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ABSTRACT
Cell-based therapies, including stem cell therapies and regenerative medicine, offer transformative  solutions for 

previously untreatable diseases. However, their manufacturing processes differ significantly from traditional drug 

production, requiring stringent Quality Control (QC) measures for the cells to ensure safety, efficacy and 

reproducibility. Fluorescence-based Flow Cytometry (FCM) is one of current QC methods, but rely on molecular 

markers that have potential impact on cell states and functionality, while also increasing costs. Moreover, there are 

cases that appropriate markers for accurately predicting cell function or differentiation are not available. Label-Free 

Ghost Cytometry (LF-GC) addresses these challenges by leveraging high-resolution and high-content morphological 

data and machine learning to classify and sort cells without fluorescent labels. LF-GC enables non-invasive, real-time 

analysis, preserving cell functionality and reducing manufacturing costs. Its applications extend beyond basic QC to 

include cell differentiation assessment and enrichment of potentially therapeutic cell populations. Recent studies have 

demonstrated its utility in analyzing blood and immune cells, induced pluripotent stem cells and retinal progenitor 

cells, highlighting its potential for improving cell manufacturing processes. Looking ahead, integrating LF-GC with 

unsupervised learning and other molecular techniques such as single cell sequencing will further expand the utility of 

LF-GC. As a scalable platform that can be automated, LF-GC has the potential to improve cell manufacturing by 

making advanced cell therapies safer, more accessible and cost-effective.
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INTRODUCTION
Cell-based gene therapies, stem cell therapies and regenerative 
medicine are rapidly advancing to provide solutions for previously 
untreatable diseases [1]. These therapies, however, differ 
fundamentally from traditional small-molecule drugs in their 
manufacturing requirements. They demand detailed control of 
biological variability and strict adherence to Good Manufacturing 
Practices (GMP) to ensure efficacy, reproducibility and safety. 
Meeting these requirements has significantly increased 
production costs, often making these life-saving therapies 
inaccessible to many patients [2,3].

To address these challenges, automation and process 
optimization have been pursued [3]. However, QC remains one 
of bottlenecks, with fluorescence-based FCM as the current gold 
standard [4,5]. While FCM provides high-throughput and 
reproducible cell assessments with minimal human intervention, 
it also involves staining with antibodies or dyes. These reagents 
can introduce cytotoxicity or alter cell functionality potentially 
compromising its downstream research and therapeutic 
applications [6]. Furthermore, the reliance on trained operator’s 
increases production costs and potentially limits scalability  
[4,7,8]. Lastly, appropriate markers to define the desired cell 
function or differentiation are not always available.
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Applications of LF-GC in cell manufacturing

Over the last few years, LF-GC has demonstrated its utility in 
various applications that are important to manufacturing of cell-
based therapies. One of its core functions is QC, where it excels 
in tasks such as cell counting, viability assessment and impurity 
detection [17]. For example, LF-GC can accurately quantify cell 
count and distinguish live, apoptotic and dead cells in 
heterogeneous Peripheral Blood Mononuclear Cells (PBMCs) 
[17]. and induced Pluripotent Stem Cells (iPSCs) [16]. This 
function allows the proportion of viable cells in a therapeutic 
product to be efficiently evaluated. Additionally, its high-
resolution analysis enables the detection of non-cellular 
particulates with sizes similar to cells, such as polystyrene 
microbeads or cellulose particles [17], which are often challenging 
to identify using traditional flow cytometers that can analyze the 
average information for each cell. While being underestimated, 
the contamination of cellular products by microplastic or other 
particles can interfere with the therapeutic effects of products  
[19-22], so we expect to see increasing attention to this issue and 
a need for their rapid detection.

Beyond the basic QC, LF-GC has proven effective in classifying 
cell differentiations without the use of molecular markers  
[13-15]. The first applications assessed the differentiation of 
iPSCs into Neuro Ectodermal Cells (NECs) and Hepatic 
Endodermal Cells (HECs)  [13]. In this study, surface markers 
were used to create ground truth labels for training machine 
learning models that classify cells based on their multimodal 
label-free morphological information. Once trained, the model 
could successfully predict the surface marker-based labels from 
the label-free waveforms without observing the surface markers. A 
more recent study showed a new strategy of applying LF-GC to 
assess the differentiation states of iPSC-derived Retinal 
Progenitor Cells (RPCs) and sort them from dissociated retinal 
organoids, even in the absence of ground truth surface markers  
[14]. Here, a machine-based classifier was pre-trained with an 
RPC fluorescent protein reporter ES cell line and then applied to 
RPCs differentiated from a non-reporter iPSC line, successfully 
allowing for the label-free enrichment of specific populations at 
desired differentiation stages. Enrichment of RPCs differentiated 
from iPSC line was validated through gene expression analysis 
and immuno- fluorescence. The maturations of photoreceptors 
were also confirmed with transplantation of retinal spheroids in 
the retinal degeneration rats. In addition, LF-GC was also 
employed to classify the macrophage polarization from M0 to M1 
using THP-1 cell in high-content CRISPR screening [15]. These 
collective findings highlight the potential of LF-GC not only as a 
tool for QC analysis but also as an integral component of cell 
manufacturing processes. By enabling the selective sorting of 
untouched, differentiated cells, LF-GC offers a path to safer, 
versatile and efficient cell production, ultimately leading to 
improving the quality of therapeutic cell products.

Furthermore, LF-GC also shows accuracy and versatility in 
identifying other diverse cell types. It has been applied to classify 
immune cell subtypes, including T cells and non-T cells within 
white blood cell populations [17]. Also, LF-GC can evaluate 
differences in cell states, such as distinguishing activated from 
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To mitigate the challenges associated with labeling, several label-
free cell characterization techniques, such as digital holographic 
microscopy, Raman spectroscopy and infrared spectroscopy, have 
been developed  [7, 9-12]. These approaches monitor key metrics 
such as cell viability, metabolites and T-cell subset ratios. 
However, these methods are limited by slow image acquisition, 
intensive data processing and an inability to sort cells. These 
shortcomings drive the need for high throughput, label-free 
technology for cell assessment and sorting.

LF-GC can address these limitations by leveraging high-content 
cell morphology measures and machine learning methods to 
evaluate a wide range of functional cell phenotypes [13-17]. By 
eliminating the need for fluorescent labels, LF-GC tackles the 
safety, cost and scalability challenges associated with conventional 
QC methods, making it a potentially transformative tool for cell 
manufacturing. Importantly, LF-GC-based cell sorters can be 
used to enrich for morphologically expressed phenotypes and 
then validate them using molecular expression and cellular 
function in downstream assays. This review explores recent 
advancements in LF-GC and its applications in cell 
manufacturing, while also discussing its limitations and future 
directions for expanding its use in this evolving field.

LITERATURE REVIEW

Label-free ghost cytometry and its unique value in
cell manufacturing
Ghost Cytometry (GC), introduced in 2018, is an image 
reconstruction-free image analysis approach that enabled the 
first high-throughput, fluorescence “Imaging” cell sorter [18]. 
Unlike conventional imaging methods, GC relies on the direct 
analysis of compressively measured temporal Ghost Motion 
Imaging (GMI) signals that are obtained with a single pixel 
detector when cells pass through a structured light pattern. 
These signals are processed using machine learning algorithms 
to classify and sort cells in real-time at high throughput.

LF-GC expands the original GC methodology by incorporating 
multiple label-free optical modalities, including forward 
scattering (fsGMI), backscattering (bsGMI), diffractive (dGMI) 
and bright-field Ghost Motion Imaging (bfGMI) waveform 
signals. This integration enhances the ability of LF-GC to 
capture intricate morphological data, allowing for precise 
classification of cell types, functions and states.

Thus far, the demonstrated advantages of LF-GC in cell 
manufacturing lie in its ability to eliminate the need for 
fluorescent dyes or antibodies and, by preserving the natural 
state of cells, LF-GC ensures functionality for downstream 
applications. It also holds potential to distinguish the cell 
function or differentiations by morphological analysis even if 
there are no appropriate markers. Furthermore, the process is 
non-invasive, cost-effective and compatible with automation. 
These attributes make LF-GC especially well-suited for cell 
assessment in the manufacturing process, where consistency, 
scalability and prompt and quantitative decision-making are 
critical.
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resting T cells [17], or even detecting subtle distinctions, such as 
exhaustion from non-exhausted immune cells [15]. Emerging 
data, though not yet published, suggests that LF-GC can also 
predict cellular metabolic or proliferation activities based on 
morphological information, indicating its potential to assess the 
functional properties and estimate the efficacy of therapeutic 
cells. These capabilities highlight LF-GC's analytic power, 
enabling it to provide critical insights into the therapeutic 
functionality of cell products, surpassing current quality control 
standards and enhancing their clinical and therapeutic value.

DISCUSSION

Future developments

Thus far, the demonstrated strategies of training the 
morphological classifier in LF-GC have mostly relied on ground 
truth labels based on molecular markers. However, there are 
cases that suitable molecular markers or training cell samples 
may not be available for training the morphologic classifier. For 
example, when protein expression markers lack sufficient 
specificity to identify the desired cell function, even if cell 
morphologies contain predictive information, non-target cells 
may be included in the labeled population, compromising the 
classifier's performance [23]. To address these challenges, 
integrating unsupervised learning methods and other molecular 
analysis techniques such as single-cell RNA sequencing methods 
could be a promising alternative and further expand the utility of 
LF-GC.

From the perspective of future personalized cell therapy, LF-GC 
can present exciting potential by leveraging its diagnostic 
capabilities to analyze cell morphology in patient’s samples  [16, 
24]. This approach may bridge the gap between precision 
diagnostics and therapeutic innovations, ultimately envisioning 
more tailored and effective treatments. Future development of 
generalized models that integrate the analysis of diverse 
therapeutic and diagnostic cell types may further improve the 
robustness, efficacy and clinical relevance of LF-GC.

In addition, the implementation of LF-GC in in-line analyzers 
and cell sorters will enable continuous cell monitoring and 
sorting based on detailed optical characteristics. These would 
simplify workflows and minimize contamination risks and 
reduce manual intervention, which can significantly improve 
manufacturing efficiency and reliability.

CONCLUSION
In summary, label-free ghost cytometry is set to contribute to 
quality control and improvement in therapeutic cell 
manufacturing. By eliminating the need for fluorescent labeling, 
it reduces costs, increases safety and preserves the functionality 
of therapeutic cells. Its ability to perform real-time high-content 
morphological analysis positions it as a potentially key tool for 
ensuring consistency and quality in cell-based products. With 
further innovation, LF-GC can help to make advanced cell 
therapies more accessible, affordable and effective.
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