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Metabolomics-based mass spectrometry methods
to analyze the chemical content of 3D organoid
models

Shannon E. Murphy ‘2 and Jonathan V. Sweedler = *

Metabolomics, the study of metabolites present in biological samples, can provide a global view of
sample state as well as insights into biological changes caused by disease or environmental interactions.
Mass spectrometry (MS) is commonly used for metabolomics analysis given its high-throughput capabili-
ties, high sensitivity, and capacity to identify multiple compounds in complex samples simultaneously. MS
can be coupled to separation methods that can handle small volumes, making it well suited for analyzing
the metabolome of organoids, miniaturized three-dimensional aggregates of stem cells that model in vivo
organs. Organoids are being used in research efforts to study human disease and development, and in
the design of personalized drug treatments. For organoid models to be useful, they need to recapitulate
morphological and chemical aspects, such as the metabolome, of the parent tissue. This review highlights
the separation- and imaging-based MS-based metabolomics methods that have been used to analyze the
chemical contents of organoids. Future perspectives on how MS techniques can be optimized to deter-
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mine the accuracy of organoid models and expand the field of organoid research are also discussed.

1. Introduction

Organoids are three-dimensional (3D) aggregates of stem cells
that differentiate to form organ-like structures that model
some of the characteristics of in vivo organs, such as the gut,
liver, brain, retina, and kidney, among others." While many
organoids are created using cells from animal models, they
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can also can be grown using induced pluripotent stem (iPSCs)
cells derived from patients, providing great potential for
disease modeling, drug discovery, development of personal-
ized therapeutics, and drug toxicity testing.” In addition, orga-
noids can model biological processes related to brain develop-
ment and diseases, such as microcephaly, that are specific to
the human body and difficult to accurately represent using
rodent models.>* The 3D structure of organoids enables them
to better recapitulate the developmental biology, human physi-
ology, and complexity of an in vivo organ compared to using
two-dimensional cell culture models.*

One commonly used culturing technique to obtain 3D orga-
noid structures is the extracellular matrix (ECM) scaffolding
method (Fig. 1a). In this method, cells are plated on an ECM
(Matrigel is commonly used) and maintained under culture
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conditions.> The PSC are then expanded and differentiated
through multistep protocols via the addition of growth factors
into the cell culture media.*” These growth factors resemble
developmental cues needed to differentiate the PSCs into the
organoid model of interest.” Other methods for culturing
organoids include the spinning bioreactor method, hanging
drop method, low-adherent cell culture plate method, and
magnetic levitation method (Fig. 1). One drawback of the ECM
scaffolding method is that the use of Matrigel introduces
variability as not every batch is the same.’ Research has
shown that organoids demonstrate  batch-to-batch
variability,>® and this variability could be related to the
variance of the Matrigel composition."® Additionally, Matrigel
has several components that can interfere with mass spec-
trometry (MS) analysis.""*> Sample preparation methods to
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reduce the interference from Matrigel components are dis-
cussed in Sections 2.1 and 2.3.

Organoids refer to aggregates of organ-specific -cells,
whereas similar 3D cell culture models known as spheroids
refer to clusters of free-floating cells that typically mimic tumor
organization and are often established from immortalized cell
lines. Even though spheroids are generally lower in complexity
than organoid models, the terms organoids, spheroids, and 3D
cell cultures are often used interchangeably in the literature.'
We focus our discussion on studies that used the term orga-
noids to describe their 3D cell culture systems. Previous
research has shown that organoids can accurately model parent
tissue in terms of anatomical structure and aspects of human
development.*'*™'®> However, examining the morphology of
organoids does not provide insight into their chemical compo-
sition and the chemical interplay within these tissue-like struc-
tures. Can metabolomics techniques be used to characterize
the complex intercellular chemistry of organoids?

Metabolomics investigations analyze the flux and chemical
movement of metabolites in a biological sample, producing a
comprehensive representation of its composition."®” Global
metabolomics analysis can provide insights into biological
changes caused by disease or environmental interactions and
reveal information about the potential mechanisms involved,
which can help to identify possible biomarkers that may
improve diagnosis and treatment of diseases.'® MS is a com-
monly used technique for metabolomics analysis due to its sen-
sitivity, high throughput, and ability to detect a large number of
molecules in complex biological samples.'® MS-based metabo-
lomics analysis has been applied to biomarker discovery,*® drug
development,®* embryonic development,** and toxicology.>?

While organoids include the various cell types found in the
organ being replicated, they are rarely at the same scale and
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are usually much smaller, typically less than 1 millimeter in
diameter.>>* Their small size poses a difficult analytical chal-
lenge when measuring their chemical contents, as discussed
in a recent review.>* MS is an advantageous approach for orga-
noid analysis because it can be coupled to separation tech-
niques, such as nano-liquid chromatography (nano-LC) or
capillary electrophoresis (CE), which can handle small-volume
samples.>***> Additional benefits include the ability to
measure many compounds simultaneously without analyte
preselection while providing low limits of detection and high
sensitivity, making MS particularly well suited to detection of
low amounts of analytes in organoid samples.”® Additionally,
MS imaging (MSI) techniques, such as matrix-assisted laser de-
sorption/ionization (MALDI), can provide spatial details about
the chemical content of organoids, offering another layer of
information in measuring the metabolome of organoid
models (Fig. 2).>” While several reviews covering the use of MS
for organoid analysis have been published,'*?*° this work
focuses on metabolomics measurements in organoids using
separation- and imaging-based MS methods. We describe
applications beyond cancer research and drug discovery, and
present some of the latest research in this rapidly evolving
field. We conclude our discussion with future perspectives on
how MS-based technologies can be used to further explore the
chemical content of organoids.

2. Metabolomics methods for the
analysis of organoids
2.1. Mass spectrometry coupled with separation techniques

Separation methods, such as gas chromatography (GC) or
liquid chromatography (LC), are used to fractionate the chemi-
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Fig. 2 Mass spectrometry (MS) techniques using organoid samples. Advantages for using mass spectrometry imaging and liquid chromatography
(LC)-, gas chromatography (GC)-, and capillary electrophoresis (CE)-MS to measure the chemical components of three-dimensional organoid

samples are compared.
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cal components of a sample mixture and are commonly
coupled to information-rich detection method such as MS for
analyte identification and quantification. Sample components
are separated from each other reducing the chemical complex-
ity in a sample and isolating molecular interferants from
signals of interest. Coupling GC or LC to MS leverages the
advantages of both techniques. Performing the separation
before MS detection makes it easier to identify the com-
ponents of interest in a complex sample, and improves the
analytical figures of merit for both qualitative and quantitative
experiments.*'”*> Perhaps one of the first examples of combin-
ing a separation step with MS for analyzing the chemical
content of 3D cell culture models was performed in 2008 by
van Vliet et al.** The authors used LC-MS to measure meta-
bolic alterations in an in vitro 3D cell culture model of the
developing brain in response to methyl mercury chloride and
caffeine treatment. By performing metabolomics measure-
ments to detect neurotoxicity and discover new biomarkers,
this innovative approach paved the way for future metabolo-
mics studies using in vitro 3D cell culture models. In this
section we examine some recent works that have applied
LC-MS and GC-MS metabolomics methods to analyze orga-
noids used to investigate disease development, drug exposure,
variability based on the source of the cells, and the impacts of
environmental exposure to healthy development. We focus our
discussion on new insights learned from these measurements;
for technical details about the measurements themselves, we
refer the reader to the cited literature.

An intriguing application of LC- and GC-MS metabolomics-
based methods is to determine how the chemistry of organoids
tracks the development of disease, and how this differs from
healthy development. Gomez-Giro et al.>* used GC-MS to study
the metabolic differences between juvenile neuronal ceroid
lipofuscinosis (JNCL, also referred to as CLN3 disease) and
control cerebral organoids to understand how fundamental
neurodevelopmental mechanisms are altered in the
CLN3 mutant organoids. Thirty-one metabolites were found to
be significantly different between the control and the
CLN3 mutant organoids, with most of them being significantly
decreased in the CLN3 mutant organoid (Fig. 3a).
Neurotransmitter production in the CLN3 mutant organoid
was also found to be downregulated compared to control orga-
noids (Fig. 3b). These results demonstrate how the global
measurement of metabolites in organoids advances our under-
standing of the development of a rare genetic disorder like
CLN3 when patient tissue is hard to obtain. In a similar
study,® GC-MS was used to examine metabolomic differences
between early (within six months) and late (later than six
months) recurrent pancreatic ductal adenocarcinoma (PDAC)
organoid models. Using patient-derived organoids (PDOSs),
partial least squares discriminant analysis showed significant
global alterations between early- and late-recurrent PDOs; nine
metabolites were increased in the early-recurrent compared to
late-recurrent PDOs. Understanding metabolomic differences
between early- and late-recurrent PDAC provides insights into
creating therapeutic interventions to delay PDAC recurrence

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Detection of metabolites in organoids using GC-MS. (a)
Metabolites detected in cerebral organoids with arrows indicating rela-
tive increase or decrease in CLN3 mutant organoids compared to the
controls. Red = relative decrease compared to control. Green = relative
increase compared to control. Asterisks indicate significantly deregu-
lated metabolites. (b) The neurotransmitter GABA (y-amino butyric acid)
is significantly downregulated in CLN3 mutant organoids compared to
control organoids. Adapted from ref. 34 with permission under Creative
Commons Attribution (CC-BY 4.0) license (https://creativecommons.
org/licenses/by/4.0/).

and prolong patient survival. Additionally, these results help
guide the development of biomarkers that could predict
disease recurrence in patients, further illustrating how global
metabolomics measurements can aid in understanding
disease progression using organoid models.

LC-MS methods have also been used to analyze the meta-
bolic response of organoids to drug exposure. Duong et al.>®
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performed LC-MS metabolomics measurements on control
and drug-resistant colorectal cancer organoids to understand
the signaling pathways that produce mutations in colorectal
cancer. Severe metabolic reprogramming was observed in the
drug-resistant compared to control organoids. Drug resistance
was found to be influenced by the proteins CEMIP (cell
migration-inducing and hyaluronan-binging protein) and Myc
(transcription factors which play an important role in regulat-
ing cell proliferation and apoptosis). This understanding that
CEMIP can regulate the levels of specific metabolites through
the Myc-associated signaling pathway and cause drug resis-
tance has great therapeutic potential for treating drug-resistant
colorectal cancers. Neef and colleagues®” also performed meta-
bolic profiling of colorectal cancer organoids in response to
5-fluorouracil treatment using LC-MS. Dose-dependent
changes in the metabolomic profiles of treated organoids were
mapped and the upregulated metabolites found in response to
drug treatment were mainly involved in purine and pyrimidine
metabolism, aligning with the mechanism of action of 5-fluor-
ouracil. In addition, the elevated levels of 2'-deoxyuridine and
depleted levels of 2’-deoxyadenosine found in treated orga-
noids conformed with the cellular mechanism of 5-fluoroura-
cil. The authors also developed a novel protocol for metabolo-
mic profiling of organoids that helped overcome the challenge
of dealing with small sample amounts (<500 cells per injec-
tion) in the presence of an ECM (Matrigel). Sample prepa-
ration consisted of rapid on-plate washing followed by cold
methanol extraction without the removal of the ECM, which
allowed for rapid quenching of metabolic reactions and extrac-
tion of metabolites with minimal cell manipulation. They also
implemented a data filtering procedure based on fold change
and p-value cut offs of ECM peaks in biological vs. ECM blank
samples to eliminate ECM-derived background signals that
interfere with metabolite analysis. This filtering method has
the advantage of removing features with high variability,
improving the repeatability of organoid sample analysis. This
newly developed protocol reduces sample preparation time
and can be applied to high-throughput drug screening, bio-
marker discovery, and personalized therapies.

The potential of using liver organoids with LC-MS measure-
ments to perform drug metabolism studies has been shown by
Skottvoll et al.*® To study the phase I metabolism of heroin to
6-monoacetylmorphine (6-MAM) and morphine, liver orga-
noids were exposed to the drug for 1, 3, 6, and 24 hours, with
the concentrations of heroin and 6-MAM tracked during those
timepoints. The authors developed an electromembrane
extraction approach to separate drug metabolites from com-
ponents of cell culturing media, allowing for simple and repea-
table measurements. Parallel electromembrane extractions
were performed in a 96-well plate, illustrating the high-
throughput nature of this extraction method. Collectively,
these studies demonstrate how MS-based metabolomics can
be used to understand metabolic pathways in cancer in
response to drug treatments, develop therapeutic approaches
to treat these cancers, and optimize sample preparation
methods for high-throughput analysis of organoid samples.

2922 | Analyst, 2022, 147, 2918-2929
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MS-based methods have also been used to provide insight
into the chemical variability of organoid models created from
different cell sources. Organoid cultures often contain mul-
tiple cell types, so it is important to understand their varia-
bility as organoids are being used to model disease, drug
screening, and drug testing. Human gut adult stem cell (ASC)
organoids were created from six different donors to better
understand donor-to-donor variability in human organoids,
which has not been well studied.*® In this work, 108 central
carbon metabolites were profiled at multiple developmental
timepoints in the ASC organoids. Differences in metabolism
between the timepoints were found because donors from the
same timepoint tended to cluster together, but there was
minimal donor-to-donor variability. The authors also found
that metabolic profiles in the ASC organoids were consistent
with what is known about their physiological function, indicat-
ing that the organoids were recapitulating key features of the
originating tissue. The simultaneous measurement of hun-
dreds of compounds in these ASC organoids demonstrates the
advantage of using MS for analyzing biological variability in a
model system to answer fundamental biological questions and
advance therapeutic discovery.

Insight into how environmental and hormonal factors can
influence organoid development can also be attained using
MS technologies. One example is the work by Notaras et al.,*®
where the authors created human-derived forebrain organoids
and used LC-MS metabolomics methods to understand the
prenatal effects of drugs and neuropsychiatric risk factors on
early brain development. Using organoid models for this type
of research overcomes the ethical and technical challenges of
obtaining human prenatal brain tissue. Forebrain organoids
were exposed over a seven-day period to chemically defined
enviromimetic agents to mimic exposure to opiates (p-opioid
agonist endomorphin), cannabinoids (WIN 55212-2), alcohol
(ethanol), smoking (nicotine), chronic stress (human cortisol),
and maternal immune activation (human IL 17a). The metabo-
lome of the exposed organoids was found to be subtly altered
compared to vehicle-treated controls where most enviromi-
metic treatment groups exhibited at least one unique metabo-
lome alteration. Common metabolome alterations in
t-phenylalanine and guanosine triphosphate were detected in
all but one of the treatment groups, supporting the idea that
prenatal exposure to a variety of factors can alter the metabo-
lome and other cellular processes that are critical for normal
cortical development. Employing an integrative, multi-omics
approach, the authors also performed proteomics measure-
ments on exposed organoids to gain a more complete under-
standing of how environmental factors affect brain develop-
ment. Multi-omics analyses are discussed in depth in Section
2.2.

To better understand how estrogens influence metabolism
in the mammary gland and impact organoid development,
mammary epithelial cell organoids were exposed to the
hormone estradiol (E,).*' The E, treatment was found to
induce significant alterations in metabolite levels from several
metabolic pathways, including the tricarboxylic acid cycle,

This journal is © The Royal Society of Chemistry 2022
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urea cycle, and amino acid metabolism. These results provide
insight into the relationship between hormones and metab-
olism in the mammary gland, with applications to studying
how hormones reprogram metabolism during lactation and
breast cancer. The ability to identify significantly altered
metabolites of interest without analyte preselection demon-
strates the advantage of using MS-based methods to analyze
metabolic changes in organoids when exposed to chemical
compounds and their impact on biological development.

Together these studies demonstrate the use of GC- and
LC-MS methods for understanding the biology of organoids
and how disease and exposure to drugs, hormones, or environ-
mental factors alters metabolic pathways in these model
systems. This information has applications for developing
therapeutic approaches, personalized medicine, and studying
normal and disease development in organs where patient
tissue is difficult to access. Well-established LC-MS sampling
preparation and techniques needed to be adapted to handle
the small-volume requirements of organoid analysis. This was
achieved through the novel sample preparation method devel-
oped by Neef et al.’” and the parallel electromembrane extrac-
tion approach developed by Skottvoll et al*® Their work
demonstrated how new high-throughput sample preparation
methods allowed for the analysis of hundreds of organoids in
a single experiment, enabling a more complete understanding
of the metabolites present in organoid models.

2.2 Multi-omics analysis

Multi-omics  integrates  different-omics characterization
methods (e.g,, metabolomics and transcriptomics) to gain
enhanced information on a sample. Each-omics technique
provides distinct details and key insights into biological path-
ways that would not be discovered with single-omics
methods.”>**  Though the application of multi-omics
approaches to organoid research are not common, we describe
two studies that suggest their potential. In the first,
Lindeboom et al** performed multi-omics analysis—geno-
mics, epigenomics, transcriptomics, proteomics, and metabo-
lomics—on stem cell-enriched and stem cell-depleted mouse
intestinal organoids to obtain a holistic understanding of the
mechanisms that influence differential gene expression during
intestinal stem cell differentiation (Fig. 4a). Integrating data
from MS-based metabolomics and lipidomics analysis with
gene expression dynamics revealed a correlation between the
abundance of enzymatic activities and their involved metab-
olites. Results showed that a strong upregulation of gluta-
thione in the stem cell-depleted organoids correlated with an
upregulation of the enzymes related to glutathione metabolism
(Fig. 4b). In the second, Shechter and colleagues*® combined
transcriptomics, MS-based lipidomics and metabolomics, and
DNA methylomics measurements to better understand the
mechanisms involved with tumor relapse from treatment-
resistant cells (minimal residual disease, or MRD). By combin-
ing transcriptomic and metabolic data and flux modeling, not
only were metabolic alterations in the MRD organoids
revealed, these MRD organoids held a metabolic memory of

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Multi-omic analysis of intestinal organoids provides a complete
profile of cell-type enriched and depleted organoid cultures. (a) Multi-
omic approaches require the combination of several assays. (b) Relative
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vs. stem-cell depleted intestinal organoids measured using MS metabo-
lomics and lipidomics measurements. Significantly enriched pathways
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stem-cell enriched organoids; ENR = organoids grown in regular culture
media; EN = stem-cell depleted organoids. Adapted from ref. 44 with
permission under Creative Commons Attribution (CC-BY 4.0) license
(https://creativecommons.org/licenses/by/4.0/).

the prior tumor state. This multi-omics approach allowed for
metabolic distinctions between normal, tumor, and MRD orga-
noids to be made in a holistic fashion. Multi-omics analysis
provides a strong framework for obtaining system-wide over-
view of molecular mechanisms in cultured organoids.
However, there are some drawbacks, such as needing large
quantities of cellular material for high-resolution data gene-
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ration and requiring multiple areas of expertise to integrate,
visualize, and interpret the collected data. Nonetheless, these
studies illustrate the utility of MS-based metabolomics in a
multi-omics context to deepen the understanding of mecha-
nisms involved in healthy cell development and the develop-
ment of disease using organoid models.

2.3 Mass spectrometry imaging

MSI is an ionization approach in which a probe is rastered
across a sample surface to allow untargeted examination of the
spatial distribution of chemical species in the sample.
Thousands of molecules can be imaged in a single, label-free
experiment in a spatially resolved manner, providing added
dimension to the MS data that is especially valuable when
studying heterogenous samples. Several recent reviews high-
light the details of the measurement process and information
that can be obtained from MSI analysis.**™*° Although the
spatial information can be useful, the depth of molecular cov-
erage is less than that of separations-based MS approaches,
which is why both approaches are often used on the same
sample.”*>?

Researchers have applied MSI in areas ranging from
pharmaceutical drug discovery to basic biomedical
research.®>>* In one of the first examples to use MSI to analyze
the chemical composition of a 3D cell culture system,
MALDI-MSI was used in combination with nano-LC-tandem
MS to map and identify the protein distribution in colon carci-
noma spheroid models.?” The MALDI-MSI approach was devel-
oped to overcome limitations of other visualization methods,
such as immunohistochemistry, where prior knowledge of the
analytes of interest is needed. Because MALDI is the most
common ionization approach used with MSI to analyze orga-
noids,* this section focuses on MALDI-MSI approaches.

MALDI-MS has been used to track drug distribution in orga-
noids, allowing for the potential to track patient-specific
responses to drug treatments. The Hummon group®® used
MALDI-MSI to study the behavior of colorectal tumor orga-
noids (CTOs) created from two patients to analyze how the

Untreated 6hr Treated  24hr Treated

(a) : p Irinotecan (m/z 587.3) (b) Irinotecan
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CTOs responded to the anti-cancer drug irinotecan and its
metabolites. Building on prior work®” using MALDI-MSI to
examine the spatial distribution of irinotecan and its metab-
olites in colon carcinoma multicellular spheroid models, they
used organoids instead of spheroids because spheroids
demonstrate a limited morphological, phenotypic, and genetic
heterogeneity compared to in vivo tumors. Spheroids tend to
be less complex than organoids and are typically spherical in
shape, perhaps limiting their ability to fully capture the
complex morphological structures found in patient
tumors.'®>® By studying the distribution of irinotecan and its
metabolites in CTOs, Hummon and colleagues mapped drug
uptake over time and in a concentration-dependent manner in
the organoid models (Fig. 5). The high-throughput nature of
MALDI-MS allowed them to analyze thousands of CTOs in a
single experiment, illustrating how MALDI-MS methods are
helpful for collecting and evaluating multiple aspects of thera-
peutic drug responses by mapping the distribution in both
treatment-time and concentration-dependent manners.

In another interesting application, the technique has been
used to track drug transport in organoids that do not model
tumors, such as blood-brain barrier (BBB) organoids.
Bergmann et al.>® illustrated the use of MALDI-MS for high-
throughput analysis of the permeability of the drugs BKM-120
and dabrafenib across BBB organoids. High intensities of
BKM-120 were detected in BBB organoids whereas no levels of
dabrafenib were found. This correlates with the known per-
meability of these compounds; BKM-120 is known to cross the
BBB but dabrafenib has limited BBB penetration. These
results demonstrate the ability of MALDI-MS analyses to track
drugs of interest in organoid models and contribute to the
development of therapeutics for disease treatments.
Interestingly, though this work is based on previously pub-
lished work by Cho et al.>® who used the term spheroid to
describe the 3D BBB model, Bergmann and colleagues used
the term organoid to describe the same 3D model. This incon-
gruity in terminology highlights how researchers use the terms
spheroid and organoid interchangeably.

m/z587.2

20 uM

40 uM

0umM

Intensity (arb. unit) 587.2 m/z + 0.1 D

v

Intensity (a.u.)

0%

Fig. 5 MALDI-MSI of colorectal tumor organoids reveals the time and concentration distribution dynamics of irinotecan. (a) MALDI-MSI intensity
maps showing the time-dependent distribution of irinotecan in colorectal tumor organoid samples. (b) MALDI-MSI ion density maps showing the
concentration-dependent distribution of 0, 20, and 40 pM irinotecan-treated colorectal tumor organoid samples. Adapted from ref. 56 with per-

mission from the American Chemical Society, copyright 2018.
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MALDI-MS can also be used to study the effects of drug
treatment on organoid models. Using primary tumor orga-
noids, Johnson et al.®® demonstrated the use of MALDI-MSI
for studying drug response. Tumor organoids were treated
with the drugs 5-fluorouracil (5-FU) and gemcitabine (GEM), a
common combination therapy given to pancreatic cancer
patients. While the parent drugs 5-FU and GEM and their
metabolites were not detected in the organoids, the authors
did identify metabolites that were significantly different
between the control and treated organoids. These identified
metabolites were correlated with the effectiveness of the drug
treatment and drug excretion products surrounding the orga-
noids. The authors also developed new sample preparation
methods for organoids that improved MALDI-MSI analysis,
such as the use of a gelatin microarray technology (trade name
Matrigel), which enabled tens to hundreds of organoids to be
aligned for high-throughput imaging. Metabolite interference
peaks seen in the MALDI-MSI resulting from the Matrigel that
the organoids were cultured in were removed by centrifuging
the organoids out of the gel. These methods help reduce
sample preparation time and improve throughput, demonstrat-
ing how MALDI-MSI can be applied for drug development
research with organoid models.

Another sample preparation methods using MALDI-MSI to
analyze the chemical content of organoids have been pre-
sented is the protocol by Bakker et al.®" that allows for accurate
molecular identification based on tandem MS in organoids
<600 pm in diameter while also preserving the 3D structure
and the spatiotemporal distribution of molecules in the orga-
noids. In this sample preparation method, organoids are cen-
trifuged into a gelatin microarray that contains holes of either
200 or 800 pum, aligning the organoids into a pattern amenable
to MSI. While this protocol was designed to detect lipids in
organoid samples, it can be adjusted to detect other types of
small molecules by modifying the MALDI matrix. The
improved sample preparation methods presented by Johnson
et al. and Bakker et al. will facilitate the use of MSI methods
for organoid analysis beyond the research discussed here, and
could easily be adapted to perform other types of MS analysis
with organoid samples; e.g., LC-, CE-, or GC-MS.

Overall, the studies discussed here demonstrate the poten-
tial of using MALDI-MSI to evaluate the therapeutic response
of drug treatments in organoid models. MALDI-MSI can
measure drug response in single organoids as well as track the
location of the drug and its metabolites over time.
Additionally, the high-throughput capabilities of MALDI-MS
allow for the analysis of hundreds to thousands of organoids
in a single experiment,”®®® with implications for pharma-
ceutical and basic research applications. While the focus of
these papers has been on the use of MALDI-MSI for analyzing
drug responses in organoids, these methods are adaptable to
other studies using organoid models. One such example is to
measure the distribution of the chemical contents in orga-
noids to determine how similar their chemical composition is
to in vivo tissue and therefore, how accurately they model
normal function and health. Using techniques such as

This journal is © The Royal Society of Chemistry 2022
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MALDI-MS to analyze the chemical contents of organoids will
help guide researchers in choosing the most applicable model
system to answer their research questions related to disease
and development, as detailed below.

3. Future perspectives

Organoid characterization using MS-based technologies has
advanced rapidly over the past several years and this trend is
expected to accelerate. Recent metabolomics studies demon-
strate the advantages of using organoid models to increase our
understanding of the molecular mechanisms involved in
human development and disease, including rare diseases
where patient tissue is difficult to obtain, including appli-
cations to personalized medicine. New methods have been
developed to overcome the challenges of analyzing small orga-
noid samples grown in an extracellular matrix, which can
introduce a chemical background and to enable analysis of
hundreds of organoids in a single experiment in a high-
throughput manner. The impact of recent studies is expected
to grow as the reported metabolomic information is used for
follow-up efforts.

What future developments are expected? In addition to
MALDI, other MSI ionization approaches, such as secondary
ionization mass spectrometry (SIMS) and desorption electro-
spray ionization (DESI), can be adapted for organoid analysis.
SIMS, which offers high spatial resolutions of less than
500 nm, but typically provides less information on chemical
content, is advantageous when finer spatial information is
needed.®*®® Unlike SIMS and MALDI, DESI does not need to
be performed under high vacuum and therefore allows for the
analysis of releasates from hydrate samples under atmospheric
conditions. Additionally, sample preparation for DESI is
simpler because no matrix application is needed, and the
sample does not need to be dried before analysis.®* Thus far,
DESI methods have been used to analyze 3D cell culture
systems and not organoids, but should be adaptable for this
application.®

In the area of separations-based MS chemical characteriz-
ation, it appears that no studies have yet applied CE-MS to the
metabolomics analysis of organoids. Nonetheless, the low-
volume capabilities of CE-MS make it well suited for analyzing
the chemical contents of small organoid samples and even
single organoids. With the current methods used to create
organoids, there is a high amount of heterogeneity between
organoids grown in the same batch, leading to high inter-
experimental variation.® CE-MS and MALDI-MS techniques
can be used to analyze individual organoids to further under-
stand these variations.

There has been a large effort to adapt both CE-MS and
MALDI-MS for single cell tissue studies,”” "> and these
methods can also be adapted for organoid studies; for
example, to determine which specific types of cells are present
in organoids. To ensure accuracy when using organoids, it is
important to fully understand how well they model the parent
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tissue. Detailed MSI and single cell studies have the potential
to provide this information.

Even if organoids have the appropriate morphology and
other physical characteristics, more research is needed to
determine if organoids contain the correct molecular content
and chemical dynamics to accurately emulate the parent
tissue. One potential option is to assess this in a functional
context, for example, by performing stimulation experiments
where both organoids and the parent tissue are stimulated
and their chemical releasates compared. Though researchers
have analyzed the neurotransmitter release of organoids,”®”*
no studies to date have analyzed organoid release after stimu-
lation in order to compare their function to parent tissue. If a
discrepancy is found between the chemical content of orga-
noids and the parent tissue, this information would help
bioengineers and neuroscientists develop new protocols for
generating improved organoid models.

Overall, the perspectives presented in this review offer
insight on how MS-based methods can play an important role
in the optimization of organoid model systems for the study of
human development, disease, and drug response.
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