef]

https://www.mdpi.com/article/10.3390/cells13231959/s1
https://www.mdpi.com/article/10.3390/cells13231959/s1
https://doi.org/10.1002/ijc.2910170110
https://www.ncbi.nlm.nih.gov/pubmed/175022
https://doi.org/10.1128/IAI.66.3.1121-1126.1998
https://www.ncbi.nlm.nih.gov/pubmed/9488404
https://doi.org/10.4049/jimmunol.161.2.1007
https://www.ncbi.nlm.nih.gov/pubmed/9670982
https://doi.org/10.1093/jnci/51.5.1417
https://www.ncbi.nlm.nih.gov/pubmed/4357758
https://doi.org/10.1165/rcmb.2021-0048ED
https://doi.org/10.3390/molecules28052283
https://doi.org/10.1046/j.1432-1327.2000.01606.x
https://doi.org/10.3390/bios12040196
https://doi.org/10.3390/s120912347
https://doi.org/10.3389/fphar.2019.01484
https://doi.org/10.1186/s13104-022-05965-w
https://www.ncbi.nlm.nih.gov/pubmed/35189946
https://doi.org/10.1038/533452a
https://www.ncbi.nlm.nih.gov/pubmed/27225100
https://doi.org/10.1038/nature12831
https://www.ncbi.nlm.nih.gov/pubmed/24284626
https://doi.org/10.1371/journal.pbio.1002165
https://www.ncbi.nlm.nih.gov/pubmed/26057340
https://doi.org/10.7554/eLife.62101


Cells 2024, 13, 1959 12 of 12

16. Fosse, V.; Oldoni, E.; Bietrix, F.; Budillon, A.; Daskalopoulos, E.P.; Fratelli, M.; Gerlach, B.; Groenen, P.M.A.; Hölter, S.M.; Menon,
J.M.L.; et al. Recommendations for Robust and Reproducible Preclinical Research in Personalised Medicine. BMC Med. 2023,
21, 14. [CrossRef]

17. Petiti, J.; Revel, L.; Divieto, C. Standard Operating Procedure to Optimize Resazurin-Based Viability Assays. Biosensors 2024,
14, 156. [CrossRef]

18. CLSI. Evaluation of Detection Capability for Clinical Laboratory Measurement Procedures, 2nd ed.; Clinical and Laboratory Standards
Institute (CLSI): Wayne, PA, USA, 2012. Available online: https://clsi.org/standards/products/method-evaluation/documents/
ep17/ (accessed on 16 October 2024).

19. Chandran, S.; Singh, R.S.P. Comparison of Various International Guidelines for Analytical Method Validation. Pharmazie 2007,
62, 4–14.

20. Committee for Medicinal Products for Human Use. ICH Guideline Q2(R2) on Validation of Analytical Procedures 2022; European
Medicines Agency (EMA): Amsterdam, The Netherlands. Available online: https://www.ema.europa.eu/en/ich-guideline-q2r2
-validation-analytical-procedures (accessed on 16 October 2024).

21. Divieto, C.; Sassi, M.P. A First Approach to Evaluate the Cell Dose in Highly Porous Scaffolds by Using a Nondestructive
Metabolic Method. Future Sci. OA 2015, 1, FSO58. [CrossRef]

22. Divieto, C.; Revel, L.; Sassi, G.; Sassi, M.P. Uncertainty Analysis of Cell Counting by Metabolic Assays. J. Phys. Conf. Ser. 2013,
459, 012051. [CrossRef]

23. Revel, L.; Santiano, M. RT 15/2022 Manual Micropipettes: Internal Procedure for Periodic Verification, Data Acquisition and Processing
Software; INRIM: Torino, Italy, 2022.

24. Caria, S.; Petiti, J.; Pegoraro, M.; Revel, L.; Mortati, L.; Divieto, C. 17/2023: Fibrin Gel as Tissue-Mimicking Material: Synthesis,
Optimization and Characterization; INRIM: Torino, Italy, 2023.

25. Czylkowska, A.; Rogalewicz, B.; Szczesio, M.; Raducka, A.; Gobis, K.; Szymański, P.; Czarnecka, K.; Camargo, B.C.; Szczytko, J.;
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