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ABSTRACT

Background: Cell Painting, the leading image-based profiling assay, involves staining plated cells with six dyes
that mark the different compartments in a cell. Such profiles can then be used to discover connections between
samples (whether different cell lines, different genetic treatments, or different compound treatments) as well as
to assess particular features impacted by each treatment. Researchers may wish to vary the standard dye panel to
assess particular phenotypes, or image cells live while maintaining the ability to cluster profiles overall.
Methods: In this study, we evaluate the performance of dyes that can either replace or augment the traditional
Cell Painting dyes or enable tracking live cell dynamics. We perturbed U20S cells with 90 different compounds
and subsequently stained them with either standard Cell Painting dyes (Revvity), or with MitoBrilliant (Tocris)
replacing MitoTracker or Phenovue phalloidin 400LS (Revvity) replacing phalloidin. We also tested the live-cell
compatible ChromalLive dye (Saguaro).

Results: All dye sets effectively separated biological replicates of the same sample vs. negative controls
(phenotypic activity), although separating from replicates of all other compounds (phenotypic distinctiveness)
proved challenging for all dye sets. While individual dye substitutions within the standard Cell Painting panel
had minimal impact on assay performance, the live cell dye exhibited distinct performance profiles across
different compound classes compared to the standard panel, with later time points more distinct than earlier
ones.

Discussion: Substituting MitoBrilliant or Phenovue phalloidin 400LS for standard mitochondrial or actin dyes
minimally impacted Cell Painting assay performance. Phenovue phalloidin 400LS offers the advantage of
isolating actin features from Golgi or plasma membrane while accommodating an additional 568 nm dye. Live
cell imaging, enabled by ChromalLive dye, provides real-time assessment of compound-induced morphological
changes. Combining this with the standard Cell Painting assay significantly expands the feature space for
enhanced cellular profiling. Our findings provide data-driven options for researchers selecting dye sets for image-
based profiling.

1. Introduction

label eight compartments in the cell — nuclei, nucleoli, cytoplasmic RNA,
mitochondria, actin, Golgi apparatus, plasma membrane, and endo-

Image-based profiling (sometimes called morphological profiling)
has proven powerful in the field of drug discovery and it can be carried
out with the relatively inexpensive Cell Painting assay [1-3], which
involves staining control or patient derived cell lines, genetically or
chemically perturbed cells with six standard Cell Painting (CP) dyes —
Hoechst, SYTO 14, MitoTracker, phalloidin, wheat germ agglutinin
(WGA), and concanavalin A to label various cell components. These dyes

plasmic reticulum. Images are captured in five different channels. In
some cases, due to finite resolvable channels in a standard imaging
setup, multiple compartments are all located in the same channel: actin
(labeled with Phalloidin Alexa 568 conjugate), Golgi apparatus, and
plasma membrane (both labeled with WGA conjugate) are captured in
the same channel. Similarly, SYTO 14, a nucleic acid stain, labels both
nucleoli and cytoplasmic RNA, which are imaged in a single shared

Abbreviations: mAP, mean average precision; DMSO, dimethyl sulfoxide; WGA, wheat germ agglutinin; 400LS, long stoke shifted; CP, cell painting; MoA,

mechanism of action.
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channel. The captured images are then segmented into cells, nuclei, and
cytoplasm objects, and features of these objects are extracted using
software such as CellProfiler [4]. All of these features constitute the
image-based profile for a single cell; while single-cell analysis is
possible, most workflows involve aggregating metrics per perturbation
or condition. These profiles can then be analyzed to identify similar-
ities/differences with the other perturbed profiles to uncover new bio-
logical relationships. Cell Painting has been used to identify disease
phenotypes [5], predict the toxicity of environmental chemicals [6],
predict the functional impact of genetic variants [7], and in many more
applications [3,8].

Using organelle dyes in image-based profiling rather than specific
probes for pre-determined phenotypes of interest allows capturing the
morphological features of a cell in a more unbiased manner but also
limits analysis to fixed cells and the particular organelles or cellular
structures covered by the panel. To answer specific biological questions,
researchers sometimes swap one of the standard CP dyes for a dye more
targeted to their biological area of interest, such as LysoTracker to stain
lysosomes or BODIPY to stain lipid droplets [9,10]. Additionally, studies
have demonstrated the utility of live cell dyes such as ChromaLive and
acridine orange to capture the phenotypic changes over time [11,12].
Here, we tested the dye variants that are already in use to determine
their compatibility for CP assay. To date, there has been no comparison
of these dye variants against the traditional CP dyes in the context of
profiling performance. Our study addresses this gap by directly
comparing traditional and variant/alternate dye sets in terms of their
ability to capture phenotypic differences across a diverse set of com-
pounds. This analysis offers critical insights into the design and opti-
mization of image-based profiling assays and helps researchers choose
specific dye combinations that are best suited to answer their biological
questions. We largely build on the framework of recent past optimiza-
tion studies [2,13], to aid users in comparing this work to other Cell
Painting staining approaches.

In this study, we tested two cell dyes - MitoBrilliant, to replace
Phenovue 641 mitochondrial stain, and Phenovue phalloidin 400LS to
replace the phalloidin stain for actin filaments in a standard CP panel.
We also tested a live cell dye called Chromalive, on its own and in
combination with DRAQ7 and Cas 3/7 as cell death markers. We aimed
to explore the performance of these image-based profiling dyes at dis-
tinguishing perturbations’ image-based profiles relative to the tradi-
tional Cell Painting assay. Some of the tested dyes are 1-to-1 substitutes
for existing Cell Painting dyes, while others possibly provide additional
information not available in the conventional panel. The conventional
panel places phalloidin (staining filamentous actin) in the same fluo-
rescent channel as WGA (staining the Golgi and the plasma membrane);
the Phenovue phalloidin 400LS stain is excited at 400 nm (in the UV) but
emits at 585 nm in the orange region of the spectrum, making it easier to
interpret feature changes as being driven by a specific organelle and
hypothetically allowing the option of including additional dye in the
568 nm channel. The ChromalLive dye enables the study of live cell
dynamics [11] though currently at the expense of some interpretability
because the precise target(s) of the dye are undefined. Based on our past
experience evaluating image-based profiling assay performance [2,14,
15], we set out to evaluate the ability of various assay conditions
(including time points and dye sets) to group replicate wells treated with
the same compound with respect to negative controls (phenotypic ac-
tivity) or to other compounds (phenotypic distinctiveness) [16].

2. Results

To assess the performance of alternate dye sets for image-based
profiling, we built upon the previous benchmarking protocols devel-
oped in our labs for evaluation of profiling performance across com-
pound treatments [2,13,14]. U20S cells were chosen as the model
system due to their flat morphology, which facilitates imaging, and
because the staining protocol has been extensively optimized in our
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prior studies [2]. We treated U20S cells for up to 48 h with a panel of 90
compounds representing 47 mechanisms of action (Supplementary
Figure 1, Supplemental File 1) lightly adapted from the previously
described JUMP-MoA compound plate [2]. The JUMP-MoA compound
plate was used as a positive control plate for staining optimization for
the large-scale Joint Undertaking in Morphological Profiling (JUMP)
consortium [2]. On this plate, 4 replicates of each compound are
scrambled with respect to plate position, reducing bias in plate layout
effects. As shown in Fig. 1, we evaluated the ability of several dye sets of
interest to report on the effects of 48 h of treatment with these com-
pounds: i) the standard CP dyes, ii) Standard CP dyes but with Phenovue
641 mitochondrial stain substituted with MitoBrilliant, iii) Standard CP
dyes but with phalloidin substituted with Phenovue phalloidin 400LS,
iv) ChromaLive dye, and v) ChromalLive dye, the dead cell marker
DRAQ7 and a reagent for detecting the apoptotic cell marker Cas 3/7.
Because the last two panels are compatible with live-cell imaging, we
captured images at 4 h and 24 h; at 48 h the plate containing Chroma-
Live only had the Hoechst nuclear dye added and was reimaged. To
examine possible changes in morphology induced by live cell imaging
[17], the plate containing ChromalLive dye, DRAQ7, and Cas3/7 was
re-stained with the standard CP panel so that it could be compared to the
standard CP plate. This also tested whether ChromaLive and Cell
Painting assays could be performed sequentially for maximum effect.
(see Methods). Representative images of the different dyesets that were
tested are shown in the figures - Fig. 2Fig. 3. Fig. 2A) shows how the use
of Phenovue Phalloidin 400LS helps in obtaining the features of actin
and plasma membrane in separate imaging channels. All plates were
treated and run in a single batch, with one 384-well plate of U20S cells
for each dye condition, with care taken to keep handling (including
image analysis protocols) as similar as practically possible between
conditions (see Methods, Supplementary Figure 1).

We first examined the performance of each dye set in the task of
detecting phenotypic activity (distinguishing compound-treated profiles
from the profiles of DMSO-negative controls); per [16], this is evaluated
by mean average precision (mAP; see Methods). Briefly, one sets which
metadata to match by and then iteratively sets each well as the "query
well" and sorts the remaining wells by phenotypic profile similarity to
the query well; one then calculates what fraction of wells have the same
metadata as the query well (and thus are correct matches) when one
traverses the similarity list down to the least-similar correct match.
Values are thus 100 % or 1.0 when all of the most similar wells are
correct matches, and decrease as any "incorrect" matches are more
similar to the query well than some of its true metadata-replicates. All
dye sets performed well in this task, with most compounds yielding a
detectable phenotype and the median mAP ranging from 0.66-1
(Fig. 4A), though per-dye success at evaluating each particular com-
pound varied across the various compounds and Mechanisms of Action
(MoAs) classes (Supplementary Figure 2). Most compounds that cause
significant cell death or otherwise decreased cell count are perfectly or
near-perfectly distinguishable from control in all dye sets, while com-
pounds that do not drastically affect cell count range in median
phenotypic activities of approximately 0.2-1 (Fig. 4B). To assess the
statistical significance of phenotypic activity, we computed p-values for
the mAP scores following the method described in Kalinin et al. (2025)
and adjusted them for multiple hypothesis testing using the
Benjamini-Hochberg procedure. The percentage of compounds classi-
fied as phenotypically active varied across dye sets depending on the
p-value threshold applied (ranging from 0.05 to 0.001) (Supplementary
Figure 3). While stricter p-value thresholds naturally reduced the frac-
tion of compounds classified as active, the relative performance differ-
ences between dye sets remained consistent across thresholds.

We evaluated the dyes’ performance in differentiating each
compound-treated profile against all other compounds (including same-
MoA compounds) by plotting the mAP values for phenotypic distinc-
tiveness. This task tends to result in lower mAP values than the pheno-
typic activity task [18], particularly for large, active compound sets,
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Fig. 1. Schematic diagram illustrating the experimental conditions, including the assay setup and dye combinations used across the various plates.

because compounds’ profiles must be distinguished not just from the
DMSO negative controls but from all other phenotypes expressed in the
experiment; this can be a challenge particularly if there are many
compounds inducing similar mechanisms of cytotoxicity while being
annotated with different MoAs [14]. The median mAP values for
phenotypic distinctiveness were in the range of 0.25-0.45 across the dye
sets ([2]Fig. 5) and the mAP values of the individual compounds are
provided in Supplementary Figure 4. The fraction of retrieved com-
pounds, reflecting profiling performance in terms of both phenotypic
activity and distinctiveness showed similar trends across the dyesets
(Supplementary Figure 3).

An advantage of the ChromalLive dye is the ability to perform image-
based profiling in live cells; we thus tested it at various time points to
understand changes in its ability to detect compound profiles over the
treatment period. To this end, phenotypic activity and phenotypic
distinctiveness were calculated using the profiles generated from the
images captured at 4 h and 24 h after the addition of the compounds and

the ChromalLive dye; as described above, ChromaLive was added either
alone or in the presence of markers of cell death (DRAQ7) and apoptosis
(Caspase 3/7).

Phenotypic activity and distinctiveness generally increase between 4
and 24 h, though some compounds’ phenotypic activity is already
perfectly detectable after 4 h. For instance, mAP values of compounds
such as SU-11,274 (hepatocyte growth factor receptor inhibitor), NVP-
AEW541 (IGF-1 inhibitor), linsitinib (IGF-1 inhibitor), valrubicin
(DNA inhibitor), ispinesib (kinesin inhibitor), GSK2334470 (phosphoi-
nositide dependent kinase inhibitor), ponatinib (Bcr-Abl kinase inhibi-
tor), WZ4003 (AMPK inhibitor), THZ1 (CDK inhibitor) and acriflavine
(hypoxia inducible factor inhibitor) at 4 h are comparable with 24 h.
Notably, the phenotypic profile of sirolimus is more distinctly detectable
at 4 h than at later time point ((Fig. 6B), Supplementary Figure 5).The
addition of DRAQ7 and Caspase 3/7 provided some benefit at the 24 h
timepoint: while in the five MoAs with the lowest average cell counts
(and thus presumably the highest cell death) at 48 h (two apoptosis
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Fig. 2. Visualization of cells with alternate Cell Painting dyes. All human U20S cells shown are treated with dimethyl sulfoxide (vehicle) as a negative control. A)
Cells stained with phalloidin and wheat germ agglutinin (WGA) as in the standard Cell Painting protocol (left) as opposed to Phenovue phalloidin 400LS (middle) and
Phenovue WGA (right). B) Phenovue mitochondrial stain (left) as in the standard Cell Painting protocol as opposed to MitoBrilliant™ (right). Scale bar - 20 pm.

inducers, an ER stressor, a kinesin inhibitor, and a CHK inhibitor), only
the transcription inhibitor showed increased mAP at 4 h with Chroma-
Live + DRAQ7 + Cas3/7 compared to ChromalLive alone, at 24 h, this
benefit extended to 4 of the 5 MoAs (Supplementary Figure 5). We also
compared the early timepoint profiles with those obtained from using
the ChromalLive features only (dropping the Hoechst features) at the 48
h time point; the 48 h time point shows improved performance over the
24 h time point, though we cannot formally rule out there may be
contributions from the presence of the Hoechst dye or microscopy and
segmentation differences between the 4 and 24 h vs 48 h timepoints (see
Methods). (Figs. 6, 7 Supplementary Figure 5 Supplementary Figure 6).
The median mAP values for phenotypic activity using only the Chro-
malLive dye set are 0.41 at 4 h, 0.53 at 24 h, and 0.64 at 48 h (Fig. 6).
While profiling performance generally increased over time, that pattern
was not universal across all dye sets (Fig. 6B and Fig. 7B Supplementary
Figure 5, Supplementary Figure 6), indicating the utility of a live cell dye
where the perturbations may have a stronger impact on the cells early
on, or eventually cause MoA-confounding toxicity.

Finally, we compared the per-compound similarities in profiling
performance of all dye sets to the standard CP dyes to discern their
correspondence. As anticipated, we found a strong correlation between
the mAPs of the profiles generated from single-dye substitutions in the
standard Cell Painting protocol for both phenotypic activity (> 0.8 in
both cases) and distinctiveness (r*>> 0.7 in both cases) (Supplementary
Figure 7A, B, D & E). ChromalLive + Hoechst performance for pheno-
typic activity (r> = 0.422) and distinctiveness (r> = 0.302) (Supple-
mentary Figure 7C & F) showed less correlation to performance with
standard CP, likely due to the fact that profiling does not capture the
same cellular components as the other panels. To determine whether
imaging cells live with the ChromaLive, DRAQ7, and Cas3/7 dye prior to
staining with the standard CP dyes impacted Cell Painting performance

due to possible induced cell stress, we compared the performance of a
plate stained with standard CP dyes alone to a plate where standard CP
staining was performed after live imaging in the presence of ChromaLive
dye and these cell stress and death markers (condition (iv) described
earlier). While phenotypic activity correlation of Cell Painting plates
that had vs had not undergone Chromalive, DRAQ7, and Cas3/7
treatment and imaging is highly correlated to single-dye changes (% =
0.835), phenotypic distinctiveness is less correlated than the single-dye
changes (r2 = 0.559), which we hypothesize may indicate a subtle
impact of the live imaging dyes on cell responses, or perhaps the
incomplete ability to remove the live imaging dyes before Cell Painting
(Fig. 8).

3. Discussion

While Cell Painting is currently the most common dye set for image-
based profiling, the utility of alternate dyes [9,10,19,20] or even no dyes
at all [21,22] is not uncommon, and in fact is recommended in many
situations. We found that across several dye sets, most compounds in our
test plate produced a detectable phenotype regardless of the dye sets
used, suggesting that the tested dyes performed similarly in terms of
phenotypic activity. The strong correlation between profiles from
single-dye substitutions in the standard CP panel and the standard CP
dyes suggests that MitoBrilliant could be used as an alternative dye for
MitoTracker or Phenovue 641 mitochondrial stain and Phenovue phal-
loidin 400LS could be used for extended multiplexing or to obtain fea-
tures of actin in a separate channel. The profiling performance of
single-dye substitutions is unsurprising, considering the assay’s robust-
ness observed even when using features from individual channels [2].

The promise of detecting more subtle biological insights by the
ability to perform image-based profiling over time has led to the rise of
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Fig. 3. Visualization of cells with ChromalLive dye. Representative images of U20S cells that were treated with compounds at 5 mM (top to bottom) and stained with
ChromalLive dye, which gets excited at 488 nm and 561 nm and emits at three different wavelengths. Images from different emission wavelengths - 488Red,

488Yellow, and 561Yellow - are shown here. Scale bar- 20 um. CP - Cell Painting.

label-free profiling but also the development of live-cell image-based
profiling dyes like ChromaLive. ChromalLive profiling success started at
the earliest tested timepoint (4 h) and was moderately orthogonal to Cell
Painting performance (r> = 0.422), indicating it may add new di-
mensions of phenotype detection. Our results show that the addition of
ChromalLive, DRAQ7, and Cas3/7 before standard CP had only a mini-
mal impact on phenotypic activity, raising the future possibility of
combining live cell dyes such as ChromaLive with conventional fixed-
Cell Painting profiles for maximal possible biological investigation of

both rapid and longer-term cellular changes. That said, more work will
be needed to determine if and how profiles from the dye panels tested
here (including the dye-swapped dye sets, as well as the ChromaLive +
Cell Painting assay) can be reliably and directly compared to standard
Cell Painting profiles such as those in the Cell Painting Gallery [23].
As we pass the 10th anniversary of the Cell Painting assay [8],
image-based profiling approaches are now easier and cheaper to adopt
than ever before. We hope the detailed performance information we
provide here for several dye sets will aid researchers in finding the best
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Fig. 4. Phenotypic activity across dye sets: A) The performance of the dyes in the task of identifying replicates of the same compound (in different positions on the
plate) relative to negative controls (phenotypic activity) (see Methods for more details). B) Phenotypic activity for each compound, categorized and plotted based on
their annotated mechanism of action (MoA), in ascending order based on the mean mAP values. The size of the marker corresponds to the total cell count per well
(minimum: 40 maximum: 4882; per-well cell counts are provided as supplementary Table 2). Each MoA category contains 1 or 2 drugs; markers may overlap if the
mAP values are the same. See Supplementary Figure 2 for mAP values of individual compounds categorized by their MoA. CP - Cell Painting.

dye set for their preferred biological question. Our data more broadly
assures researchers that the general strategy of swapping out individual
Cell Painting dyes and even trying alternative broadly staining dyes is a
good one. The ability to maximize the amount of information extracted
from each cell is a powerful tool in the 21st-century biologist’s toolkit,
and we look forward to further developments and innovations in the
image-based profiling space.

4. Methods
4.1. Cell culture

U20S cells were cultured as previously described, with minor ad-
aptations [2]. Briefly, the cells were grown in T-175 culture flasks with
McCoy’s 5A + 10 % FBS + 1X Pen-Strep. At 80 % confluence, they were
rinsed with PBS, trypsinized with 3 mL of Trypsin-EDTA, and agitated
with 4 mL of fresh growth medium to resuspend the cells. Then, the cell
suspension was spun down and pelleted, the trypsin-containing

supernatant was discarded, and cells were resuspended in fresh growth
medium, counted, and diluted to a concentration of 50,000 cells per mL.
Cells were then plated in a single batch in 384-well, black, optically
clear-bottomed microwell plates (Phenoplate, Revvity 6057,302), with
30 pL of suspension added to each well for a total of 1500 cells per well.
Cells were allowed to settle for one h at room temperature, to improve
dispersion across the well area, and were returned to 37 °C to incubate
overnight (18 h) to improve adhesion and survival prior to compound
treatment.

4.2. Cell treatment & staining procedures

U20S cells were treated with either the 90 different compounds in
four technical replicates or DMSO (25 nL/well) in a plate layout as
described (Supplementary Figure 1). After drug treatment, cells pro-
ceeded through one of five staining, fixation, and imaging schemes: (i)
Standard CP dyes; (ii) Standard CP dyes with mitochondrial dye sub-
stitution- MitoBrilliant (Biotechne, cat#7700); (iii) Standard CP dyes
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Fig. 5. Phenotypic distinctiveness across dye sets: A) The performance of the dyes in the task of phenotypic distinctiveness, i.e., identifying the replicates of the same
compound relative to other compounds (see Methods for more details). B) Phenotypic distinctiveness for each compound, categorized and plotted based on their
annotated mechanism of action (MoA), in ascending order based on the mean mAP values. The size of the marker corresponds to the total cell count per well
(minimum: 40 maximum: 4882; per-well cell counts are provided as supplementary Table 2). Each MoA category contains 1 or 2 drugs; markers may overlap if the
mAP values are the same. See Supplementary Figure 4 for mAP values of individual compounds categorized by their MoA. CP - Cell Painting.

with phalloidin dye substitution - Phenovue 400LS Phalloidin (Revvity,
cat#CP24001); (iv) ChromalLive live imaging dye (Saguaro), and (v)
ChromaLive dye with additional live/dead and apoptotic markers
(DRAQ7 and CellEvent Caspase 3/7 Detection Reagent), followed by
fixation and application of standard CP dyes. In between handling steps,
plates still containing live cells were kept at 37 °C, 95 % humidity, and 5
% CO2.

In cases where mitochondrial dye was added (i, ii, iii, iv), the
respective dye solutions were prepared in fresh growth medium at 4x
final concentration, and applied to live cells in a 10 pL addition over the
top of existing growth medium 30 min prior to fixation. Phenovue 641
mitochondrial dye was applied to a final concentration of 0.5 pM.
MitoBrilliant 646 (Tocris #7700) was applied to a final concentration of
75 nM.

In cases where cells were fixed (i, ii, iii, iv), fixation occurred 48 h
after drug treatment, immediately following mitochondrial staining.

Cells were fixed by applying 10 uL of 20 % PFA in 1x HBSS over the top
of the existing growth medium, for a final concentration of 4 % PFA,
which was left on the cells for 20 min at room temperature. Following
fixation, cells were washed with two cycles of 80 pL. 1x HBSS.

In cases where Cell Painting dyes were added after fixation (i, ii, iii,
iv), the respective dye solutions were prepared to recommended con-
centrations in a diluent of 1x HBSS, 1 % BSA, and 0.1 % TritonX100.
Phenovue 400LS phalloidin dye (Revvity #CP24001) was diluted to a
final concentration of 166 nM. Cell Painting dyes were added at 30 pL
directly to fixed cells, after aspirating HBSS. Cells were incubated at
room temperature in the dark for 30 min, then dyes were washed off
with four cycles of 80 pL 1x HBSS, and cells were stored in 80 uL 1x PBS
for imaging and subsequent storage at 4 °C in the dark.

Live conditions (iv, v) were imaged at 4 h, 24 h, and 48 h after drug
treatment. ChromalLive dyes were applied in a fresh growth medium
immediately before drug treatment in order to facilitate early-timepoint
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Fig. 6. Phenotypic activity across time points with ChromalLive dye: A) The performance of the ChromaLive dye with and without the DRAQ7 and Cas 3/7 at the task
of identifying replicates of the same compound relative to negative controls (phenotypic activity) increases over time. B) Phenotypic activity for each compound in
the ChromalLive-only plates, categorized and plotted based on their annotated mechanism of action (MoA), in ascending order based on the mean mAP values. Two
compounds that belong to the same MoA are shown in different colors and different time points are shown in different shapes. See Supplementary Figure 5 for mAP

values of individual compounds categorized by their MoA. CP - Cell Painting.

imaging. In the particular case of ChromaLive with additional markers
and CP dyes (v), live/dead marker DRAQ7 (Thermo #D15105) and
apoptotic markers Caspase 3/7 (Thermo #10,432) were added to the
dye-media solution alongside ChromaLive dye to provide additional
monitoring of cell state. To aid in segmentation, Hoechst 33342 nuclear
dye (Revvity #CP71) was added over the top of the existing growth
medium to a final concentration of 1 pg/mL and incubated at 37 °C for
15 min before the final live imaging timepoint. Afterwards, live dyes
were washed out with one cycle of 80 uL 1x HBSS, and growth medium
was replaced. Before proceeding, channels were checked for residual
live dye signal, and no substantial remaining dye was observed; as such,
it was elected to forego a bleaching step before proceeding with mito-
chondrial dye addition, fixation, and the addition of the remaining CP
standard dyes. The cells were then imaged again after fixation.

Images were acquired using 20X water objective (NA 1.0) in confocal
mode with binning 2 in Opera Phenix Instrument (Revvity). The

following channels were used to image the cells based on the dye sets
used - 1. Digital Phase Contrast, 2. Brightfield, 3. Ex/Em 488/650-760,
4. Ex/Em 488/500-550, 5. Ex/Em 561/570-630, 6. Ex/Em 640/
650-760, 7. Hoechst - Ex/Em 405/435-480, 8. Phenovue 400LS - Ex/Em
405/570-630. The ChromalLive dye can be excited at 488 nm and 561
nm and the resulting fluorescence emission are termed as ChromalLi-
ve488_Yellow, ChromalLive488 Red and ChromaLive561_Yellow. In the
case of ChromalLive with additional markers, Caspase 3/7 staining was
captured along with the ChromaLive 488Y dye component in the same
channel during live imaging.

4.3. Image analysis

Before extracting features from the images, illumination correction
was applied to all the channels based on an illumination correction
function calculated from independent channels within a plate.
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Ilumination-corrected images were then segmented and morphological
features of cells, cytoplasm, and nuclei objects from all the channels
were extracted using CellProfiler [2]. Since the plates used for live-cell
imaging with ChromaLive did not have a nuclear stain in the early
time points, images from the 4 and 24 h timepoints were segmented
based on custom Cellpose [24] models trained to predict nuclei seg-
mentation from the ChromalLive 561 channel (Supplementary Figure 8).

Features from all the wells from a plate were combined using the
‘collate.py’ function in cytominer-database (https://github.com/
cytomining/cytominer-database). Features related to channels not
actually present on a given plate were dropped on a per-plate basis as
needed. Next, the extracted features were normalized to the DMSO
negative controls using the ‘mad robustize’ method in ‘pycytominer’ [25].
Feature selection was carried out using the ‘pycytominer’ with the
following functions - ‘variance_threshold’, ‘correlation_threshold’, ‘drop_-
na columns’, and ‘blocklist’ resulting in the morphological profiles for
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Fig. 7. Phenotypic distinctiveness across time points with ChromaLive dye: A) The performance of the ChromaLive dye with and without the DRAQ7 and Cas 3/7 at
early time points in the task of identifying the replicates of the same compound relative to other compounds, as compared to 48 h. B) Phenotypic distinctiveness for
each compound obtained with ChromalLive-(related features) only, categorized and plotted based on their annotated mechanism of action (MoA), in ascending order
based on the mean mAP values. Two compounds belonging to the same MoA are shown in different colors and different time points in different shapes. The MoA
columns might have overlapping markers if the mAP values are the same. See Supplementary Figure 6 for mAP values of individual compounds categorized by their
MoA. CP - Cell Painting.

each plate.

4.4. Evaluation metrics

The performance of each dye set was assessed based on metrics ob-
tained by the copairs Python package [16] on feature-selected profiles.
Briefly, the package lets the user define a ‘positive’ and ‘negative’ pair
and the similarity between these pairs is calculated using cosine simi-
larity. The ranked similarity values are then used to calculate the mean
average precision values for each treated compound. Mean average
precision (mAP) values indicate how similar the replicates that were
treated with the same compound are against the controls/treatments. To
report the statistical significance of the mAP values, copairs provides a
framework for calculating p-values as well as adjusting the p-values to
account for the testing of multiple hypotheses.

The percentage of compounds retrieved was calculated by taking the
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percent number of compounds that were below the adjusted p-value at
different threshold values.

i) Phenotypic activity: mAP-against-controls

Phenotypic activity is a measure of the similarity of replicate
profiles treated with the same compound relative to controls. For
replicate matching relative to negative controls, compound names
were designated as ‘pos_sameby,” meaning any replicate of a com-
pound sharing the same name as the query replicate was considered a
correct match. DMSO control wells were defined as ‘neg_diffby,’
representing the reference set against which perturbed/treated
samples were compared. In this case, DMSO replicates were treated
as incorrect matches, while all other samples were ignored.
Phenotypic distinctiveness: mAP-against-other-compounds

Phenotypic distinctiveness is a measure of the similarity of profiles
treated with the same compound relative to other treated com-
pounds, including those with the same MoA. To calculate the mAP
values for differentiating the compound-treated profiles from other
treated compounds, compound names were defined as the ‘pos._-
sameby’, and both compound names and mechanisms of action
(MoA) were defined as the ‘neg_diffby’. We also tested the impact of
including the same-MoA compounds in the calculation of phenotypic
distinctiveness by defining only the compound names as ‘neg_diffby’
(Supplementary Figure 9). DMSO negative control profiles were
excluded from the mAP calculations in both cases.

(=

ii

The metric calculation was done using copairs and graphs were
plotted in Jupyter Notebook [26] using pandas [27], numpy [28], sea-
born [29], and plotly [30].
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