
INTRODUCTION 
Challenges in Modern Drug Discovery
Many pharmaceutical companies are currently facing an upcoming ‘patent cliff’ – a drastic 
fall in revenue due to patents expiring on best-selling products1. Companies are heavily reli-
ant on revenue from their best-selling drugs, and patent expiration can have a significant bot-
tom-line impact. As a result, the pharmaceutical industry faces an ongoing need to replace 
their key revenue generators with innovative drugs1. Forward looking drug discovery pro-
grams are therefore essential for maintaining profitability. However, drug discovery is facing 
many challenges. The progression of a drug from conception to successful market release 
takes, on average, 10-15 years (Figure 1)2,3. In addition, the costs associated with drug de-
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SUMMARY
Drug discovery faces many challenges, most notably the low rate of progression from drug candidate to market 
release. In addition, the looming patent expiration of many best-selling drugs has increased the pressure on 
pharmaceutical companies to identify novel drug targets and lead molecules. To overcome these challenges, 
advanced drug discovery approaches capable of providing new insights into how drugs interact with cells to 
influence phenotype are needed to identify new targets and hits. Existing methods such as flow cytometry, 
high-content screening, and cell painting have been mainstays in drug discovery for target and hit identification, 
but each have limitations in their ability to reveal true novelty. VisionSort, a breakthrough platform leveraging 
Ghost Cytometry technology, provides a transformative solution. Ghost Cytometry leverages high-resolution 
morphological profiling and AI to provide a unique and holistic measure of cellular phenotype that can be 
leveraged for drug screening, enabling researchers to screen for new, complex disease-associated phenotypes 
that are not possible to find using conventional methods. In addition, the approach can be used to identify new 
drug targets as well as novel, rare, and disease-associated cell populations. VisionSort holds great potential for 
revolutionizing drug discovery workflows and enhancing the successful progression of new drugs to market.

In this White Paper, we discuss: 

The challenges facing drug discovery, particularly the increasing complexity of drug development.

•	 The current landscape of life science approaches used in drug discovery and their limitations.
•	 An overview of Ghost Cytometry technology and its key benefits over current approaches.
•	 Case studies showing real-world applications of VisionSort to advance drug discovery.
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velopment are increasing4, with one study 
estimating costs ranging from $113 million 
to over $6 billion5. High attrition rates along 
the discovery-to-approval pipeline can cost 
millions of dollars in R&D expenses6,7. Fail-
ure to reach the market is often caused by 
a misunderstanding of disease mechanisms 
and pathophysiology, making target identi-
fication challenging. Drug development 
difficulties can be further exacerbated in 
complex diseases due to a lack of validat-
ed diagnostic and therapeutic biomarkers. 
A high percentage of drug targets that are 
discoverable using traditional methods 
have already been discovered and tested; 
advanced screening methods and pheno-
typing technologies are therefore essential 
to the development of the next generation 
of therapeutics. Accelerating drug discov-
ery requires the identification of novel drug 
targets, lead hits, and biomarkers in early 
drug discovery and screening, which de-
mands the evolution of traditional screen-
ing methods and assays. 

The Importance of Morphology in 
Drug Discovery
Cell morphology is an emerging pheno-
typic readout that can provide vital in-
sights into cellular state and function. 
Since the early days of microscopy, the 
remarkable diversity in the morpholo-
gy of human cells has been appreciated 
(Figure 2). Moreover, this innate morpho-
logical diversity is further amplified when 
cells change state, whether by exposure 
to internal signals, external perturbations 
(i.e. drugs), or in the progression of dis-
ease, making morphological profiling a 
key new phenotypic readout in drug dis-
covery. Changes in cell morphology can 
be used to identify new macromolecules 
for drug-targeting, validate mechanisms of 
action8, screen candidate drug compounds 
for their ability to elicit a desired biological 
or phenotypic effect9,10, and identify new 
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Figure 1. Generalized drug discovery and development timeline highlighting 
high rates of drug candidate attrition.

Figure 2. Morphological diversity in human cells. A selection of human cells as seen by 
electron microscopy. Both immune cells (top row) and other specialized non-immune cells (bottom 
row) exhibit morphological diversity. 

biomarkers of disease and drug response11. Therefore, new morphology-centric tools that 
help characterize the ‘normal state’ of cells and improve our understanding of external 
environment-induced cell changes, whether in a disease setting or in response to drugs, 
are in high demand. Moreover, as the life science industry evolves towards an increasingly 
‘data-centric’ practice, with investigators demanding the ability to get the most data pos-
sible from their cells12, novel, high-content data modalities like cell morphology will play a 
pivotal role in the next generation of phenotypic drug discovery.
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CURRENT CELL PROFILING 
APPROACHES IN DRUG 
DISCOVERY
Cell profiling is the characterization and 
phenotyping of cells to determine differ-
ences and is an important aspect of drug 
discovery, enabling target identification, 
hit selection, and validation. Convention-
al readouts of cell phenotype used in drug 
discovery range from simple biochemical 
readouts (e.g. reporter gene or biochemi-
cal conversion assays), to high-content im-
aging screens that produce large amounts 
of information at the sub-cellular level13. 
High-content imaging screens, considered 
to be a more direct readout for hit selection 
and target ID, directly assess phenotypic 
changes such as protein expression lev-
els or nuclear translocation within a cell14. 
While conventional screening readouts 
have focused on molecular measures, there 
is an emerging awareness that more holistic 
readouts of cellular phenotypes that focus 
on ‘cell states’ are needed. This deeper un-
derstanding is particularly relevant for the 
development of drugs targeting multiple 
interconnected cellular signaling pathways, 
which the industry is moving toward since 
many single-mechanism drugs have al-
ready been discovered.

Flow Cytometry and FACS
Flow cytometry and FACS (fluores-
cence-activated cell sorting) are techniques 
used for cell profiling.  Flow cytometry pro-
vides quantification of fluorescence signals 
from cells stained with labeled antibodies 
as well as basic morphological information 
(cell size and granularity) for single cells 
based on gross light scattering15. Typically 
equipped with multiple fluorescence de-
tectors, a basic flow cytometer or FACS 
machine can group cells by similarity in the 
expression of external markers and identi-
fy drug-induced alterations in the marker 
expression profile for the cell population at 
large15. FACS enables cells to be sorted into 
specific populations based on their fluores-
cence expression, providing purified live 

cell populations for further investigation16. 
Flow cytometry and FACS can be used in 
drug screening to identify targets, for exam-
ple, drugs can be screened for their effect 
on the activation of specific cells of interest 
(identified through alterations in fluores-
cence expression and morphology)17. 

High-content Screening & Cell 
Painting
High-content screening is a high-through-
put technique combining automated fluo-
rescence microscopy and image analysis 
to investigate cellular responses to external 
perturbations. Cell analysis using high-con-
tent screening enables researchers to iden-
tify alterations in fluorescence intensity, 
distribution of fluorescence within the cell, 
and morphological changes to the cell18. 
The technique can be used for high-resolu-
tion investigation into single cells. As such, 
high-content screening platforms can be 
used in various steps of drug discovery, in-
cluding target identification, primary com-
pound screening to identify potential can-
didates, secondary assays to characterize 
compounds of interest, investigating poten-
tial mechanisms of action, and assessing 
toxicity19. 

Cell painting is a technique that expands 
on high-content screening to include AI-
based analysis. In cell painting, cells are 
stained with fluorescent dyes that bind to 
specific cellular components, imaged using 
automated microscopy, and the images are 
subject to machine learning algorithms to 
extract features that characterize cells20,21. 
The combination of these features (or a sub-
set of features) can be used to infer pheno-
typic states20. Cell painting is used to detect 
subtle phenotypic changes in response to 
drugs, and to screen compounds showing a 
desired biological activity by comparing the 
pattern of cell response to a test compound 
being screened to that of known reference 
compounds21. A further use of cell painting 
in drug discovery is in predicting compound 
toxicity22. 

Limitations of Current Cell Profiling 
Approaches
While flow cytometry/FACS and high-con-
tent screening have several strengths as 
drug discovery tools, they are not with-
out limitations. Flow cytometry provides a 
rapid method to profile single cells, but as 
a marker-based technique, the approach 
requires expensive reagents (fluorophores, 
antibodies, etc.) which increase costs when 
implemented at high-throughput screening 
scales23. When multiplexing for high-di-
mensional screening, the spectral overlap 
of fluorescent dyes and markers requires 
complex compensation strategies and 
advanced spectral unmixing approaches 
which can introduce errors24. In addition, as 
most markers used in flow cytometry are 
surface markers or intracellular proteins, 
the approach is limited in providing more 
holistic functional & metabolic readouts. 
While flow cytometry provides some basic 
information about cell size and granularity, 
it falls short of providing comprehensive 
morphological insights15. Last, flow cytom-
etry generally takes a bulk approach to 
analyzing cell populations, making it less 
practical for screening the large compound 
libraries used in drug discovery.

While high-content screening and cell paint-
ing are platforms to analyze cell phenotypes 
at scale, they also have practical limita-
tions25. As primarily fluorescence-based 
readouts, these techniques are limited by 
the number of fluorescent features that can 
be measured simultaneously in one experi-
ment due to spectral overlap and hardware 
configuration. In addition, the infrastructure 
required for image-based techniques is 
complex and expensive, including automat-
ed microscopy systems, labeled antibody 
kits, image analysis software, and data stor-
age23. High-content imaging and cell paint-
ing both require significant computational 
infrastructure to store, process, and analyze 
the large datasets produced, creating im-
plementation barriers for research groups 
without the necessary computational infra-
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structure or analysis expertise26. In addition, 
due to the analytical complexity, an exper-
iment can take weeks to complete27. On 
top of these limitations, there are technical 
challenges. Well-to-well variability, varia-
tion in pipetting and reagent preparation, 
and sample alignment on plates can all con-
tribute to technical variation and produce 
false positives20. On top of this inter-lab 
variability, and the lack of standardized 
protocols all introduce further variability in 
high-content screening. 

Finally, and perhaps most critical to the 
end goal of novel drug discovery, both con-
ventional flow cytometry and high-content 
screening techniques are limited in their de 
novo discovery capabilities. Since both ap-
proaches are reliant on existing markers as 
the end readout, they contain an element of 
preselection bias28. To overcome the chal-
lenges in drug development, it is critical to 
develop new approaches to improve the un-
derstanding of cellular phenotypes and how 
they influence cell function.

GHOST CYTOMETRY: THE NEXT 
GENERATION OF MORPHOTYP-
IC PROFILING
Ghost Cytometry is a novel approach to 
profiling, screening, and sorting cells. First 
published in Science in 2018, Ghost Cy-
tometry combines traditional FACS with a 
novel, high-resolution morphometric data 
modality and artificial intelligence (AI)29. 
In Ghost Cytometry, individual cells pass 
through a structured illumination, causing 
light to scatter in a specific pattern depen-
dent on the morphological properties of the 
cell or the spatial profile of fluorescence 
signals within it. These scattered light pro-
files produce discrete ‘cellular fingerprints’ 
(Figure 3) reflecting a cell’s native ‘morpho-
type’29,30. The morphotype encompasses 
the cumulative effects of genotype, pheno-
typic state, and environmental exposures 
to present a holistic, unbiased, and entirely 
novel view of cellular state. 

Ghost Cytometry is commercially available 
to researchers through the VisionSort plat-
form. VisionSort leverages this unique ap-

proach to cellular profiling and embedded 
AI algorithms to learn which fingerprints 
are associated with a particular cell type or 
phenotype of interest to enable new appli-
cations in drug discovery. 

Enhanced Single Cell Phenotypic 
Resolution
Ghost Cytometry provides sophisticated 
morphological cell analysis capabilities. For 
each cell, over 3,000 data points are gen-
erated, offering unparalleled resolution in 
assessing single-cell morphological charac-
teristics31. By contrast, flow cytometry uses 
only forward scattered light (FSC, a crude 
measure of cell size) and side scattered light 
(SSC, a measure of cell granularity) which 
generates only a limited number of mor-
phological features for each cell (Figure 4). 
In addition, the limited values collected by 
traditional flow cytometry reflect gross mea-
sures of the entire cell and miss critical sub-
cellular and surface detail32. This is essential 
for drug discovery screening, where complex 
disease and drug-response phenotypes in-
volving intracellular changes are involved. 

Cells pass 
through 
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Figure 3. Cellular Morphotyping by Ghost Cytometry. Individual cells pass through a structured illumination in flow. High-resolution 
fluorescence and scattered, absorbed, and diffracted light profiles are collected as temporal waveforms and collectively represent an individual cell’s 
morphotypic ‘fingerprint’. Fluorescent and dark field images were taken by an imaging flow cytometer. Phase contrast and bright field image were taken by 
microscopy.
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DE NOVO DISCOVERY WITH AI
A key differentiator of Ghost Cytometry 
comes following the collection of cellular 
fingerprints. With sophisticated AI algo-
rithms embedded directly in the instrument, 
VisionSort leverages cellular fingerprints 
and AI to enable de novo discovery capa-
bilities not found in traditional approaches. 
Supervised machine learning can be used to 
train VisionSort to recognize specific cellu-
lar fingerprints and subsequently sort cells 
of complex morphotypes33. Unsupervised 
machine learning approaches can be used 
to find patterns in cell populations without 
a reference to known or labeled outcomes, 
enabling truly unbiased discovery34. For 
early drug discovery, this unlocks the abil-
ity to study complex phenotypes for tar-
get identification (See Case Study #2). It 
also enables the identification of novel cell 
types, rare populations, and disease-asso-
ciated cell states without prior knowledge 
of associated cell markers (Figure 5). 

Label-free Cell Sorting
Traditional cytometry methods for cell iso-
lation rely on external labels or markers to 
define the population of interest for sorting. 
However, the use of external labels can al-
ter the biology of target cells and, by tag-
ging cells with a foreign molecule, introduce 
foreign substances that can confound the 
use of cells for downstream applications36. 
Unlike traditional approaches, VisionSort 
enables users to recover phenotypically 
defined cells, untouched by external labels. 
For drug discovery, this capability unlocks 
key new applications in pooled screen-
ing including CRISPR-based phenotypic 
screens for new target ID (See Case Study 
#1), high-throughput screening with DNA 
barcoding for hit ID (See Case Study #2), 
and screening complex phenotypes for tar-
get ID (See Case Study #3). In addition, 
the gentle, microfluidic-based cell sorting 
mechanism used in VisionSort ensures that 
recovered cells are minimally impacted, re-
tain positive viability profiles, and maintain 
functional properties after sorting37. 
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Figure 4. Enhanced Cell Morphology Resolution with Ghost Cytometry. 
Conventional flow cytometry produces limited morphological data using only forward and side 
scattered light. In contrast, data-rich single-cell morphological profiles are generated by Ghost 
Cytometry.

Figure 5. De novo morphology-based discovery with VisionSort. The high-resolution 
cellular fingerprints generated by Ghost Cytometry can be leveraged for biomarker identification. In 
this representative example, samples can be profiled, analyzed, and isolated by VisionSort to identify 
morphologically unique subpopulations of cells that distinguish healthy from disease states. The 
cellular fingerprints themselves can be used as biomarkers, or sorted cells can be subjected to a wide 
range of downstream assays to identify novel disease biomarkers. 
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CASE STUDIES: VISIONSORT 
FOR PHENOTYPIC DRUG DIS-
COVERY
Case Study #1: Morphology-based 
New Target ID Using CRISPR-Based 
Screens
In phenotypic drug discovery (PDD), chang-
es to a disease phenotype or a phenotypic 
biomarker in response to therapeutic in-
tervention are used to identify new drug 
targets and lead hits38. Traditionally, phe-
notypic readouts in PDD relied on fluores-
cently labeled dyes or antibodies, limit-
ing screening to simple phenotypes with 
known markers. However, if screening for 
more complex intracellular phenotypes 
is desired, or if existing markers for a dis-
ease/response phenotype are unavailable, 
traditional methods are limited. As a proof 
of concept, a CRISPR-based new target ID 
screen for M0 to M1 macrophage differen-
tiation – a complex intracellular phenotype 
with limited external markers for assess-
ment – was performed on VisionSort34. To 
generate a morphology-based ground truth 
phenotype for screening, populations of 
M0 and M1 macrophages (prepared sep-
arately) were combined and analyzed on 
VisionSort to train a morphology-driven 
classifier for macrophage differentiation 
(Figure 6A). After applying a CRISPR gRNA 
library targeting 729 kinase genes to M0 
macrophages and inducing macrophage 
differentiation in vitro, cells were analyzed 
and sorted on VisionSort to identify genes 
that blocked macrophage differentiation 
(Figure 6B). Using NGS-based readouts, 
the screen revealed multiple putative novel 
genes involved in the induction of macro-
phage polarization including BRD2, a tran-
scriptional regulator that belongs to the 
BET (bromodomains and extra terminal 
domain) family of proteins. In confirmato-
ry assays, it was shown that the production 
of pro-inflammatory cytokines (IFNγ and 
TNFα) was reduced in BRD2 CRISPR KO 
cells, further validating the role of BRD2 as a 
target in immune-related disorders. 

Case Study 2: Improved Hit 
Diversity in Small Molecule 
Screening
Since traditional approaches to phenotypic 
screening rely on markers, they can be lim-
ited in screening for phenotypes that man-
ifest more holistically. For example, relying 
on a change in the fluorescence signal from 
a single marker may miss hits that show bio-
logical activity, but have minimal impact on 
the expression pattern of the chosen marker. 
In this example, we compared a traditional 
drug screen, using a conventional approach, 
to a morphology-driven hit identification 
screen, using VisionSort (Figure 7A)39. Us-
ing a metabolic dysfunction-associated 
steatohepatitis (MASH) disease model, 
we screened a library of 960 compounds 
to identify putative treatments. In the con-
ventional approach, hits were identified us-

ing imaging microscopy with a reduction in 
the accumulation of punctate lipid granules 
(a hallmark phenotype of MASH) as mea-
sured by BODIPY fluorescence intensity. 
Using VisionSort, we generated a morphol-
ogy-based classifier to identify cells that 
showed a reversion-to-wildtype phenotype 
and screened the same compound library 
to identify hits. BODIPY-based screening 
identified 13 compounds showing inhibition 
of MASH-induced intracellular lipid accu-
mulation (a single marker-based readout). 
Cells with DNA barcodes to identify spe-
cific compound treatments were screened 
on VisionSort to identify compounds that 
demonstrated inhibition of the NASH phe-
notype (Figure 7B). Over 6 million cells 
were analyzed and sorted within 30 min-
utes, followed by deep sequencing of DNA 
barcodes to identify hits. The VisionSort 
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Figure 6. Generation of a morphology-based classifier for a complex 
phenotype. (A) Using populations of THP-1-derived M0 and M1 macrophages (Mf) a 
morphology-based classifier was generated on VisionSort that was capable of separating the 
two differentiation state phenotypes with an AUC of 0.89. (B) New target ID and validation with 
VisionSort. Cells that showed a blocked M1-differentiation phenotype were identified by morphology 
on VisionSort and sequenced to identify enriched hits (blue squares), which included BRD2. In 
functional validation assays, BRD2 knockout cells (BRD2 ko) exhibited reduced production of the 
pro-inflammatory cytokines IFNγ and TNFα following differentiation into M1 polarized macrophages. 
Volcano plot visualization of statistical significance (y-axis) and magnitude of the change (x-axis) 
between before and after cell sorting, wherein the statistical significance was calculated with Mann-
Whitney U test. Dashed lines: cutoff for hit genes (FDR: False discovery rate = 0.01). Adapted from 
Tsubouchi et al. Cell Reports Methods, Volume 4, Issue 3, 100737
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approach identified 32 hit compounds, 2 of which overlapped with hits identified using the conventional screen (Figure 7C). Implementing 
morphology-based drug screening can complement existing workflows and yield a broader hit profile, identifying hits with legitimate biolog-
ical activity that may be missed by conventional approaches39. In addition, when used as a complement to traditional image-based screens, 
VisionSort can also help to refine hits identified by single-marker-based approaches and further narrow true lead identification.  

Figure 7. Phenotypic screening workflow using VisionSort. (A) MASH cells were incubated with a compound library for 48 hours after which 
a DNA barcode was added to each well to identify specific compounds. The cells were pooled and analyzed on VisionSort to identify cells that reverted to a 
non-MASH (i.e. healthier) phenotype using a morphotypic classifier developed in (B). The morphotypic classifier was generated using MASH-induced and 
uninduced (control) HepG2 cells. While the cells were visually indistinguishable by standard microscopy or imaging flow cytometry, VisionSort was able 
to clearly separate these populations with a ROC-AUC score of 0.93 (C) The VisionSort screen yielded 32 compounds that showed a revision to wild-type 
phenotype. 2 of these compounds overlapped with hits identified by the traditional single-marker image-based screen.

Case Study 3: Expanded Screening 
Capability for Complex Phenotypes
Many diseases, including cancer, infec-
tious diseases, and neurodegenerative dis-
eases, are characterized by complex cellu-
lar phenotypes that involve morphological 
transformation or intracellular dynamics. 
These are important readouts for drug 
screening but can be difficult to screen 
for in PDD using traditional flow cytom-
etry as only a limited number of parame-
ters can be measured simultaneously. In 

this case study, we show the application 
of the VisionSort platform together with 
a novel drug target identification library 
(PROTEINi® from Phoremost40) to find new 
targets to reverse the phenotype of protein 
aggregation41. An MCF10a cell line model 
expressing Dox-inducible GFP-tagged 
protein aggregation was analyzed using 
VisionSort to identify aggregated pheno-
types (Figure 8B). The analysis and sorting 
of 2 million cells within 2 hours produced 
unique clusters based on their different 

phenotypes, and maintained cell viability 
and integrity for downstream deep se-
quencing of the DNA barcodes (Figure 
8)41. Target cells based on phenotype were 
identified by gating, collected for enrich-
ment, and validated using NGS readouts 
of DNA barcodes to identify putative novel 
targets. The combinatorial use of Vision-
Sort and PROTEINi® enables rapid screen-
ing of new targets for complex phenotypes 
such as protein aggregation41.
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CONCLUSION AND FUTURE 
OUTLOOK: THE ROLE OF 
EMERGING TECHNOLOGIES IN 
TRANSFORMING DRUG DIS-
COVERY
Discovery of the next generation of thera-
peutics requires new solutions to improve 
efficiency, reduce costs, and ensure the 
successful progression of drugs to the mar-
ket. Cell profiling technologies are growing 
in popularity to investigate specific pheno-
types in order to uncover novel drug targets. 
Common techniques include high-content 
screening, cell painting, and flow cytom-
etry/FACS, however, these can be limited 
in throughput, cost- and time-efficiency, 
and de novo discovery capacity (due to 
being limited to existing antibodies and 
biomarkers). VisionSort is a new morpho-
logical profiling platform with the potential 
to revolutionize drug discovery methods by 
providing researchers with a new, holistic 
method to examine cell phenotypes and 
sort cells into distinct and novel popula-
tions without requiring labels. The de novo 
discovery capabilities of VisionSort, with its 
ability to find patterns in cellular datasets 
without reference to known outcomes, are 
true innovations. With increased adoption 
of Ghost Cytometry powered instrumenta-
tion in drug discovery programs, the field of 
drug discovery research will gain access to 
an entirely new data modality for assessing 
changes in cell morphology, enabling drug 
discovery programs to lower costs, increase 
efficiency, and increase the identification of 
new targets and hits.

B
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B

Figure 8. Workflow for unsupervised classification and isolation of target 
cells using VisionSort. (A) Cellular fingerprints from individual cells were acquired using 
VisionSort, mapped onto two-dimensional space using dimensional reduction methods, and 
visualized by uniform manifold approximation and projection (UMAP). Target subpopulations 
were gated in the UMAP space and used to create classification models. Target cells isolated by 
this approach can be used for downstream analysis, such as multi-omics analyses and functional 
assays. (B) MCF10a cell lines expressing Dox-inducible GFP-tagged proteins were mixed in different 
proportions of aggregation and diffuse phenotypes (Mix A in green and Mix B in magenta). Mix 
B contained two distinct forms of the diffuse phenotype (Diffuse 1 and 2). Unsupervised machine 
learning classification of the cell populations was performed on VisionSort. Multiple cell populations 
were identified in the UMAP space as observed by distinct clustering patterns. Target cells based 
on phenotype (red gate for the aggregated phenotype) were identified by gating, collected for 
enrichment, and validated using NGS readouts of DNA barcodes to identify putative novel targets.
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